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Abstract

 The bacterial cell wall, composed of peptidoglycan (PG), is an essential component of the 

cell envelope.  This macromolecular structure fortifies the cell membrane, determines cell shape, 

and helps prevent osmotic lysis.  The synthesis and remodeling/recycling of this polymer is 

mediated by PG synthases and hydrolases, respectively.  Proper control of the PG hydrolases is 

particularly important since misregulation of these enzymes can lead to lethal breaches in the cell 

wall.  Surprisingly, however, the precise molecular mechanisms governing the activities of these 

enzymes remain poorly understood. 

 To help understand how PG hydrolases are regulated, I examined how their activity is 

controlled during cytokinesis in Escherichia coli.  One important class of PG hydrolases 

necessary for cell division is the LytC-type amidases (AmiA, AmiB and AmiC).  These enzymes 

require activation by the LytM factors EnvC and NlpD.  My work focused on elucidating the 

mechanism by which the LytM factors activate the amidases.  Using a genetic enrichment 

strategy, I isolated amiB misregulation mutants.  Interestingly, the mutations mapped to a region 

of AmiB found only in cell separation amidases.  Structural analysis of an AmiB ortholog 

indicates that this region corresponds to an alpha-helical domain that appears to occlude the 

active site.  Thus, activation of the amidases by the LytM factors likely occurs via a 

conformational change that displaces the regulatory helix from the active site.  
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 In addition to amidase regulation, I also investigated how the LytM activators are 

recruited to, and regulated at the site of division.  Using genetic and biochemical approaches, I 

showed that EnvC is directly recruited to the division site by FtsEX, an ATP-binding transporter-

like complex.  Interestingly, ATPase-defective FtsEX derivatives can still recruit EnvC to the 

divisome, but fail to promote cytokinesis.  These results support a model where conformational 

changes induced by the ATPase activity of FtsE are directly and specifically transmitted to the 

amidases via FtsX and EnvC.  This model is attractive because it provides a mechanism for 

converting the potentially dangerous activity of septal PG splitting into a discrete process which 

can be cycled on and off in coordination with the division process.    
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Chapter 1: Introduction to the Gram-negative cell wall and 
peptidoglycan hydrolases

Section 1.1: The Gram-negative bacterial cell envelope and peptidoglycan

 In Gram-negative bacteria, like Escherichia coli, the cell envelope consists of three 

distinct layers: an inner membrane and an outer membrane separated by the periplasm (Figure 

1.1).  Within the periplasmic space lies the cell wall also known as the peptidoglycan (PG) layer.  

As the principal load-bearing component of the bacterial cell envelope, PG is a vital 

macromolecule, helping to maintain cell shape and structure as well as preventing osmotic lysis.  

PG, also referred to as murein, is a polysaccharide polymer made up of glycan strands consisting 

of repeating aminosugars N-acetyl-glucosamine (GlcNAc) and N-acetyl-muramic acid 

(MurNAc), that are linked by β-1,4-glycosidic bonds.  These glycan strands are covalently cross-

linked to each other via short stem peptides that are attached to the MurNAc sugars (Figure 1.1 

and Figure 1.2).  The resulting meshwork forms a continuous structure that encases the cell.  

Therefore, synthesis and remodeling of PG are essential for growth and division in all cell-wall 

containing bacteria (1).

 In order for a bacterial cell to grow and divide, it must synthesize new PG and 

incorporate this material into the existing matrix.  De novo biosynthesis of PG begins in the 

cytoplasm where the precursor molecules UDP-GlcNAc and UDP-MurNAc-L-Ala-γ-D-Glu-(L)-

meso-diaminopimelic acid (DAP)-D-Ala-D-Ala (UDP-MurNAc-pentapeptide) are synthesized by 

a series of enzymatic reactions.  UDP-MurNAc-pentapeptide is then transferred to the lipid 

carrier undecaprenol phosphate to form lipid I.  Next, GlcNAc from UDP-GlcNAc is added to 

lipid I producing lipid II, which contains the basic monomeric unit of PG, the disaccharide-

2



3

M G M GM GM GG M

M G M GM GM GGM

inner membrane (IM)

outer membrane (OM)

peptidoglycan (PG)
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Figure 1.1.  Schematic of the Gram-negative bacterial cell envelope.  Diagram of a rod-shaped 
bacteria consisting of three distinct layers.  The box contains a close-up diagram of the IM, inner 
membrane; OM, outer membrane and PG, peptidoglycan sandwiched in between.  The oval 
contains a diagram of the PG chemical structure: M, N-acetyl-muramic acid; G, N-acetyl-
glucosamine.  Grey dots represent the attached peptides.  The PG structure continues in all 
directions to envelop the cell (grey arrows).  Adapted from (118).
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Figure 1.2.  Structure of E. coli murein and sites of glycan, amide and peptide bond hydrolysis.  
Ami, amidase; EPase, endopeptidase; CPase, carboxypeptidase; GlcNAcase, N-
acetylglucosaminidases; LT, lytic transglycosylase.  Adapted from (13).



pentapeptide.  Lipid II is then flipped across the inner membrane so that the disaccharide-

pentapeptide moiety faces the periplasm.  The identity of the flippase is currently controversial 

(2-4).  In the periplasm, PG synthases with transglycosylase (TG) and transpeptidase (TP) 

activities polymerize lipid II into glycan strands and cross-link them into the existing PG 

meshwork via their short stem peptides (Figure 1.3) (1).

 PG synthases (Table 1.1) are integral membrane proteins that are also known as the high-

molecular weight (HMW) penicillin-binding proteins (PBPs) based on the ability of penicillin 

and other β-lactams to covalently bind and inhibit these enzymes (5).  The HMW-PBPs are 

grouped into two distinct categories: class A and class B PBPs (5).  There are three class A 

HMW-PBPs in E. coli (PBP1a, 1b and 1c) which are thought to be the primary PG synthases in 

the cell as they are bifunctional and possess domains for both TG and TP activity.  Additionally, 

E. coli possesses a monofunctional transglycolase, MtgA, which can also catalyze the formation 

of glycan strands and is thought to act in concert with components of the cell division apparatus 

to incorporate PG subunits into the murein sacculus during division (6).  In contrast to their 

bifunctional counterparts, the two class B PBPs in E. coli (PBP2 and PBP3) are monofunctional 

transpeptidases.  Interestingly, depletion of PBP2 results in the formation of spherical cells that 

eventually lyse.  Whereas inactivation of PBP3 causes cells to filament to death (7).  These initial 

findings suggest that at least two modes of PG synthesis exist in rod-shaped bacteria, elongation 

requiring the activity of PBP2 and division necessitating PBP3 activity (7).  Ultimately, these 

two systems must be carefully balanced in order to maintain proper cell shape (1, 8). 

5



6

M M G

G UDPM UDP

M G

M G M GM GM GG M

M G M GM GM GG MM

1

2

3

4

5

6

Figure 1.3.  The steps of PG biosynthesis.  ➀ UDP-GlcNAc is converted to UDP-MurNAc by 
several reaction steps represented here by multiple black arrows.  ➁ UDP-MurNAc attached to a 
pentapeptide side chain is then anchored in the inner membrane, generating lipid I.                     
➂ Attachment of GlcNAc to lipid I results in the formation of lipid II which can then be ➃ 
flipped across the membrane and incorporated into the existing PG meshwork via ➄ 
transglycosylation and ➅ transpeptidation reactions.



Table 1.1. Peptidoglycan synthases in E. coli.

Enzyme Gene Localization

Transglycosylase/transpeptidase
     PBP1a
     PBP1b
     PBP1c

ponA (mrcA)
ponB (mrcB)
pbpC

Inner membrane
Inner membrane
Inner membrane

Transpeptidase
     PBP2
     PBP3

pbpA (mrdA)
ftsI (pbpB)

Inner membrane 
Inner membrane

Monofunctional glycosyltransferase
     MtgA mtgA Inner membrane

Table adapted from (1).
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Section 1.2: Peptidoglycan hydrolases and their physiologic functions 

 In contrast to a relatively low number of PG synthases (Table 1.1), E. coli encodes many 

hydrolytic enzymes with the collective capability of cleaving every amide and glycosidic linkage 

in PG (Table 1.2, Figure 1.2) (1, 9).  These PG hydrolases are also referred to as autolysins 

because elevated expression of these enzymes can result in cell lysis.  In total, E. coli encodes 

over 30 factors known or predicted to possess PG hydrolase activity that are classified into 12 

different protein families (Table 1.2) (9).

Peptidoglycan hydrolases and the bonds they cleave

 As previously mentioned, PG is composed of two basic linkages that are broken by PG 

hydrolases: glycosidic and amide bonds (Figure 1.2).  PG glycosidases are enzymes that cleave 

within the glycan strand of murein.  β-N-acetylglucosaminidases specifically cleave the GlcNAc-

(1→4)-MurNAc bond whereas N-acetylmuramidases, which encompass lysozymes and lytic 

transglycosylases (LT), break the MurNAc-(1→4)-GlcNAc linkage.  E. coli possesses only one 

β-N-acetylglucosaminidase encoded by the nagZ gene (10).  NagZ is not essential for cell 

viability, but its activity is required for cells to recycle PG.  Its substrate is a cytoplasmic 

disaccharide intermediate of the recycling pathway (11, 12).  The MurNAc-(1→4)-GlcNAc 

linkage can be hydrolyzed by two mechanisms: (1) hydrolysis of the glycosidic bond by 

lysozyme and related enzymes resulting in a terminal reducing MurNAc sugar, or (2) cleavage of 

the glycosidic bond by LTs resulting in an intramolecular transglycosylation reaction forming a 

1,6-anhydro ring at the MurNAc sugar (13).  There are seven LTs in E. coli, Slt70 (slt = soluble 

lytic transglycosylase) and MltA-F (mlt = membrane-bound lytic transglycosylase), which as 

8



Table 1.2. Peptidoglycan hydrolases in E. coli.a

Enzyme Gene Localization Substrate(s)

β-N-Acetylglucosaminidase
     NagZ nagZ C

SC + PG

Lytic transglycosylases
     Slt70
     MltA
     MltB
     MltC
     MltD
     MltE
     MltF

slt
mltA
mltB
mltC
mltD
mltE
yfhD

P
OM
OM
OM
OM
OM
OM

PG
SC + PG
SC + PG
PG
PG
SC + PG
PG

DD-Carboxypeptidases
     PBP4b
     PBP5
     PBP6
     PBP6b

yfeW
dacA
dacC
dacD

CM
CM
CM
CM

SC
SC + PG
SC
PG

DD-Endopeptidases
     PBP7
     MepA

phpG
mepA

P
P

PG
SC + PG

DD-Peptidases
     PBP4
     AmpH

dacB
ampH

P
CM

SC + PG
SC + PG

LD-Carboxypeptidases
     LdcA ldcA C SC

LD-Transpeptidases
     ErfK
     YbiS
     YcbB
     YcfS
     YnhG

erfK
ybiS
ycbB
ycfS
ynhG

P
P
P
P
P

PG
PG
PG
PG
PG

Endoamidase
     MpaA mpaA C SC

MurNAc-L-Ala amidases
     AmiA
     AmiB
     AmiC
     AmiD
     AmpD

amiA
amiB
amiC
amiD
ampD

P
P
P

OM
C

PG
PG
PG
SC + PG
SC

L-Ala-D/L-Glu epimerase
     YcjG ycjG C SC

D-Ala-D-Ala dipeptidase
     DdpX ddpX C SC

a DD-peptidases show both DD-carboxypeptidase and DD-endopeptidase activities. C, cytoplasm; CM, cytoplasmic membrane; P, 
periplasm; OM, outer membrane; SC, soluble component (precursor, muropeptide, peptide or glycan chain); PG, isolated PG.
Table adapted from (9).
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indicated by their names, are either soluble or found associated with a membrane, respectively 

(reviewed in 9, 13).  Deletion mutants lacking multiple LTs, including a sextuple mutant lacking 

six of the seven LTs (Slt70, MltA-E), are still viable, but grow in short chains.  Surprisingly, only 

minor changes in the PG composition were observed for this mutant (14-16).  Interestingly, 

however, attempts to knock-out all seven LTs have been unsuccessful, suggesting that LT activity 

is essential for cell growth (17).

 The PG peptidases are enzymes that specifically break the amide bonds between the 

amino acids found in PG.  These hydrolytic enzymes come in two basic flavors: 

carboxypeptidases, which remove the C-terminal residue from stem peptides, or endopeptidases 

that cleave within the peptide.  The different designations of DD-, LD- or DL-peptidase refer to the 

stereochemistry of the bond cleaved by these enzymes (18).  In E. coli, DD-endopeptidases 

(PBP4, 7 and MepA) cleave the D-Ala-meso-A2pm cross-link formed by the transpeptidation 

reaction of the HMW-PBPs (5).  Interestingly, since these enzymes recognize and break the same 

bonds that are made by the HMW-PBPs some of them bind and are inhibited by β-lactams and 

thus have been classified as low molecular weight (LMW) PBPs (5, 19).  In fact, except for 

AmpC, all the LMW-PBPs (PBP4, 4b, 5, 6, 6b, 7/8, AmpC and AmpH) in E. coli possess 

peptidase activity (20).  In addition to the LMW-PBPs there are number of penicillin-insensitive 

peptidases in E. coli, including MepA, MpaA and DdpX (21-24).  Finally, the N-acetylmuramyl-

L-alanine amidases are responsible for cleaving the amide bond between the N-terminal L-

alanine residue and the D-lactoyl moiety of MurNAc.  E. coli possesses five known amidases: 

AmiA, AmiB, AmiC, AmiD and AmpD (25-27).  Based on their amino acid sequences they can 

10



be categorized into two distinct families, Pfam amidase_3 also known as LytC-type amidases 

(AmiA, AmiB and AmiC) and the amidase_2 family (AmiD and AmpD) (13, 28).

The physiologic functions of peptidoglycan hydrolases 

 Like E. coli, most PG-containing bacteria encode a sizable array of PG hydrolases, with 

several representatives from each family often being produced.  Functional redundancy among 

these PG hydrolase families has hampered efforts to determine their specific physiological 

function(s) (13).  However, the systematic deletion of multiple/all members in a particular PG 

hydrolase family is one approach that has yielded some insight (reviewed in 9, 14, 25, 29-31).  

These studies and deletion analyses in other organisms have implicated PG hydrolases in a 

diverse array of biological processes, some of which are listed in Table 1.3, including PG 

turnover, cell elongation in rod-shaped bacteria, cell division, cell shape determination, and 

contact-dependent cell lysis (reviewed in 13).  

 One of the most important functions for PG hydrolases is thought to be “space-maker” 

enzymes that break bonds in the PG meshwork to allow for the insertion of new material (13).  

This is largely based on theoretical considerations, as attempts to identify essential PG 

hydrolases required for cell wall growth have been unsuccessful.  Nevertheless, it is clear that 

PG hydrolysis is occurring during growth based on the observed release of PG degradation 

products from growing cells (32-36).  The best evidence of a cell wall expansion function for PG 

hydrolases has come from studies in Bacillus subtilis.  Elongation of the cell cylinder in rod-

shaped bacteria like B. subtilis and E. coli is directed by an actin-like cytoskeletal element called 

11



Table 1.3. Examples of biological processes that employ peptidoglycan hydrolases.

Biological FunctionBiological Function Functional Description and Example PG Hydrolases

Functions in bacterial cell physiologyFunctions in bacterial cell physiologyFunctions in bacterial cell physiology

Regulation of cell wall growth Removal of excess of pentapeptides in new PG by DD-carboxypeptidases
PBP5 (E. coli); PBP3 (S. pneumoniae)

PG turnover* Release of soluble PG fragments from the sacculus during growth 
Lytic transglycosylases (E. coli)

Enlargement of the sacculus* Breaking of bonds to allow expansion of the sacculus during growth 
Lytic transglycosylases (E. coli); LytE (B. subtilis)

Production of signaling molecules Induction of β-lactamase by PG turnover products 
Lytic transglycosylases (E. coli)

Recycling of PG turnover products Cleavage turnover products to allow reuse in PG synthesis 
AmpD, LdcA, NagZ (E. coli)

Cell division* Cleavage of the septum during cell division in Gram-negative species
AmiA, AmiB, AmiC (E. coli)

Cleavage of the cross-wall after division in Gram-positive species 
Atl (S. aureus)

Cell wall shape* Altered PG profiles can influence bacterial cell wall shape
Csd1, Csd2, Csd3  (H. pylori)

Sporulation and germination Cleavage of asymmetric septum 
SpoIID, SpoIIP (B. subtilis)

Spore cortex maturation 
LytH (B. subtilis)

Digestion of the mother cell PG to release the endospore 
LytC, CwlC, CwlH (B. subtilis)

Digestion of the spore PG during germination 
SleB, CwlJ (B. subtilis)

Assembly of secretion systems Specialized PG hydrolases (lytic transglycosylases) for localized PG 
degradation associated with type II, type III and type IV secretion 
systems 

VirB1 (A. tumefaciens); TraB (E. coli plasmid R721)

Pilus assembly (type IV) Specialized PG hydrolases for pilus assembly 
PilT (E. coli EPEC strains)

Flagellum assembly Specialized PG hydrolases for flagellum assembly 
FlgJ (E. coli)

Resuscitation of dormant cells Stimulation of cell division to exit dormant state 
RpfA (M. luteus); Rpf proteins (M. tuberculosis)

12



Table 1.3 continued.

Biological FunctionBiological Function Functional Description and Example PG Hydrolases

Functions in bacterial cell physiologyFunctions in bacterial cell physiologyFunctions in bacterial cell physiology

Contact-dependent cell lysis* Secretion of autolysin effectors via type VI secretion
Tse1, Tse3 (P. aeruginosa)

Autolysis in genetic 
transformation

Fratricide of S. pneumoniae: induced lysis (allolysis) of non-competent 
cells 

LytA, LytC (S. pneumoniae)

Developmental lysis Lysis of cells during fruiting body formation in M. xanthus 
Cannibalism in B. subtilis

Lysis of prey cells Secretion of PG hydrolases to digest peptidoglycan of prey cells
Exoenzymes of M. xanthus

Lysis of non-immune cells Plasmid-encoded bacteriocin/immunity factor 
Pesticin (Y. pestis)

Biofilm formation PG hydrolases are required for initial attachment of cells to hydrophobic 
surfaces

AtlE (S. epidermidis)

Pathogen-host interaction Release PG fragments recognized by the host
* Refer to text for more details about these particular examples.  Table adapted from (13).

13



MreB (37, 38).  B. subtilis encodes three MreB orthologs, MreB, Mbl, and MreBH, all of which 

have been implicated in cell elongation and rod-shape determination (39-45).  Interestingly, 

Errington and co-workers have detected an interaction between the LytE PG hydrolase and 

MreBH, suggesting a role for LytE in cell wall elongation (46).  Accordingly, lytE and mreBH 

mutants display similar cell-wall-related defects (46).  Given that LytE is exported and MreBH is 

a cytoplasmic protein, it remains unclear how the observed LytE-MreBH interaction might 

facilitate proper elongation, but it has been proposed that MreBH might guide the secretion of 

LytE to specific locations to coordinate PG hydrolysis with the insertion of new material.  

Importantly, it was subsequently discovered that inactivation of the related endopeptidase CwlO 

was synthetically lethal with the loss of LytE function (47, 48).  The terminal phenotype of the 

LytEˉ CwlOˉ cells was the cessation of growth, strongly suggesting that these enzymes are the 

postulated “space-maker” enzymes for B. subtilis cell wall expansion.  

 The most clearly defined cellular function for PG hydrolases is their role in cell division. 

The septal cell wall material deposited by the cell division apparatus is initially shared between 

daughter cells and must be carefully split in order to complete cell division.  The PG hydrolases 

required for proper cell division have been identified in a number of organisms.  In some cases a 

single enzyme plays the primary role in cell separation, as is the case of Atl from Staphyloccocus 

aureus (49, 50).  Inactivation of Atl alone leads to the formation of relatively large cell clusters 

that are unable to separate (51).  In other organisms, several PG hydrolases appear to play 

redundant roles in the separation process.  For example, the LytC-type amidases in E. coli, 

AmiA, AmiB, and AmiC, are required for cell separation, and only when all three proteins are 

inactivated is a significant cell chaining phenotype observed (14, 25, 52).

14



 In addition to the activities of cell growth and division, recent work in Helicobacter 

pylori suggests that relaxation of PG cross-links by autolysins can promote helical shape (53).  

Helical shape is thought to be determined by three morphological features: cell elongation, 

curvature and twist (53).  Predictions made using biophysical modeling first suggested that cell 

curvature and twist might be achieved by the local modification of PG cross-links along a helical 

path (54).  The identification of four genes necessary for helical shape in H. pylori, csd1-3 (csd = 

cell shape determinant) and ccmA (ccm = curved cell morphology), was the first piece of 

evidence to support such a model (53).  Loss of these genes resulted in variable curved-rod 

morphologies and changes in the abundance of specific classes of cross-linked muropeptides 

(53).  Interestingly Csd1, Csd2 and Csd3 possess LytM peptidase domains that may be 

endopeptidases and/or carboxypeptidases that directly hydrolyze PG (53).  In accordance with 

this idea, expression of a predicted catalytically impaired Csd1 variant resulted in the same 

curved-rod phenotype observed with the null allele of csd1 (53).  These results support the model 

that localized changes in murein architecture by PG hydrolases can induce the helical shape 

characteristic of H. pylori (53).

 Lastly, the functions most often associated with PG hydrolases is cell wall destruction 

and lysis induction (55).  These enzymes are employed by phages to lyse their host for the 

release of progeny virions into the surrounding milieu.  In addition, the developmental regulation 

of lytic PG hydrolases is also used by endospore forming bacteria to release mature spores from 

the mother cell at the end of the sporulation process.  Finally, PG hydrolases produced by certain 

bacteria are used as weapons to destroy competing bacteria in the environment.  Interestingly, a 

recent study by Mougous and colleagues described the use of a type VI secretion system (T6SS) 
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in Pseudomonas aeruginosa to transfer lytic amidases into the periplasm of other recipient 

bacteria to lyse them (56).  

Section 1.3: Regulation of the peptidoglycan hydrolases

 While the functions of many PG hydrolases remain to be uncovered, the examples 

described above clearly highlight that these enzymes have diverse roles in cells ranging from 

promoting cell growth to cell destruction.  To use PG hydrolases for constructive purposes, such 

as cell elongation or cell division, bacterial cells must maintain tight control over the potentially 

lethal hydrolytic activity of these enzymes.  Although this has been appreciated for some time, 

very little is known about the mechanisms responsible for PG hydrolase regulation.  While the 

details remain obscure, several general regulatory strategies have been described and/or 

postulated over the years ranging from transcriptional to post-translational control mechanisms 

to the chemical modification of the PG substrate.  Examples of each of these regulatory strategies 

are discussed in turn below. 

Transcriptional control

 The regulation of PG hydrolase gene expression has been most extensively studied in 

Gram-positive bacteria (13).  Generally speaking, PG hydrolases controlled at the transcriptional 

level are governed by the same sigma factors that activate the biological process or physiological 

state requiring these specific enzymes (13, 18).  For example, in B. subtilis, one of the major 

vegetative autolysin genes lytC (cwlB) is dependent on σA (the main housekeeping sigma factor) 

and σD (the flagellar, motility and chemotaxis sigma factor), corresponding to the role LytC plays 
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during vegetative growth, cell division and motility (57-60).  Moreover, PG hydrolases critical 

for spore-formation and germination are controlled by sporulation-specific sigma factors that 

spatiotemporally restrict the production of these enzymes to a specific stage during the 

sporulation process (61, 62).

 Another major transcriptional regulator important for cell wall homeostasis is the two 

component-system (TCS) WalRK, which is highly conserved among low GC-containing Gram-

positive bacteria and is one of the few essential TCS identified to date (63-74).  The WalRK 

system has been most thoroughly studied in B. subtilis, Staphylococcus aureus and Streptococcus 

pneumoniae (47, 64, 67, 75).  In these systems, phosphorylated WalR (WalR-P), the response 

regulator, activates expression of genes encoding cell separation PG hydrolases and represses the 

expression of their inhibitors (63).  In B. subtilis, the sensor kinase WalK is recruited to the 

divisome and its kinase activity is stimulated by interactions with septal ring components (76, 

77).  Interestingly, the activation of WalK and its ability to phosphorylate WalR appears to 

require a functional division apparatus (76-78).  Taken together, these findings suggest that the 

WalRK systems may adjust the levels of cellular PG hydrolase activity in response to changes in 

growth rate and division. 

Post-translational control

 In addition to controlling the expression of PG hydrolases, mechanisms must be in place 

to regulate the activity of these factors once they are produced.  Several general regulatory 

strategies have been uncovered, but as described below, mechanistic detail is limited.   
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(a) Multi-enzyme complexes

 For proper cell wall assembly, PG synthesis and hydrolysis must be precisely 

coordinated.  Therefore, it was proposed some time ago that the formation of multi-enzyme 

complexes, containing both PG synthases and PG hydrolases, could serve to coordinate these 

activities (1, 79).  Indeed, several PBP-PG hydrolase interactions have been detected in E. coli 

using affinity chromatography (80, 81).  Also, as mentioned previously, the cell wall hydrolase 

LytE from B. subtilis has been found to interact with a component of the cell elongation 

machinery, MreBH (46).  Supporting evidence for such complexes also comes from work in 

mycobacteria, where PG synthase PBP1 was shown to interact with the PG peptidase RipA (82).  

Although these multi-enzyme complexes are often invoked when discussing the coordination of 

PG synthesis and degradation, the functional significance of PG synthase-PG hydrolase complex 

formation remains unclear; the phenotypic consequence of defects in synthase-hydrolase 

complex formation has not yet been investigated in any organism.  Also, in only one instance has 

a biochemical effect of a PG synthase on a PG hydrolase been observed in vitro; mycobacterial 

PBP1 inhibited an observed synergy between the peptidase RipA and another hydrolase RpfB 

(82).  This result is actually counter to the expectation of the original multi-enzyme complex 

model in which it was proposed that PG hydrolases would likely only be active when in complex 

with PG synthases.  Thus, while the multi-enzyme complex model for coordinating PG hydrolase 

activity with PG synthesis remains attractive, a great deal more needs to be learned in order to 

understand the role of these complexes in PG hydrolase regulation. 

18



(b) Peptidoglycan hydrolase processing

 In addition to possible regulation within multi-enzyme complexes, a handful of PG 

hydrolases are known to require proteolytic processing for activation (13).  These enzymes are 

synthesized and secreted as latent proenzymes and must be processed for maturation (83-87).  

For example, the lysostaphin-type metalloendopeptidases are inactive in their full-length form 

and require processing to become active (84).  Additionally, the major S. aureus autolysin Atl, 

which facilitates daughter cell separation, is produced as a proenzyme and undergoes proteolytic 

processing that generates two important extracellular PG hydrolases (85).  However, it remains 

unclear whether or not this processing event is required for Atl regulation.  Interestingly, in most 

cases the biologically relevant peptidases responsible for these maturation events are unknown, 

although there are some examples where the pertinent protease has been identified (88).  

Identifying these proteases and determining whether or not the processing event is itself 

regulated will be important for understanding how proteolytic maturation might control PG 

hydrolase activity and promote their activation at the right time and place in the cell. 

(c) Subcellular localization of peptidoglycan hydrolases

 An important strategy for the spatiotemporal regulation of PG hydrolase activity is the 

control of enzyme localization.  This is typically accomplished by the production of PG 

hydrolases with accessory domains that target the factor to the desired location.  For example, the 

E. coli amidases AmiB and AmiC possess N-terminal AMIN domains that target them to the 

septum to participate in the division process (89, 90).  In most cases the mechanism of 

localization is not clear, although in several Gram-positive organisms, an antagonism between 
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the cell wall binding domains of certain PG hydrolases and polyanionic cell wall polymers, like 

wall teichoic acids (WTAs), has been implicated in controlling PG hydrolase localization (85).  

For example, Schlag and colleagues report that WTA prevents Atl from binding cell wall in S. 

aureus, thus reducing its overall susceptibility to Atl-mediated PG cleavage (85).  Interestingly, 

WTA appears to be absent at the cross-wall region and local depletion is thought to result in the 

targeting of Atl to the equatorial surface ring where it can promote the separation of the daughter 

cells (85).

(d) Other mechanisms

 In addition to protein-protein interactions and the control of protein localization, chemical 

modification of the PG layer or changes in its conformation as well as physiochemical properties 

are also thought to play a role in PG hydrolase regulation.  Koch, et al. proposed that 

topographical features of the bacterial cell wall could influence its degradation, postulating that 

in Gram-positive bacteria the PG bonds residing on the outer-most layers would be more stressed 

and therefore easier to cleave by “smart” autolysins (79, 91).  In addition to physical distortion of 

PG, the ionic composition of the cell wall milieu may also affect enzyme activity as cell wall 

turnover and autolysis in B. subtilis was reported to be salt dependent (92).  The proton gradient 

of cellular membranes in Gram-positive bacteria has also been implicated in modulating 

autolysin activity, which was first prompted by early observations that disruption of the proton 

motive force lead to cell lysis (91, 93-95).  It was hypothesized that protons excreted across the 

cytoplasmic membrane neutralize the negative charges in the cell wall and lower the relative pH, 

thus creating a pH gradient where the region closest to the membrane would be acidic enough to 
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inhibit autolysin activity (91, 93, 94).  In support of this model, the cell wall of B. subtilis was 

shown to be acidified during respiration using pH-sensitive probes and other chemical sensing 

agents (94, 95).  Acetylation and/or deacetylation of the PG layer can also affect its susceptibility 

to cleavage by PG hydrolases.  For example, many Gram-negative bacteria O-acetylate the C-6 

position of MurNAc and this blocks cell wall cleavage by LTs (96).  However, it is not clear how 

the acetylation status itself might be regulated or whether acetylation or similar PG modifications 

are localized to specific subcellular regions to guide when and where PG hydrolases are capable 

of acting.  

 As highlighted above, our current understanding of PG hydrolase regulation is far from 

comprehensive.  Most of the strategies identified thus far appear to point towards global 

regulatory mechanisms that help determine the overall level of PG hydrolase activity in the cell 

(i.e. by controlling their expression).  Specific mechanisms that turn a particular hydrolase “on” 

or “off” as needed during the processes of cell growth or division have not been described.  I 

therefore chose to investigate the regulation of PG hydrolases required for cell division in E. coli 

as a model system for PG hydrolase regulation.  Below I will present an overview of the cell 

division process and review what was known about the regulation of the cell separation amidases 

in E. coli prior to the start of my thesis work. 

Section 1.4: The cell division complex

 For most bacteria, cell division begins with the formation of a multi-protein complex 

known as the septal ring or divisome which ultimately drives cytokinesis (97, 98).  E. coli, a 

Gram-negative organism, must coordinate both the constriction and separation of all three 
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envelope layers simultaneously (Figure 1.1).  Formation of the septal ring starts with the GTP-

dependent polymerization of FtsZ, a tubulin homolog, into a ring-like structure also known as the 

Z-ring directly underneath the inner membrane, demarcating the future site of division (99).  

After formation of the Z-ring, FtsA and ZipA along with three non-essential factors ZapA, ZapB 

and ZapC are recruited and help to stabilize this highly dynamic structure (100-105).  Once the 

Z-ring is formed, recruitment of other essential and non-essential downstream components 

occurs in an interdependent manner (Figure 1.4) (106-113).  The assembly of the divisome 

happens in two stages, starting with the formation and stabilization of the Z-ring, which persists 

for about 20% of the cell cycle, followed by the simultaneous recruitment of FstQ-FtsN at about 

the time constriction is initiated (114).   

 During cytokinesis, the divisome must facilitate a number of different functions in a 

coordinated fashion.  These activities include invagination and fission of the inner membrane, 

synthesis of the septal PG layer, splitting of this septal PG shared between daughter cells and 

finally invagination and fission of the outer membrane (98).  Hydrolysis of the septal murein 

layer requires the activity of PG hydrolases.  In E. coli, the specific autolysins required for this 

process have been identified and are discussed in more detail below.

Section 1.5: The cell division peptidoglycan hydrolases

 In an effort to elucidate which murein hydrolases are the most critical for cell division, 

Heidrich and colleagues began constructing a series of mutants deleted for one or more PG 

hydrolase (14, 25).  The results indicated that the three periplasmic, LytC-type N-acetylmuramyl-

L-alanine amidases (AmiA, AmiB and AmiC) in E. coli are necessary for septal PG splitting 
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Figure 1.4.  Dependency pathway for septal ring assembly.  The dependency pathway for 
assembly of the cell division apparatus is shown.  Factors in black are essential and those in red 
are non-essential.  The three main phases of the division process are indicated below the 
dependency pathway.
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during division.  As previously mentioned, amidases are hydrolytic enzymes that cleave the stem 

peptide from the glycan strands of PG and are thus capable of destroying peptide cross-links.  

Heidrich and co-workers found that mutants lacking all three amidases formed extremely long 

chains of cells that were unable to separate.  Electron microscopy images of these cells showed 

that constriction and fission of the cytoplasmic membrane had occurred, but there was no 

evidence of any septal PG cleavage (14, 25, 31, 52).  These results suggested that the amidases 

might be recruited to the divisome to participate directly in the division process.  The subcellular 

localization of the amidases was therefore investigated using fluorescent protein fusions (90, 

115).  While both AmiB and AmiC were shown to localize to the septal ring using GFP fusions, 

AmiA-GFP displayed a diffuse distribution pattern throughout the periplasm indicating that it is 

not specifically recruited to the site of division (90).  Accordingly, AmiA lacks the N-terminal 

septal targeting domain present in both AmiB and AmiC (Figure 1.5) (89, 90).  However, 

although AmiA is not specifically recruited to the divisome, ΔamiBΔamiC mutants do not 

display a severe separation defect, implying that specific septal localization of the amidases is 

not required for successful cell division (115, 117, 118).

 In addition to the LytC-type amidases, E. coli possesses another set of factors recently 

shown to be important for daughter cell separation, the LytM (lysostaphin)-domain containing 

proteins (referred to as LytM factors for convenience) (119).  LytM and lysostaphin are the best 

characterized members of this family and are metalloendopeptidases that cleave the pentaglycine 

cross-bridges found in staphylococcal PG (83, 84, 120).  There are four LytM factors in E. coli 

(EnvC, NlpD, YgeR and YebA) (Figure 1.5), but only EnvC and NlpD have been shown to 

localize to the septal ring (119, 121).  Mutants deleted of all four LytM factors form 
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Figure 1.5.  Predicted domain structure of the E. coli LytC-type amidases and LytM factors.  
Shown is a diagram depicting the predicted domain architecture of the three E. coli amidases 
(left) and four factors with identifiable LytM domains (right).  Abbreviations: SS, signal 
sequence; SS*, lipoprotein signal sequence; AMIN, amidase N-terminal domain (89); amidase, 
amidase catalytic domain; T, transmembrane domain; LysM, LysM PG-binding domain (116), 
CC, coiled coil; LytM, LytM domain.



long chains of cells that are connected by a layer of unsplit septal PG, reminiscent of the triple 

amidase mutants (119).  It was subsequently shown that the LytM factors are actually activators 

of the LytC-type amidases (118).  By themselves, the amidases display relatively weak PG 

hydrolase activity in vitro.  Interestingly, however, the LytM factors were shown to be activators 

of amidase activity (118).  EnvC specifically activates AmiA and AmiB, while NlpD activates 

only AmiC (118).  Although it is unclear what the remaining two LytM factors do, it is apparent 

that YebA and YgeR play a minor role if any during cell division (119).  In total, AmiA, AmiB 

and AmiC along with their cognate LytM activating factors, EnvC and NlpD, constitute two 

partially redundant septal PG splitting pathways in E. coli (Figure 1.6).  These studies shed 

important light on the control of PG hydrolase activation at the division site of E. coli.  The goal 

of my thesis work has been to address two outstanding questions: (i) what components of the 

septal ring might control the ability of the LytM factors to activate the amidases? and (ii) how are 

the amidases activated by the LytM factors? 

Section 1.6: Dissertation overview

 Chapter 2 describes the efforts made in identifying the regulatory components governing 

the ability of EnvC to activate AmiA and AmiB.  Results from a previous synthetic lethal screen 

in the lab indicated a possible genetic interaction between FtsEX and EnvC (122).  FtsEX, a 

putative ABC transporter, had been identified as a component of the divisome a number of years 

ago, but its role in cell division had remained elusive (123).  ABC transporters typically consists 

of a transmembrane domain (TMD) and nucleotide binding domain (NBD) which harnesses the 

energy of ATP hydrolysis to power substrate transport across a membrane (124).  However, by 
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Figure 1.6.  Two-redundant septal PG splitting pathways in E. coli.  Below is a schematic of a 
dividing cell.  The box contains a close-up diagram of the division site highlighting the amidases 
and their activating, cognate LytM factor.  For the purposes of this diagram the outer membrane 
(OM) has been omitted.
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using a number of complementary approaches, I discovered that EnvC is recruited to the septal 

ring by a direct protein-protein interaction with FtsX (TMD).  Moreover, the ability of FtsE 

(NBD) to bind and hydrolyze ATP did not affect recruitment of EnvC to the divisome, but was 

critical for promoting cell division.  These results suggest that FtsEX is an ABC transporter-like 

complex that utilizes the conformational change induced by ATP-binding and hydrolysis to 

directly modulate the ability of EnvC to activate the amidases in vivo (125).  Furthermore, 

evidence that FtsZ and FtsE directly interact (126), provides a potential link between contraction 

of the Z-ring with hydrolysis of septal PG during cell division (125).  In total, these findings 

support a novel model for how dividing bacterial cells convert the potentially dangerous activity 

of septal PG splitting into a more discreet and directed process (125).

 Chapter 3 discusses the identification of unregulated AmiB variants that bypass the need 

for EnvC activation.  The isolation and characterization of such mutants, which upon expression 

induce cells lysis, provides evidence that the LytM factors are allosterically activating the 

amidases.  Based on the crystal structure of AmiB from Bartonella henselae, the lytic mutations I 

identified all map to an alpha-helical domain that occludes the amidase active site.  The results 

discussed here suggest that EnvC interacts with AmiB, inducing a conformational change that 

displaces this regulatory helix and thus allows substrate accessibility to the active site.  

Moreover, similar lesions in E. coli’s AmiA, or AmiB from Vibrio cholerae result in unregulated 

amidase activity, therefore suggesting the attractive possibility that this mode of regulation is 

conserved among other bacteria.  Taken together, these findings exemplify the use of reversible 

conformational regulation to control PG hydrolase activity.  
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 In Chapter 4, I summarize the major findings and implications from this work and 

address the impact these results have on our current understanding of how the cell wall 

hydrolases are regulated in bacteria.  Additionally, I propose a model for how we envision septal 

PG hydrolysis is controlled and coordinated during cell division.  Lastly, I discuss future 

directions and identify salient questions that remain unanswered in the field.
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Section 2.1: Abstract

 ABC transporters are ubiquitous membrane protein complexes that move substrates 

across membranes.  They do so using ATP-induced conformational changes in their nucleotide 

binding domains (NBDs) to alter the conformation of the transport cavity formed by their 

transmembrane domains (TMDs).  In Escherichia coli, an ABC transporter-like complex 

composed of FtsE (NBD) and FtsX (TMD) has long been known to be important for cytokinesis, 

but its role in the process has remained mysterious.  Here we identify FtsEX as a regulator of cell 

wall hydrolysis at the division site.  Cell wall material synthesized by the division machinery is 

initially shared by daughter cells and must be split by hydrolytic enzymes called amidases to 

drive daughter cell separation.  We recently showed that the amidases require activation at the 

cytokinetic ring by proteins with LytM domains, of which EnvC is the most critical.  In this 

report, we demonstrate that the FtsEX directly recruits EnvC to the septum via an interaction 

between EnvC and a periplasmic loop of FtsX.  Importantly, we also show that FtsEX variants 

predicted to be ATPase defective still recruit EnvC to the septum but fail to promote cell 

separation.  Our results thus suggest the attractive possibility that amidase activation via EnvC in 

the periplasm is regulated by conformational changes in the FtsEX complex mediated by ATP 
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hydrolysis in the cytoplasm.  Since FtsE has been reported to interact with the tubulin-like FtsZ 

protein, this provides a potential mechanism for coupling amidase activity with the contraction of 

the FtsZ cytoskeletal ring.

Section 2.2: Introduction

 Cytokinesis in Escherichia coli and other bacteria is mediated by a ring-shaped multi-

protein machine called the “septal ring” or “divisome” (1).  Assembly of this machine begins 

with the polymerization of the tubulin-like FtsZ protein into a ring-like structure just underneath 

the cell membrane at the prospective site of division (2).  Several FtsZ-binding proteins have 

been identified in E. coli (FtsA, ZipA, ZapA, and ZapC).  Along with the ZapA-binding protein 

ZapB, they appear to play partially redundant roles in the formation and stabilization of the Z-

ring structure (3-10).  Once formed, the Z-ring promotes septal ring assembly by facilitating the 

recruitment of the remaining essential and non-essential division proteins to the division site 

according to a mostly linear dependency pathway (1). 

 Because the functions of many of its components are ill-defined, the mechanism(s) by 

which the septal ring promotes cell constriction remain largely mysterious (1).  One of the most 

enigmatic division factors has been the ABC-transporter-like complex formed by FtsE and FtsX 

(FtsEX) (11).  ABC transporters are integral membrane protein complexes that use the energy of 

ATP hydrolysis to transport substrates across membranes (12).  They are typically composed of 

two polytopic transmembrane domains (TMDs) and a pair of cytosolic nucleotide binding 

domains (NBDs) often called ATP-binding cassettes (ABCs).  Structural studies of complete 

ABC-transporters indicate that these complexes undergo remarkable conformational changes in 
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response to nucleotide binding and hydrolysis (12).  The NBD subunits interconvert between an 

open and a closed conformation at the membrane surface during an ATP hydrolysis cycle (12).  

These conformational changes are, in turn, transmitted to the TMD subunits to promote 

transitions between outward-facing and inward-facing conformations of the central cavity 

formed by the TMDs (12).  Transport is thus promoted by alternating access of the substrate-

binding site to opposing sides of the membrane. 

 The role of the FtsEX complex in cell division has remained unclear for some time (13, 

14).  FtsE is the NBD component of the complex and FtsX is the TMD component (15) (Figure 

2.1A-B).  Both factors localize to the septal ring and are conditionally essential for cell division 

(11).  In medium of low osmotic strength, such as LB without added NaCl, cells lacking FtsEX 

display a lethal division defect (11, 15).  They form smooth filaments that assemble Z-rings, but 

these structures are compromised because they fail to recruit FtsK and other downstream 

division factors (11).  This phenotype along with the observation that FtsE and FtsX interact with 

several different division proteins (16, 17) has lead to the idea that one important function of 

FtsEX is to stabilize the septal ring structure (18-20).  Consistent with this idea, the division 

defect of FtsEX- cells can be partially suppressed by the overproduction of other division 

proteins (FtsZ, FtsN, or FtsP) (18).  Increasing the osmolarity of the medium and lowering the 

growth temperature also restores division function to FtsEX- mutants (11, 15, 18, 19).  The 

mechanisms by which high osmolarity or division protein overproduction bypass the FtsEX 

requirement for cell division are not known.  However, these growth conditions presumably 

allow essential division proteins downstream of FtsEX in the recruitment hierarchy to assemble 

at the division site in the absence of the complex.  Indeed, FtsN has been shown to localize to 

43



44

X IM

periplasm

cytoplasm
ENBD

TMD

E

X

N

loop1

C

FtsX
(352aa)

EnvC
(419aa) N C

CC domain LytM

A

B

C

Figure 2.1.  Domain structure of FtsEX and EnvC.  (A) Diagram of the FtsEX ABC system. 
FtsX (X) is the TMD component, and FtsE (E) is the ATPase component (15).  The complex is in 
the inner membrane (IM) with FtsE located on the cytoplasmic face of the membrane.  (B) 
Membrane topology of FtsX as determined by Weiss and coworkers (20).  The loop1 domain is 
composed of residues 93–223.  Membrane orientation is the same as in A.  (C) Domain structure 
of EnvC.  EnvC is a periplasmic protein.  It possesses an N-terminal signal sequence (residues 1–
34), two relatively long segments predicted to form coiled coils (CC domain, residues 35–277), 
and a C-terminal LytM domain (residues 278–419) needed for amidase activation.



sites of constriction in FtsEX- cells grown in LB with 1% NaCl (11).  Over the years, many 

functions for FtsEX have been proposed, most of them assuming that it must transport a substrate 

(20) (and references therein).  In this report, we present evidence that FtsEX may not be a 

transporter at all but is instead an important regulator of cell wall turnover at the division site. 

 Most bacteria surround themselves with a polysaccharide cell wall matrix called 

peptidoglycan (PG) (21).  This meshwork is essential for cellular integrity and is composed of 

glycan strands connected to one another by crosslinks between attached peptide moieties (21) 

(Figure 2.2).  During cytokinesis in Gram-negative bacteria, septal PG is synthesized by the 

divisome (1).  This material is thought to be initially shared by the developing daughter cells and 

must be split to facilitate outer membrane constriction and daughter cell separation (1) (Figure 

2.2).  Septal PG splitting is mediated by the periplasmic PG amidases, AmiA, AmiB, and AmiC 

(22).  Amidases are PG hydrolases that break crosslinks in the PG meshwork by cleaving bonds 

that link stem peptides to the glycan strands.  Mutants lacking amidase activity complete inner 

membrane constriction and fusion.  However, they fail to split septal PG and form long chains of 

cells connected by shared layers of PG and a partially constricted outer membrane layer (22, 23). 

 The amidases must be tightly controlled to prevent them from creating lesions in the cell 

wall that can result in cell lysis.  Part of this regulation appears to rely on the fact that the PG 

amidases alone are weakly active enzymes (24).  To efficiently hydrolyze PG, they require 

activation by EnvC and NlpD (24), divisome-associated proteins with LytM domains (Pfam, 

Peptidase_M23) (25, 26).  EnvC specifically activates AmiA and AmiB while NlpD specifically 

activates AmiC (24).  Accordingly, mutants lacking both EnvC and NlpD have a chaining 

phenotype that resembles a triple amidase mutant (25).  A major unresolved question has been 
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Figure 2.2.  Coordinated envelope constriction in Gram-negative bacteria and model for 
regulated PG hydrolase activity at the division site.  (Upper) Diagrams showing a dividing cell 
with an assembled cytokinetic ring apparatus (green) (bottom diagram), a close-up diagram of 
the division site highlighting the coordinated constriction of the envelope layers (IM, inner 
membrane; OM, outer membrane; PG, peptidoglycan; Z-ring, FtsZ cytoskeletal ring) (middle 
diagram), and a diagram of the PG chemical structure (G, N-acetylglucosamine; M, N-
acetylmuramic acid) (top diagram).  Colored dots in the top diagram represent attached peptides.  
The PG structure continues in all directions to envelop the cell (green arrows).  (Lower) A 
schematic diagram of a putative FtsEX–EnvC–amidase complex at the Z-ring.  We propose that 
conformational changes in FtsEX induced by FtsE-mediated ATP hydrolysis are transmitted to 
EnvC to control its ability to activate the amidases so that they can cleave the septal PG (not 
drawn).
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understanding how the LytM factors are themselves controlled so that amidase activity at the 

septum is properly coordinated with other activities of the septal ring, such as membrane 

invagination and septal PG synthesis.

 Using a genetic screen designed to identify factors involved in cell wall assembly (27), 

we found that mutations in ftsEX and envC are synthetically lethal with loss-of-function 

mutations in a common set of genes.  This suggested that FtsEX and EnvC might participate in 

the same biochemical pathway.  Indeed, when grown under permissive conditions, FtsEX- cells 

phenocopy the cell separation defect displayed by EnvC- cells.  We further show that EnvC 

requires FtsEX for its recruitment to the division site and that EnvC interacts directly with the 

large periplasmic loop domain of FtsX.  Importantly, we also show that FtsEX variants predicted 

to be ATPase defective still recruit EnvC to the septum but fail to promote cell separation.  Our 

results thus suggest the attractive possibility that FtsX regulates amidase activation by EnvC in 

the periplasm via conformational changes induced by FtsE-mediated ATP hydrolysis on the 

opposite side of the membrane.  Since FtsE has been reported to interact with FtsZ (16), this 

provides a potential mechanism for directly coupling septal PG hydrolysis with the contraction 

of the Z-ring during cell constriction.  Interestingly, the accompanying report by Sham and co-

workers (28) similarly connects FtsEX with cell separation in the Gram-positive pathogen 

Streptococcus pneumoniae, indicating that the regulation of cell wall turnover is likely to be a 

broadly conserved function for FtsEX. 
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Section 2.3: Results

ftsEX and envC mutants share common genetic interactions 

 To identify factors important for cell wall biogenesis, we recently performed a genetic 

screen for mutations synthetically lethal with the inactivation of the PG synthase PBP1b (slb 

mutants) (27).  In addition to mutants in the lpoA gene coding for a lipoprotein cofactor required 

for the activity of PBP1a (27, 29), we isolated mutants with transposon insertions in envC and 

ftsEX.  The ftsEX mutant was isolated in a screen performed at room temperature, a condition 

that we find suppresses the lethal effects of FtsEX inactivation.  To confirm the synthetic 

lethality of the mutant combinations, ΔenvC and ΔftsEX alleles were transduced into strain 

MM11 [Para::ponB] harboring the low copy plasmid pTB63 [ftsQAZ], which expresses the 

ftsQAZ operon from native promoters and suppresses the FtsEX- growth defect.  In MM11, the 

native ponB promoter was replaced with Para such that ponB expression is arabinose-dependent 

(27).  Depletion of PBP1b in the absence of FtsEX or EnvC was confirmed to be lethal (Figure 

2.3A).  The terminal phenotype in both cases was cell lysis.  Since EnvC is needed to activate the 

amidases AmiA and AmiB at the developing septum, we tested whether the combined 

inactivation of AmiA and AmiB was also lethal upon PBP1b depletion.  This indeed proved to be 

the case (Figure 2.3A).  We do not currently know why the inactivation of FtsEX, EnvC, or 

AmiA/AmiB renders PBP1b essential for growth.  Nevertheless, the observed phenotypes 

suggested to us that FtsEX may function in the process of septal PG splitting with EnvC and the 

amidases. 

 The loss of FtsEX function was previously shown to be synthetically lethal with the 

deletion of ftsP (sufI) (18).  We confirmed this and found that the depletion of EnvC was also 
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synthetically lethal with ΔftsP (Figure 2.3B-C), thus further connecting the functions of EnvC 

and FtsEX.  As expected for proteins functioning in the same pathway, loss of EnvC function 

was not lethal upon FtsEX depletion (Figure 2.3B). 

FtsEX is required for daughter cell separation

 While performing the FtsEX depletion experiments in Figure 2.3B, we found that growth 

on minimal agar at 37°C partially suppressed the FtsEX- growth defect.  We assume this is due to 

the higher osmolarity of the medium relative to standard LB (0.5% NaCl) and the slower overall 

growth rate of the cells.  The suppression in liquid minimal medium was even more pronounced, 

especially when cells were grown at 30°C.  Here, FtsEX- cells displayed a much more mild 

division defect resembling that typically observed for EnvC- cells (25) (see below).  A similar 

division defect was also observed for ΔenvC and ΔftsEX mutants harboring an ftsQAZ 

overproducing plasmid (pTB63) when we grew them in LB (1% NaCl) (Figure 2.4A-C).  It thus 

appeared that under conditions that suppressed the septal ring stability defect of FtsEX- cells, a 

potential role for the FtsEX complex in EnvC-mediated cell separation was revealed.  

Interestingly, we note that, although not as severe as the FtsEX- division defect, EnvC- cells 

display a lethal filamentation phenotype when grown in LB without added NaCl at 42°C (30-32).  

This suggests that at least part of the constriction defect of FtsEX- cells may be the result of 

EnvC inactivation. 

 We previously showed that cells lacking EnvC become dependent on NlpD for cell 

separation (25).  Cells lacking EnvC and NlpD appear to be completely defective in cell 

separation and form very long chains that resemble triple amidase mutants (25) (Figure 2.4D-F).  
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Figure 2.3.  Shared synthetic lethal phenotypes of envC and ftsEX mutants.  (A) Cells of MM11/
pTB63 (Para::ponB/ftsQAZ) and its ΔenvC, ΔftsEX, or ΔamiA ΔamiB derivatives were grown 
overnight in M9 arabinose medium supplemented with 5 µg/mL Tet (Tet5) at 37°C.  Following 
normalization for cell density (OD600 = 2), the resulting cultures were serially diluted (10−1 to 
10−6), and 5 µL of each dilution was spotted on the indicated medium.  Plates were incubated 
overnight at 37°C and photographed.  (B) Cells of TU191(attλTU188) [ΔftsEX (Para::ftsEX)] and 
its ΔenvC or ΔftsP derivatives were processed as in A except growth was in the absence of Tet.  
(C) Cells of TB140(attλTD25) [ΔenvC (Para::envC)] and its ΔftsP derivative were grown and 
processed as in B.
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Figure 2.4.  FtsEX- and EnvC- cells have similar division defects.  Cells of TB28 (WT) (A), KP4 
(ΔenvC) (B), KP5 (ΔftsEX) (C), TB145 (ΔnlpD) (D), KP6 (ΔnlpD ΔenvC) (E), and KP7 (ΔnlpD 
ΔftsEX) (F) harboring pTB63 (ftsQAZ) were grown overnight in LB-Tet5 1.0% NaCl (A–C) or 
1.5% NaCl (D–F) at 30°C.  Cultures were diluted 1:200 into the same medium and grown at 
30°C to an OD600 of 0.6–0.8.  Cells then were incubated with the fixable membrane stain 
FM1-43FX (5 µg/mL) for 10 min and were fixed.  Fixed cells were visualized on 2% agarose 
pads using differential interference contrast microscopy (DIC) (A1–F1) and GFP (A2–F2) optics.  
(Scale bars, 4 microns)



We reasoned that if FtsEX is truly required for EnvC-mediated cell separation, the simultaneous 

inactivation of FtsEX and NlpD should also result in a severe chaining phenotype.  This indeed 

proved to be the case (Figure 2.4D-F).  We therefore conclude that FtsEX is required for EnvC to 

promote septal PG splitting. 

EnvC is stable and released into the periplasm in the absence of FtsEX 

 A potential reason for the FtsEX-EnvC connection is that EnvC requires FtsEX for its 

stable accumulation.  To investigate this, we compared EnvC levels in total cell extracts prepared 

from WT versus ΔftsEX cells (Figure 2.5A).  Immunoblotting with affinity-purified, anti-EnvC 

polyclonal antibodies revealed that similar amounts of EnvC accumulate whether or not cells 

produce FtsEX (Figure 2.5A, compare lanes 1-3 with 7-9).  We did, however, observe low 

concentrations of smaller immuno-reactive species in the ΔftsEX extract that were not seen in the 

WT or ΔenvC extracts, indicating that a small portion of EnvC is probably proteolytically 

processed in the absence of FtsEX (Figure 2.5A).  This low level of processing is unlikely to 

explain the EnvC- phenotype of ΔftsEX cells. 

 Since FtsEX is related to ABC transporters, one possible way in which it might promote 

EnvC function is by facilitating its export to the periplasm.  To investigate this, we fractionated 

cells to determine the subcellular localization of EnvC in the presence or absence of FtsEX.  WT 

and ΔftsEX cells were suspended in buffer containing sucrose and converted to spheroplasts by 

the addition of EDTA and lysozyme.  In WT cells, EnvC pelleted with the spheroplasts rather 

than remaining in the soluble periplasmic fraction like the MalE control (Figure 2.5B, lanes 1-3).  

In contrast, EnvC was found almost exclusively in the periplasmic fraction from FtsEX- cells.  
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Figure 2.5.  Change in EnvC subcellular localization in the absence of FtsEX.  (A) Cells of 
TB28 (WT), KP4 (ΔenvC), or KP5 (ΔftsEX) harboring pTB63 (ftsQAZ) were grown overnight in 
LB (1.0% NaCl)-Tet5 at 30°C.  Cultures were diluted 1:100 into LB-Tet5 and grown at 30°C to an 
OD600 of 0.66–0.72.  Cell extracts then were prepared, and the indicated total protein amounts 
were subjected to immunoblotting using affinity-purified EnvC antibodies.  Arrow indicates 
position of FLEnvC bands, and the bar with the asterisk highlights what appears to be a small 
amount of EnvC degradation products in extracts from the ΔftsEX mutant.  Positions of the 
molecular weight markers are indicated on the left.  (B) Cultures of the strains in A were grown 
as above to an OD600 of 0.39–0.46.  One aliquot of cells was used to prepare a total-cell extract.  
The remaining cells were converted to spheroplasts and pelleted by centrifugation.  The resulting 
pellet (P) and supernatant (S) fractions along with the total-cell extract (T) were analyzed by 
SDS-PAGE and immunoblotting for EnvC, FtsZ, and MalE as indicated.  FtsZ and MalE served 
as markers for the cytoplasm/spheroplast membranes and periplasm, respectively.
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The FtsZ and MalE fractionation controls indicated that this change in EnvC localization was not 

due to altered fractionation properties of the FtsEX- cells (Figure 2.5B, lanes 4-6).  Thus, FtsEX 

is not required for the export of EnvC to the periplasm.  This is consistent with previous reports 

suggesting that EnvC is a Sec substrate (32) and that its signal sequence can be functionally 

replaced by alternative signal peptides for Tat- or Sec- mediated transport (24, 26).  Furthermore, 

the fractionation results suggest that EnvC remains associated with the outer face of the inner 

membrane of WT cells, possibly through an interaction with FtsX, and that it is released into the 

periplasm in the absence of this interaction (see below).

FtsEX is required for the recruitment of EnvC to the septal ring

 In addition to subcellular fractionations, we also investigated the role of FtsEX in the 

recruitment of EnvC to the septal ring.  To do so, we constructed an FtsEX depletion strain NP69

(attλTU188)(attHKTB316) [ΔftsEX ΔenvC zapA-gfp (Para::ftsEX)(Plac::envC-mCherry)].  In this 

strain, the native ftsEX locus was deleted and a second copy of ftsEX under arabinose promoter 

(Para) control was integrated at the λ att site.  The strain also encodes zapA-gfp at the native zapA 

locus and expresses envC-mCherry from an expression cassette integrated at the HK022 att site.  

When grown in M9 maltose medium containing a small amount of arabinose (0.01%), cells of 

NP69(attλTU188)(attHKTB316) divided normally and displayed bands of both EnvC-mCherry 

and ZapA-GFP at the division sites of most cells (Figure 2.6A).  Conversely, when the same cells 

were grown in M9 maltose medium containing a small amount of glucose (0.01%) to repress 

Para::ftsEX, they displayed the heterogeneous cell constriction and separation phenotype typical 

of FtsEX- and EnvC- cells (Figure 2.6B).  While most cells appeared capable of cell division, 
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Figure 2.6.  FtsEX is required for the recruitment of EnvC to the division site.  Cells of NP69
(attλTU188)(attHKTB316) [ΔftsEX ΔenvC zapA-gfp (Para::ftsEX)(Plac::envC-mCherry)] were 
grown overnight in M9 maltose supplemented with 0.01% arabinose.  Cells were washed twice 
with and resuspended in an equal volume of M9 medium without added sugar.  They then were 
diluted 1:100 into M9 maltose, and growth was continued at 30°C with the addition of either 
0.01% arabinose (A) or 0.01% glucose (B).  When the cultures reached an OD600 of 0.4–0.6, cells 
were visualized on 2% agarose pads using mCherry (Panel 1), GFP (Panel 2), or DIC (Panel 3) 
optics.  (Scale bar, 4 microns)  Note that a peripheral EnvC-mCherry signal was not observed in 
B as might be expected for a periplasmic protein, likely because too little fusion protein is 
present to raise the peripheral signal above background.



many were elongated and appeared to have difficulty completing cell separation.  The Z-ring 

marker, ZapA-GFP, formed rings/bands in these elongated cells at fairly regular intervals, but 

EnvC-mCherry failed to be recruited to these structures (Figure 2.6B).  Immunoblot analysis 

indicated that this localization defect was not due to excessive degradation of the EnvC-mCherry  

fusion (Figure 2.7).  We thus conclude that FtsEX is required for the recruitment of EnvC to the 

septal ring. 

The large periplasmic loop of FtsX interacts directly with EnvC

 Our results thus far suggested that FtsEX may directly interact with EnvC to recruit it to 

the division site.  The large periplasmic loop of FtsX (residues 93-223, Loop1FtsX) (Figure 2.1B) 

seemed a likely candidate for mediating the interaction with EnvC.  We therefore tested the 

potential interaction between full-length, mature EnvC (FLEnvC) and Loop1FtsX using a bacterial 

two-hybrid (BACTH) assay based on the reconstitution of adenylate cyclase activity from the 

fragments T18 and T25 (33).  FLEnvC-T25 showed a strong interaction signal when paired with a 

Loop1FtsX-T18 fusion (Figure 2.8A).  EnvC contains three identifiable domains: a signal peptide 

(residues 1-34), a coiled coil (CC) domain (residues 35-271), and a LytM domain (residues 

318-413) (26, 31, 32) (Figure 2.1C).  An interaction signal with Loop1FtsX-T18 was not detected 

when an EnvC truncation lacking the CC domain (LytEnvC) was fused to T25 in place of FLEnvC 

(Figure 2.8A).  This result suggests that the EnvC-FtsX interaction is mediated by contacts 

between Loop1FtsX and the CC domain of EnvC (CCEnvC).  However, for reasons that are not 

clear, T25 fusions to CCEnvC did not show an interaction signal when co-expressed with 

Loop1FtsX-T18. 
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Figure 2.7.  EnvC-mCherry accumulation in FtsEX+ and FtsEX- cells.  Cells of TB28 [WT], 
TB140 [ΔenvC], and NP69(attλTU188)(attHKTB316) [ΔftsEX ΔenvC zapA-gfp (Para::ftsEX) 
(Plac::envC-mCherry)] were grown as described in the legend for Figure 2.6.  When the cultures 
reached an OD600 of 0.4-0.6, cells were harvested for whole-cell extract preparation.  Proteins in 
the resulting extracts were separated by SDS-PAGE, transferred to PVDF, and EnvC was 
detected with affinity purified anti-EnvC antibodies.  Relevant genotypes and growth conditions 
are indicated above the corresponding lanes as well as the amount of total protein (µg) loaded per 
lane.  Asterisk indicates an EnvC-mCherry breakdown product observed in both FtsEX+ and 
FtsEX- cells.
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Figure 2.8.  EnvC interacts directly with the large periplasmic loop of FtsX.  (A) Plasmid pairs 
encoding the indicated FLEnvC-T25 or LytEnvC-T25 and Loop1FtsX-T18 fusion proteins were 
cotransformed into BTH101 (cya-99).  Individual colonies were patched on M9-glucose 
supplemented with Amp, Kan, X-Gal, and 1 mM IPTG.  Plates were incubated at room 
temperature and photographed after 72 h.  For this particular BACTH assay, interacting partners 
bring together T18 and T25 to reconstitute adenylate cyclase activity.  This activity is detected 
using lacZ induction as a reporter.  (B–D) Purified H-Loop1FtsX was incubated with FLEnvC (B), 
LytEnvC (C), or CCEnvC (D) for 100 min at room temperature in binding buffer [20 mM Tris-HCl 
(pH 7.4), 150 mM NaCl].  Ni-NTA magnetic agarose beads (Qiagen) then were added to each 
reaction and were incubated further for 120 min at 4°C with rotation.  The magnetic beads were 
captured with a magnet and were washed twice with binding buffer containing 50 mM imidazole.  
Proteins retained on the resin were eluted with sample buffer containing EDTA (100 mM).  
Proteins in the initial reaction (Input), initial supernatant (UB), wash supernatants (W1 and W2), 
and eluate (Elute) were separated on a 15% Tris-Tricine polyacrylamide gel and stained with 
Coomassie Brilliant Blue.  All proteins were present in the initial binding reaction at a 
concentration of 4 μM.  Positions of molecular weight markers (numbers in kDa) are given to the 
left of each gel.  Control reactions indicated that none of the purified EnvC derivatives could be 
pulled up with H-GFP.
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 To further investigate the interaction between FtsX and EnvC, we purified untagged 

versions of FLEnvC, LytEnvC, and CCEnvC as well as a 10xHis (H)-tagged version of Loop1FtsX 

(H-Loop1FtsX).  We then tested for interactions using “pull-up” assays with magnetic Ni-NTA 

beads.  When FLEnvC was incubated with H-Loop1FtsX, it was found in the eluate from Ni-NTA 

beads following two wash steps (Figure 2.8B).  Consistent with the BACTH results, this was not 

the case when LytEnvC was incubated with H-Loop1FtsX (Figure 2.8C).  Here, LytEnvC was found 

primarily in the unbound (UB) fraction.  When we incubated CCEnvC with H-Loop1FtsX, only 

about half of the H-Loop1FtsX was retained by the beads.  It was accompanied in the eluate by a 

small fraction (about 10%) of the total CCEnvC, indicating that the two domains weakly interact.  

The remaining H-Loop1FtsX was found in the unbound fraction with the majority of CCEnvC.  

Since H-Loop1FtsX bound efficiently to the beads in the presence of FLEnvC and LytEnvC, the 

addition of CCEnvC appears to adversely affect the accessibility of the H-tag on H-Loop1FtsX.  

This may be the result of CCEnvC inducing some sort of conformational change in H-Loop1FtsX, 

but further investigation is required to test this possibility. 

 To determine the physiological relevance of the EnvC-Loop1FtsX interaction, we 

investigated the effect of deleting various portions of the FtsX loop domain on the recruitment of 

EnvC to the division site.  To do so, we generated a construct expressing the ftsEX operon under 

control of Plac with the ftsX reading frame fused to the coding sequence for GFP.  The expression 

construct thus produces untagged FtsE as well as FtsX-GFP.  For convenience, we will refer to 

the fusion as FtsEX-GFP.  In addition to the WT fusion, we also generated several variants 

deleted for various portions of the Loop1 domain of FtsX.  When produced as the only source of 

FtsEX in strain DY18(attλTD80)(attHKDY156) [ΔftsEX ΔenvC (Plac::envC-mCherry)
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(Plac::ftsEX-gfp)], the FtsEX-GFP fusion corrected the ΔftsEX division phenotype, localized to 

the division site, and was functional for the recruitment of EnvC-mCherry to the septal ring 

(Figure 2.9A).  All of the Loop1 deletion derivatives of FtsX-GFP we tested (Δ152-161, 

Δ146-165, Δ137-176, and Δ109-213) localized to the division site (Figure 2.9B and Figure 2.10), 

indicating that the Loop1 domain is not an important localization determinant for FtsX.  

However, even the derivative with the smallest deletion (Δ152-161) failed to recruit EnvC to the 

septum, and cells expressing these derivatives displayed an EnvC- like division defect (Figure 

2.9B and Figure 2.10).  We conclude that the Loop1-EnvC interaction we detected in the 

BACTH and in vitro assays is required for the recruitment of EnvC to the septal ring.

 

The ATPase activity of FtsE is likely required for amidase activation by EnvC

 Weiss and co-workers recently showed that FtsE residues in and around the Walker A 

(GxxGxGKS/T, where x is any residue) and Walker B (ϕϕϕϕD, where ϕ is a hydrophobic 

residue) motifs predicted to be important for ATP hydrolysis are required for FtsEX to function 

in cell division (20).  Interestingly, however, these residues were not found to be needed for the 

stability of FtsE or the recruitment of either FtsE or FtsX to the division site (20).  Also, unlike 

ftsEX null mutants, division proteins downstream of FtsEX in the localization hierarchy were 

recruited to the septal ring in the presence of these predicted ATPase defective variants when 

mutant cells were grown under non-permissive conditions (20).  Thus, by all indications, 

complete septal rings were forming in the filamentous cells producing the FtsE mutants; they 

were just unable to promote cell constriction without ATP hydrolysis by FtsEX (20).

60



61

Figure 2.9.  EnvC localization in cells producing FtsEX variants.  Cells of DY18(attλTD80) 
[ΔftsEX ΔenvC (Plac::envC-mCherry)] harboring the integrated expression constructs 
attHKDY156 (Plac::ftsEX-GFP) (A), attHKDY161 (Plac::ftsEXΔ152-161-GFP) (B), or 
attHKDY167 [Plac::ftsE(D162N)X-GFP] (C) were grown overnight at 30°C in LB (1% NaCl).  
They then were diluted 1:100 into M9 maltose supplemented with 500 µM IPTG.  When cells 
reached an OD600 of 0.42–0.54, they were visualized as described in the legend for Figure 2.6.
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Figure 2.10.  EnvC localization in cells producing Loop1FtsX deletions.  Cells of DY18 
(attλTD80) [ΔftsEX ΔenvC (Plac::envC-mCherry)] harboring the integrated expression constructs 
(attHKDY162) [Plac::ftsEX (Δ146-165)-GFP] (A), (attHKDY163) [Plac::ftsEX(Δ137-176)-GFP] (B), or 
(attHKDY165) [Plac::ftsEX (Δ109-213)-GFP] (C) were grown and visualized as described in the 
legend for Figure 2.9.
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 Our results thus far indicate that FtsEX directly recruits EnvC to the septal ring.  Given 

the findings of Arends et al. (2009), we also wondered if the ATPase activity of FtsE might be 

required to stimulate amidase activation by EnvC.  We therefore generated ftsE(K41M), ftsE

(D162N), and ftsE(E163Q) derivatives of the Plac::ftsEX-gfp construct described above.  The 

encoded FtsE variants (FtsE*) in these constructs are similar to those studied previously by 

Arends et al. (2009), except that more conservative amino acid changes were made.  The K41M 

substitution in the Walker A motif of FtsE is predicted to greatly reduce affinity for ATP (34).  

The Walker B residue, D162, is predicted to coordinate Mg2+ in the active site (34).  

Substitutions at this residue in other NBDs abrogate ATP binding (34).  An acidic residue, E163 

in FtsE, typically follows the Walker B motif in ABC transporters.  The role of this residue in the 

ATPase catalytic mechanism is controversial (34).  NBDs with Glu to Gln substitutions at this 

position still bind ATP, but depending on the particular transporter, they may or may not retain 

residual ATPase activity (34). 

 The ability of the FtsE* variants to promote cell separation was first assessed by 

producing them from the Plac::ftsEX-gfp construct in ΔftsEX ΔnlpD cells.  As expected, a 

construct producing WT FtsE completely reversed the severe chaining phenotype of the FtsEX- 

NlpD- mutants (Figure 2.11, Table 2.1).  Constructs producing the FtsE* variants, on the other 

hand, all failed to restore normal cell separation (Figure 2.11, Table 2.1).  However, the mutants 

did not behave identically.  While FtsE(D162N) appeared to be completely defective for cell 

separation, the FtsE(K41M) and FtsE(E163Q) variants appeared to retain partial function (Table 

2.1).  Based on results from the related LolCDE system, FtsE(K41M) is likely to retain weak 

affinity for ATP (35).  This may allow enough ATPase activity to reduce the length of the chains 
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Figure 2.11.  FtsE ATP-binding site lesions result in a cell-separation defect.  Cells of KP7/
pTB63 (ΔftsEX ΔnlpD/ftsQAZ) without an integrated expression cassette (A) or harboring 
attHKDY156 (Plac::ftsEX-GFP) (B), attHKDY166 [Plac::ftsE(K41M)X-GFP] (C), attHKDY167 
[Plac::ftsE(D162N)X-GFP] (D), or attHKDY168 [Plac::ftsE(E163Q)X-GFP] (E) were grown and 
visualized as described in the legend to Figure 2.4, except that the medium contained 500 µM 
IPTG.



Table 2.1. Cell separation phenotypes of FtsE* NlpD- cells. 

strain genotype #cellsa # cell 
unitsb

total 
L

(µm)c

avg. 
L

(µm)c

total 
septa

L/septum septa/cell

KP7 ΔftsEX ΔnlpD 4 225 388 97 218 1.8 55

KP7
(attHKDY156)

ΔftsEX ΔnlpD
(Plac::ftsEX-GFP)

144 200 475 3.3 56 8.5 0.4

KP7
(attHKDY166)

ΔftsEX ΔnlpD
(Plac::ftsE(K41M)X-GFP)

31 202 491 15.8 171 2.9 6

KP7
(attHKDY167)

ΔftsEX ΔnlpD
(Plac::ftsE(D162N)X-GFP)

9 214 434 48.2 208 2.1 23

KP7
(attHKDY168)

ΔftsEX ΔnlpD
(Plac::ftsE(E163Q)X-GFP)

74 200 618 8 127 4.9 2

aCell chains were considered as a single cell regardless of the number of segments they contained.
bIndicates the number of cell compartments in chaining cells. 
cLength measurements represent a minimum because many of the cell chains extended beyond the field of view.
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observed in ΔftsEX ΔnlpD cells.  For FtsE(E163Q), its ability to shorten ΔftsEX ΔnlpD chains 

may either indicate that ATP-binding alone is sufficient for low-level cell separation activity, or 

that the E/Q substitution in FtsEX does not completely abolish ATPase activity.  Measurement of 

the ATPase activity of FtsE and the FtsE* variants is required to distinguish between these 

possibilities, but this has not been possible due to problems with FtsE solubility when it was 

overproduced.  Nevertheless, the (partial) loss-of-function phenotypes displayed by the FtsE* 

variants clearly highlight a role for key ATP-binding site residues in FtsE for it to promote proper 

cell separation.  Importantly, FtsX-GFP remained capable of recruiting to septal rings in cells 

producing the FtsE* variants and the efficiency with which EnvC-mCherry was recruited to the 

FtsX-containing rings was largely unaffected by the FtsE lesions (Figure 2.9C, Figure 2.12, and 

Table 2.2).  Furthermore, based on the results of Arends et al. (2009) with similar mutants, we 

assume that the FtsE* variants described here are also normally recruited to the septal ring.  

Thus, FtsE*X-EnvC complexes are likely forming at the division site in cells expressing the 

ftsE* alleles but they fail to function or function poorly in the septal PG splitting process.  We 

therefore infer that the ATPase activity of the FtsEX complex plays an important role in 

promoting amidase activation by EnvC at the septum. 

Section 2.4: Discussion

 The role of the FtsEX ABC system in cytokinesis has long remained mysterious.  In this 

study, we have genetically and physically connected FtsEX with the process of septal PG 

splitting.  Our results indicate that the complex is directly responsible for the recruitment of the 

amidase activator EnvC to the cytokinetic ring.  Importantly, we also showed that variants of the 
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Figure 2.12.  EnvC localization in cells producing FtsE* variants.  Cells of DY18(attλTD80) 
[ΔftsEX ΔenvC (Plac::envC-mCherry)] harboring the integrated expression constructs 
(attHKDY166) [Plac::ftsE(K41M)X-GFP] (A) or (attHKDY168) [Plac::ftsE(E163Q)X-GFP] (B) 
were grown and visualized as described in the legend for Figure 2.9.
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Table 2.2. Length and localization measurements of FtsE* cells producing FtsX-GFP and EnvC-mCherry. 
Strain genotype #cells total L

(µm)
avg. L
(µm)

# of 
FtsX-
rings

# of 
EnvC-
rings

% co-
localization of  

FtsX and 
EnvC*

L/FtsX-
ring
(µm)

L/EnvC-
ring
(µm)

L/septum
(µm)

DY18
(attHKDY156)

(attλTD80)

ΔftsEX ΔenvC
(Plac::ftsEX-GFP)

(Plac::envC-mCherry)

125 457 3.7 115 93 81 4.0 4.9 9.3

DY18
(attHKDY166)

(attλTD80)

ΔftsEX ΔenvC
(Plac::ftsE(K41M)X-GFP)

(Plac::envC-mCherry)

125 692 5.5 124 95 77 5.5 9.0 13.6

DY18
(attHKDY167)

(attλTD80)

ΔftsEX ΔenvC
(Plac::ftsE(D162N)X-

GFP)
(Plac::envC-mCherry)

125 1096 8.8 131 109 83 8.4 13.2 12.2

DY18
(attHKDY168)

(attλTD80)

ΔftsEX ΔenvC
(Plac::ftsE(E163Q)X-

GFP)
(Plac::envC-mCherry)

125 655 5.2 124 91 73 7.2 9.0 12.1

*Reflects the number of FtsX-GFP rings clearly associated with a ring of EnvC-mCherry. 



FtsEX complex predicted to have inactive ATPase subunits still recruited EnvC to the septum but 

failed to induce septal PG splitting.  Thus, in addition to connecting EnvC to the septal ring, 

FtsEX appears to use its ATPase activity to promote amidase activation.  An attractive possibility  

is that it does so using ATPase-induced conformational changes similar to those observed in 

other ABC systems (12) to allosterically regulate EnvC activity in the periplasm (Figure 2.13). 

 Consistent with this model, sequence analysis groups FtsEX with a sub-class of ABC 

systems comprised mainly of substrate binding protein (SBP)-dependent importers like the 

maltose transporter (MalFGK2) (34).  The structure of MalFGK2 in complex with maltose 

binding protein (MalE) indicates that ATP-driven conformational changes in the transporter can 

alter the conformation of periplasmic MalE (36).  In this case, MalE is converted from its closed, 

maltose-bound conformation to an open conformation that releases maltose into the outward-

facing cavity of the transporter for subsequent import (36).  We therefore propose that EnvC may 

be an SBP analog for FtsEX and envision that the conformation of EnvC is similarly modulated 

by the ABC system so that it interconverts between an “on” and “off” state during an ATPase 

cycle (Figure 2.13).  Such a model is appealing for several reasons.  Most significantly, it would 

provide a means for converting septal PG hydrolysis into a discrete process with a fixed number 

of PG bonds being broken per ATP hydrolyzed.  This would afford the septal ring exquisite 

control over PG hydrolysis, which seems highly desirable given the inherent risks involved in 

promoting localized PG degradation.  Additionally, since FtsE interacts with FtsZ in the 

cytoplasm, the ATPase activity of FtsE could be directly coupled to Z-ring dynamics.  Thus, the 

FtsEX complex could serve as a molecular governor to properly coordinate the rate of septal PG 

hydrolysis with the contraction of the Z-ring.  Finally, in addition to connecting the Z-ring with 
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Figure 2.13.  Model for FtsEX function in regulating PG hydrolase activity at the division site.  
Shown is a schematic diagram of a putative FtsEX-EnvC-amidase complex at the Z-ring.  We 
propose that conformational changes in FtsEX induced by FtsE-mediated ATP hydrolysis are 
transmitted to EnvC to control its ability to activate the amidases so that they can cleave the 
septal PG (not drawn).  The model is not meant to reflect actual interaction stoichiometries, 
because they have yet to be determined.  In addition, it is not yet clear if the amidases remain in 
complex with EnvC as drawn or if this interaction is also regulated.  See text for details.
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septal PG hydrolysis, interactions of FtsX with other transmembrane components of the 

divisome may help couple the activity of the integral membrane PG synthases with the cell 

separation amidases.  For example, the FtsEX complex may only promote EnvC-activated 

amidase activity when it is engaged with an active PG synthetic complex.

 Control of EnvC activity by FtsEX is likely mediated in part by the observed interaction 

between the CC domain of EnvC and Loop1FtsX.  Consistent with this possibility, the CC domain 

of EnvC was previously shown to be important for EnvC regulation (24).  An EnvC truncation 

lacking the CC domain (LytEnvC) failed to be recruited to the division site and inappropriately 

activated AmiA and AmiB to induce cell lysis (24).  Since cell lysis is not triggered when FLEnvC 

is displaced from the septum by CCEnvC overproduction (24) or by the deletion of ftsEX, proper 

regulation of amidase activation appears to entail more than just controlling EnvC localization.  

Because FLEnvC activates the amidases just as well as LytEnvC in vitro (24), we suspect that there 

is either something about the physiochemical environment of the periplasm that promotes the 

direct inhibition of FLEnvC activity by the CC domain itself or that inhibition is mediated by an 

additional factor that associates with the CC domain.  According to our model for EnvC 

regulation by FtsEX, it is this auto- or trans-inhibition of EnvC that is cycled on and off in 

response to the ATPase activity of FtsEX (Figure 2.13). 

 While we favor a model in which FtsEX serves as a transmembrane allosteric regulator of 

EnvC, scenarios in which FtsEX transports a molecule needed for EnvC activity are difficult to 

exclude.  Arguing against a transport function is the fact that FtsEX is most similar to the 

LolCDE ABC system.  Rather than catalyzing the transport of a substrate across a membrane, 

LolCDE facilitates the transfer of lipoproteins from the outer leaflet of the inner membrane to the 
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periplasmic LolA carrier protein for their ultimate insertion into the outer membrane (37).  The 

individual TMD components of both FtsEX and LolCDE have only four transmembrane helices, 

unlike most ABC-transporters, which typically have at least six (20, 34, 38).  Moreover, the 

membrane spanning helices of FtsX do not contain any charged amino acids as might be 

expected for a factor that transports an electrolyte (20).  Based on these observations, Weiss and 

colleagues have also proposed that FtsEX may not be a transporter (20).  Rather, they 

hypothesized that, as we propose here, FtsE uses ATP hydrolysis to drive a periplasmic activity 

via conformational changes in FtsX (20).  Reconstitution of EnvC regulation by FtsEX is 

required to definitively demonstrate an allosteric control mechanism.  So far, our attempts at 

reconstitution have been unsuccessful.  Addition of purified Loop1FtsX or full-length FtsX to 

mixtures of EnvC and AmiB did not affect amidase activation using our standard reaction 

conditions (24).  This suggests that the full FtsEX complex may be needed to observe regulation 

in vitro.  Unfortunately, efforts to purify the complete FtsEX complex have been hampered by 

the insolubility of FtsE when it is overproduced.  This hurdle must be overcome before 

additional attempts at reconstitution can be pursued. 

 A role for FtsEX in the process of septal PG splitting appears to be conserved.  In an 

accompanying report (28), Sham et al. directly connect the essential cell separation factor PcsB 

(39) with FtsEX in S. pneumoniae.  While their sequences are largely unrelated, the domain 

structures of PcsB and EnvC are strikingly similar.  Like EnvC, PcsB has an N-terminal region 

predicted to form coiled-coils and a C-terminal PG hydrolase-like CHAP domain (39).  However, 

it is currently not known whether PcsB directly degrades PG or if, analogous to EnvC, it is an 

activator of other PG hydrolases.  Nevertheless, the results of Sham et al. (2011) (28) indicate 
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that PcsB activity is likely governed by FtsEX to properly control the process of septal PG 

splitting in S. pneumoniae.  Interestingly, FtsEX does not appear to be involved in cell division in 

Bacillus subtilis (40).  We suspect this has to do with the different septal geometries of these 

organisms.  Gram-negative bacteria like E. coli and ovococci like S. pneumoniae appear to 

couple septal PG splitting with the invagination of their cytoplasmic membrane to give their pre-

divisional cells a constricted appearance (1, 41).  This mode of division likely requires regulators 

of PG hydrolysis like FtsEX to be associated with the septal ring.  B. subtilis and many other 

Gram-positive bacteria, on the other hand, first construct a flat septum, the splitting of which 

appears to be uncoupled from membrane constriction and fission (42).  Septal PG splitting in 

these cells is therefore likely to have regulatory requirements that differ from those of 

constricting cells.  It is not clear what the function of FtsEX is in cells with a flat septal 

morphology, but it may involve the regulation of PG hydrolysis needed for other aspects of cell 

wall growth and remodeling. 

 In conclusion, we have identified a role for the FtsEX ABC system in the regulation of 

septal PG hydrolysis by the amidases AmiA and AmiB and the LytM factor EnvC.  A second 

pathway for septal PG splitting involving AmiC and the LytM factor NlpD is also operative in E. 

coli (24).  How this system is regulated is currently not known.  However, since NlpD is an outer 

membrane lipoprotein (43) rather than a periplasmic protein like EnvC, its activity is likely to be 

modulated by a distinct mechanism.  To our knowledge, this report describes the first example of 

an ABC system being implicated in the transmembrane regulation of enzymatic activity.  Given 

the diversity and ubiquity of ABC systems in nature (34), it is likely that the ATP-driven 
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conformational changes in these membrane complexes have been adapted to regulate a variety of 

biological processes.

Section 2.5: Material and methods  

Media, bacterial strains, and plasmids

 Cells were grown in LB [1% tryptone, 0.5% yeast extract, (0.5%-1.5% NaCl as 

indicated)] or minimal M9 medium (44) supplemented with 0.2% casamino acids and 0.2% 

sugar (glucose, maltose, or arabinose as indicated).  Unless otherwise indicated, antibiotics were 

used at 5, 10, 15, 20, or 50 µg/ml for tetracycline (Tet), chloramphenicol (Cam), ampicillin 

(Amp), kanamycin (Kan), or spectinomycin (Spec), respectively. 

 The bacterial strains used in this study are listed in Table 2.3.  All strains used in the 

reported experiments are derivatives of MG1655 (45).  Plasmids used in this study are listed in 

Table 2.4.  Vectors with R6K origins are all derivatives of the CRIM plasmids developed by 

Wanner and co-workers (46).  They were either maintained in the cloning strain DH5α(λpir) 

where they replicate as plasmids, or they were integrated into phage attachment sites (HK022 or 

λ) using the helper vectors pTB102 (47) or pInt-ts (46), respectively, as described previously 

(46).  Single copy integrants were identified using diagnostic PCR (46).  Integrated vectors were 

transferred between strains by P1-mediated transduction.  In all cases, PCR was performed using 

KOD polymerase (Novagen) according to the instructions.  Unless otherwise indicated, MG1655 

chromosomal DNA was used as a template.  Restriction sites for use in plasmid constructions are 

italicized and underlined in the primer sequences given below.  Plasmid DNA and PCR 
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fragments were purified using the Qiaprep spin miniprep kit (Qiagen) or the Qiaquick PCR 

purification kit (Qiagen), respectively.

Synthetic lethal screen

 The screen for mutants with a Slb phenotype was performed as previously described (27).  

Briefly, TU122/pTU110 [ΔlacIZYA ΔponB/Plac::ponB lacZ ] was mutagenized with the EzTn-

Kan2 transposome (Epicentre) as previously described (26).  Mutants were selected for Kan 

resistance at room temperature,  yielding a library of 75,000 independent transposon insertions.  

This mutant library was plated on LB (0.5% NaCl) agar supplemented with 50 µM IPTG and X-

gal (40 µg/ml) at 30°C  and room temperature to identify mutants with a Slb phenotype.  In 

addition to the transposon insertions in ponA and lpoA described previously (27), we also 

isolated mutants with insertions in envC (between codon 74 and 75) and ftsX (within codon 59). 

Fluorescence microscopy and protein methods

 Fluorescence microscopy was performed as described previously (25).  See figure 

legends for specific growth conditions employed for each experiment.  Cell fixation and 

membrane staining was performed as described previously (25).  The BACTH assay and Ni-

NTA “pull-up” assays are described in the legend to Figure 2.8. 

Protein Purification, pull-up assays, and two-hybrid analysis 

 FLEnvC and LytEnvC were purified as described previously (24).  CCEnvC was 

overexpressed and purified with a 6xHis-SUMO (H-SUMO) tag fused to its N-terminus.  H-
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SUMO- CCEnvC was purified from BL21(λDE3)/pDY151 and a 10xHis-tagged version of 

Loop1FtsX [H-Loop1FtsX] was purified from BL21(λDE3)/pDY138.  Overnight cultures were 

grown at 37°C in LB supplemented with ampicillin (50 µg/ml) and glucose (0.2%).  The cultures 

were diluted 1:100 into 0.1 L of LB supplemented with ampicillin (50 µg/ml) and glucose 

(0.04%), and cells were grown at 30°C to an OD600 of 0.81 and 0.86 respectively.  IPTG was 

added to 1 mM and the cultures were grown for an additional 3 hrs at 30°C.  Cells were 

harvested by centrifugation and the cell pellets were resuspended in 3 ml of buffer A (50 mM 

Tris-HCl pH 8.0, 300 mM NaCl, 10% glycerol) with 20 mM imidazole and stored at -80°C.  

Cells were thawed, disrupted by sonication, and cell debris was pelleted by centrifugation at 

20,000 x g for 20 min at 4°C.  The supernatants were passed through 0.2 µM syringe filters and 

loaded onto ProPur IMAC mini spin columns (Nunc) equilibrated in buffer A with 20 mM 

imidazole.  Columns were washed 3x using buffer A with 50 mM imidazole and eluted using 

buffer A with 300 mM imidazole.  For H-SUMO- CCEnvC, the H-SUMO tag was cleaved with 

6xHis-tagged SUMO protease (H-SP) as previously described (24).  The cleavage reaction was 

passed through Ni-NTA resin (ProPur IMAC midi spin column) to remove free H-SUMO and H-

SP, yielding a pure preparation of untagged CCEnvC.  Amicon Centrifugal Filter Units (MWCO 

10 kDa) were used to concentrate both protein preparations and exchange the buffer to buffer A 

without imidazole.  Protein preparations were stored at -80°C in buffer A.  The BACTH assay 

and Ni-NTA “pull-up” assays are described in the legend to Figure 2.8. 
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EnvC antisera and affinity purification of anti-EnvC antibodies 

 Polyclonal rabbit antisera was raised agains purified FLEnvC by Covance according to 

their standard protocol.  The resulting anti-EnvC antibodies were affinity purified using FLEnvC 

coupled to AminoLink resin (Pierce) as described previously for SlmA antibody purification 

(48). 

Cell fractionation and immunoblotting

 Whole-cell extracts for Figure 2.5 were prepared as described previously (49).  The 

protein concentration in each extract was determined using the non-interfering protein assay 

(Genotech) according to the manufacturers instructions.  Protein concentrations were normalized 

between extracts and 20, 10, or 5 µg of total protein from each extract was separated on a 12% 

SDS-PAGE gel.  Proteins were transferred to a PVDF membrane (Whatman) and the membrane 

was blocked with Rapid-Block (Genotech) for 5 minutes.  The membrane was incubated with 

anti-EnvC antibodies (1:5000 in Rapid-Block) for 1 hour at room temperature.  The membrane 

was washed three times with 25 ml TBST (10 mM Tris-HCl pH7.5, 100 mM NaCl, 0.1% 

Tween-20) for 10 minutes.  Following the wash, the membrane was incubated with goat anti-

rabbit antibodies conjugated with HRP (Rockland) (1:20,000 in Rapid-Block) for 1 hour at room 

temperature.  Finally, the membrane was washed an additional four times as above and 

developed using the Pierce Super-Signal West-Pico reagents.  Chemiluminescence was detected 

using a BioRad Chemidoc system.  Cell fractionations and immunoblotting for Figure 2.5B were 

performed as described previously (50), except that 500 mM NaCl was added to the spheroplasts 

after they were formed and EnvC was detected as described above.  NaCl addition was required 
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to promote the complete release of EnvC to the periplasmic fraction in spheroplasts from FtsEX- 

cells.

Recombineering

 The ∆ftsEX::KanR allele was constructed by replacing the region between the 2nd codon 

of ftsE and the 7th codon from the stop codon of ftsX with a KanR cassette as described 

previously (54, 55).  The KanR cassette was amplified from pKD13 (56) using the primers 5'-

ACTTTATAGAGGCACTTTTTGCCCGAGAGGATTAACAATGATTCCGGGGATCCGTCGA

CC-3' and 5'-

AGAGTATAACACGCTTTTATTATTCAGGCGTAAAGTGGCGTGTAGGCTGGAGCTGCTT

CG-3'.  The resulting product was electroporated into strain TB10 as described previously (26), 

and the recombinants were selected at 30˚C on an LB plate containing 1% NaCl and 20 µg/ml 

kanamycin to generate the chromosomal deletion.

 To generate a marker for the Z-ring, a zapA-gfp fusion was created at its native 

chromosomal locus by λ recombineering (55).  gfp-mut2 (57) coding sequence and a linked cat 

cassette flanked by zapA 3’ end sequence and sequence downstream of zapA was amplified using 

pTB24 (58) as a template and the primers 5’-

ACAAGGTCGCATCACCGAAAAAACTAACCAAAACTTTGAAGATCCCCCCGCTGAATT

CATG-3’ and 5’-

TTGTCTTCACGGTTACTCTACCACAGTAAACCGAAAAGTGGTGTAGGCTGGAGCTGC

TTCG-3’.  The resulting fragment was used for recombineering in strain TB10 as described 
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previously (26).  The zapA-gfp fusion linked to the cat cassette was transferred between strains 

by P1-transduction.

Plasmid construction

pTU188

To construct pTU188 [attλ cat Para::ftsE-ftsX], a fragment containing ftsE and ftsX was amplified 

with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’-

GTCAAAGCTTTTATTATTCAGGCGTAAAGTGGCG-3’, digested with XbaI and HindIII, and 

inserted into the corresponding XbaI-HindIII sites of pTB285 (27). 

pTB332-333

For pTB332 [aph Plac::envC(277-419)-T25], envC(278-419) was amplified with the primers 5’- 

GTACAAGCTTGACCGAAAGCGAAAAATCGCTGATG-3’ and 5’-

GTCAGGATCCTCTCTTCCCAACCACGGCTGTGG-3’.  The resulting fragment was digested 

and ligated with HindIII and BamHI digested pKNT25 (17).  pTB333 [aph Plac::envC(34-419)-

T25] was constructed in the same manner except that envC(34-419) was amplified with the 

primers 5’-GTACAAGCTTGGATGAGCGTGACCAACTCAAATCTATTC-3’ and 5’-

GTCAGGATCCTCTCTTCCCAACCACGGCTGTGG-3’. 
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pTD80

To construct pTD80 [attλ cat lacIq Plac::envC-mCherry], the Plac::envC-mCherry containing 

EcoRI-HindIII fragment of pTB316 [attHK022 bla lacIq Plac::envC-mCherry] (25) was used to 

replace the corresponding Para::envC fragment of pTD25 [attλ cat Para::envC] (25). 

pMT1

pMT1 [cat Para::ftsEX] was constructed in multiple steps.  First, pTU170 [attHK022 bla 

Psyn135::gfp-zapA] was made by ligating the EcoRI-SalI digested fragment from pEZ4 (58) into 

the EcoRI-SalI digested backbone of pTB263 [attHK022 bla Plac::ssdsbA-sfgfp] (25).  Then 

pTU176 [attHK022 bla Psyn135::ssdsbA-sfgfp] was made by ligating the ssdsbA-sfgfp-containing 

XbaI-HindIII fragment from pTB263 (25) with XbaI-HindIII digested pTU170 to generate 

pTU176.  The ssdsbA-sfgfp-containing XbaI-HindIII fragment from pTU176 was ligated with 

XbaI-HindIII digested pBAD18-cat (59) to generate pTU214 [cat Para::ssdsbA-sfgfp].  Using 

pTU188 [attλ cat Para::ftsEX] as a template, RBSwk2-ftsEX was amplified with primers 5’-

GTCATCTAGAAAAAAGGAAAAATGATTCGCTTTGAACATGTCAGCAAGG-3’ and 5’-

GTCAAAGCTTTTATTATTCAGGCGTAAAGTGGCG-3’.  The resulting fragment was digested 

with HindIII and XbaI and ligated with pTU214 digested with the same enzymes to generate 

pMT1.

pDY133

pDY133 [bla Plac::loop1ftsX-T18] was constructed in two steps.  First, the amiA gene was 

amplified using the primers 5’- 
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GTCATCTAGAAGGATCCGCCAAAGACGAACTTTTAAAAACCAGC-3’ and 5’- 

GTCAGAGCTCGGCTCGAGTCGCTTTTTCGAATGTGCTTTCTGGTTG-3’.  The resulting 

fragment was digested with XbaI and SacI and ligated with pCH363 [bla Plac::lacZ-T18] (58) 

digested with the same enzymes to generate pTU236 [bla Plac::amiA-T18].  Second, loop1ftsX was 

amplified from pMT1 [cat Para::RBSwk2-ftsEX] using the primers 5’-

GTCATTGGATCCGTGTACAAAAACGTTAACCAGGCGGCG-3’ and 5’-

AGTTAAGCTTATTACTCGAGGCGCCCGACCAGCCCGGTCAACGCC-3’.  The resulting 

fragment was digested with BamHI and XhoI and ligated with pTU236 [bla Plac::amiA-T18] 

digested with the same enzymes to generate pDY133.

pDY138

pDY138 [bla PT7::His10-ftsXloop1] was constructed in several steps.  pDY42 [bla PT7::His10-

mcs] was made by using the synthetic oligonucleotides 5’-

CTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGCGTGGTTCTCACCACC

ATCACCACCATCACCACCATCATGCTAGCG-3’and 5’-

GATCCGCTAGCATGATGGTGGTGATGGTGGTGATGGTGGTGAGAACCACGCATGGTAT

ATCTCCTTCTTAAAGTTAAACAAAATTATTT-3’.  These oligonucleotides were annealed, 

resulting in the formation of dsDNA with overhangs complementary to BamHI and XhoI 

restriction sites.  pTD68 [bla Plac::ssdsbA-linker-sfgfp] (60) was digested with BamHI and XhoI, 

and the resulting plasmid backbone was ligated with the complementary synthetic dsDNA.  

Finally, the loop1ftsX was amplified from pMT1 [cat Para::ftsEX] using the primers 5’-

GTCATTGGATCCGTGTACAAAAACGTTAACCAGGCGGCG-3’ and 5’-
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AGTTAAGCTTATTACTCGAGGCGCCCGACCAGCCCGGTCAACGCC-3’.  The resulting 

fragment was digested with BamHI and XhoI and ligated with pDY42 digested with the same 

enzymes to generate pDY138.  

pDY151

pDY151 [bla PT7::H-SUMO-ccenvC] was constructed in several steps.  First, pTU138 [attHK022 

bla Plac::ssdsbA-envC(35-419)-sfgfp] was made by amplifying flenvC using the primers 5’- 

GTCAGGATCCGGTGATGAGCGTGACCAACTCAAATCTATTC-3’ and 5’- 

GTCACTCGAGTCTTCCCAACCACGGCTGTGG-3’.  The resulting fragment was digested 

with BamHI and XhoI and ligated with pTB282 [attHK022 bla Plac::ssdsbA-sfgfp] (48) digested 

with the same enzymes.  Using pTB138 as a template, ccenvC was amplified with the primers 5’- 

GTCAGGATCCGGTGATGAGCGTGACCAACTCAAATCTATTC-3’ and 5’- 

GTCACTCGAGCGGTTTGTAGGTGGTGCCTTTGC-3’.  The resulting fragment was digested 

with BamHI and XhoI and ligated with pTB282 (48) digested with the same enzymes to generate 

pTU150 [attHK022 bla Plac::ssdsbA-ccenvC-sfgfp].  Finally, the ccenvC-containing BamHI-XhoI 

fragment from pTU150 was ligated with BamHI-XhoI digested pTD68 [bla PT7::H-SUMO-mcs] 

(24) to generate pDY151.

pDY156

pDY156 [attHK022 bla Plac::ftsEX-sfgfp] was constructed as follows.  ftsEX was amplified from 

MG1655 with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’-

GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’.  The resulting fragment was 

82



digested with XbaI and XhoI and ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-

sfgfp] (24) digested with the same enzymes.

pDY158-160

pDY158 [attλ cat Para::ftsE(K41M)X] was made by site-directed mutagenesis of pTU188 [attλ cat 

Para::ftsEX] using the QuickChange method (Stratagene) and the primer 5’-

GATCAGCTTCAGGAGGGTACTCATCCCTGCGCCGGAATGACCGGT-3’.

pDY159 [attλ cat Para::ftsE(D162N)X] was constructed by site-directed mutagenesis of pTU188 

[attλ cat Para::ftsEX] using the QuickChange method (Stratagene) and the primer 5’-

GTCCAGGTTACCAGTCGGTTCGTTCGCCAGCAGTACCGCGGGCTT-3’.

pDY160 [attλ cat Para::ftsE(E163Q)X] was constructed by site-directed mutagenesis of pTU188 

[attλ cat Para::ftsEX] using the QuickChange method (Stratagene) and the primer 5’- 

GTCGTCCAGGTTACCAGTCGGTTGGTCCGCCAGCAGTACCGCGGG-3’.

pDY161-pDY165

pDY161 [attHK022 bla Plac::ftsEX(152-161)-sfgfp] was constructed as follows.  To make the 

10aa ftsX internal deletion ftsEX(152-161), two overlap extension PCR fragments were amplified 

with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’-

GTTTTCTTCCAGCATATCCAGCTCACCCAGTGCGTCTTCACG-3’ as well as 5’-

CGTGAAGACGCACTGGGTGAGCTGGATATGCTGGAAGAAAAC-3’ and 
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5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’ using pDY156 [attHK022 bla 

Plac::ftsEX-sfgfp] as the DNA template.  The resulting PCR fragments were purified and used 

together as the final DNA template to amplify the ftsEX(152-161) fragment using the primers 5’-

GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’.  The resulting fragment was 

digested with XbaI and XhoI and ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-

sfgfp] (24) digested with the same enzymes.

pDY162

pDY162 [attHK022 bla Plac::ftsEX(146-165)-sfgfp] was constructed as follows.  To make the 

20aa ftsX internal deletion ftsEX(146-165), two overlap extension PCR fragments were amplified 

with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’- 

TGCCGGAAGCGGGTTTTCTTCACGAGAAAGATAGTTCACTTT-3’ as well as 5’- 

AAAGTGAACTATCTTTCTCGTGAAGAAAACCCGCTTCCGGCA-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’ using pDY156 [attHK022 bla 

Plac::ftsEX-sfgfp] as the DNA template.  The resulting PCR fragments were purified and used 

together as the final DNA template to amplify the ftsEX(146-165) fragment using the primers 5’-

GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’.  The resulting fragment was 

digested with XbaI and XhoI and ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-

sfgfp] (24) digested with the same enzymes.
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pDY163

pDY163 [attHK022 bla Plac::ftsEX(137-176)-sfgfp] was constructed as follows.  To make the 

40aa ftsX internal deletion ftsEX(137-176), two overlap extension PCR fragments were amplified 

with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’- 

CTGGAAATCGAGTTTCGGGATGCCTTGCTCGGCCTGCAACTG-3’ as well as 5’- 

CAGTTGCAGGCCGAGCAAGGCATCCCGAAACTCGATTTCCAG-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’ using pDY156 [attHK022 bla 

Plac::ftsEX-sfgfp] as the DNA template.  The resulting PCR fragments were purified and used 

together as the final DNA template to amplify the ftsEX(137-176) fragment using the primers 5’-

GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’.  The resulting fragment was 

digested with XbaI and XhoI and ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-

sfgfp] (24) digested with the same enzymes.

pDY164

pDY164 [attHK022 bla Plac::ftsEX(109-188)-sfgfp] was constructed as follows.  To make the 

80aa ftsX internal deletion ftsEX(109-188), two overlap extension PCR fragments were amplified 

with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’- 

GATACGATCACGCAGCGTATTTGACGGATAATACTGCGTCGC-3’ as well as 5’- 

GCGACGCAGTATTATCCGTCAAATACGCTGCGTGATCGTATC-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’ using pDY156 [attHK022 bla 

Plac::ftsEX-sfgfp] as the DNA template.  The resulting PCR fragments were purified and used 
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together as the final DNA template to amplify the ftsEX(109-188) fragment using the primers 5’-

GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’.  The resulting fragment was 

digested with XbaI and XhoI and ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-

sfgfp] (24) digested with the same enzymes.

pDY165

pDY165 [attHK022 bla Plac::ftsEX(109-213)-sfgfp] was constructed as follows.  To make the 

105aa ftsX internal deletion ftsEX(109-213), two overlap extension PCR fragments were 

amplified with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’- 

CAGCCCGGTCAACGCCGCCAGTGACGGATAATACTGCGTCGC-3’ as well as 5’- 

GCGACGCAGTATTATCCGTCACTGGCGGCGTTGACCGGGCTG-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’ using pDY156 [attHK022 bla 

Plac::ftsEX-sfgfp] as the DNA template.  The resulting PCR fragments were purified and used 

together as the final DNA template to amplify the ftsEX(109-213) fragment using the primers 5’-

GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 

5’GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’.  The resulting fragment was 

digested with XbaI and XhoI and ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-

sfgfp] (24) digested with the same enzymes.
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pDY166-pDY168

pDY166 [attHK022 bla Plac::ftsE(K41M)X-sfgfp] was constructed by amplifying ftsE(K41M)X 

with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’-

GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’ using pDY158 [attλ cat Para::ftsE

(K41M)X] as the DNA template.  The resulting fragment was digested with XbaI and XhoI and 

ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-sfgfp] (24) digested with the same 

enzymes.

pDY167

pDY167 [attHK022 bla Plac::ftsE(D162N)X-sfgfp] was constructed by amplifying ftsE(D162N)X 

with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’-

GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’ using pDY159 [attλ cat Para::ftsE

(D162N)X] as the DNA template.  The resulting fragment was digested with XbaI and XhoI and 

ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-sfgfp] (24) digested with the same 

enzymes.

pDY168

pDY168 [attHK022 bla Plac::ftsE(E163Q)X-sfgfp] was constructed by amplifying ftsE(E163Q)X 

with the primers 5’-GTCATCTAGATTTGCCCGAGAGGATTAACAATG-3’ and 5’-

GTCACTCGAGTTCAGGCGTAAAGTGGCGTAAATG-3’ using pDY160 [attλ cat Para::ftsE

(E163Q)X] as the DNA template.  The resulting fragment was digested with XbaI and XhoI and 
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ligated with pTB311 [attHK022 bla Plac::ssdsbA-amiB(23-445)-sfgfp] (24) digested with the same 

enzymes.
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Table 2.3. Bacterial strains used in this study. 
Straina Genotypeb Source/Referencec

DH5α F– hsdR17 deoR recA1 endA1 phoA supE44 thi-1 gyrA96 
relA1 Δ(lacZYA-argF)U169 ϕ80dlacZΔM15 

Gibco BRL

BL21(λDE3) ompT rB– mB– (PlacUV5::T7gene1) Novagen

BTH101 F–, glnV44(AS), recA1, endA1, gyrA96, thi1, hsdR17, 
spoT1, rfbD1 cya

(33)

BW25113 Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) rph-1 Δ(rhaD-
rhaB)568 hsdR514

(54)

JW5646 BW25113 ΔenvC::KanR (54)

JW2985 BW25113 ΔftsP(sufI)::KanR (54)

MG1655 rph1 ilvG rfb-50 (45)

MM9 TB28 (KanR araC Para)::ponB (27)

MM11 TB28 (frt araC Para)::ponB (27)

TB10 rph1 ilvG rfb-50 λΔcro-bio nad::Tn10 (51)

TB28 MG1655 ΔlacIZYA::frt (26)

TB140 TB28 ΔenvC::frt (25)

TB145 TB28 ΔnlpD747::frt (25)

TB172 TB28 ΔamiA::frt ΔamiB::frt (KanR araC Para)::ponB P1(MM9) x TU207

TU122 TB28 ΔponB::frt (27)

TU189 TB10 ΔftsEX::KanR λRec

TU190** TB28 ΔftsEX::KanR P1(TU189) x TB28(attλTU188)

TU191 TB28 ΔftsEX::frt TU190/pCP20

TU195** TB28 ΔftsEX::frt ΔenvC::KanR P1(JW5646) x TU191(attλTU188)

TU196** TB28 ΔftsEX::frt ΔftsP(sufI)::KanR P1(JW2985) x TU191(attλTU188)

TU205*** TB28 ΔenvC::frt ΔftsP(sufI)::KanR P1(JW2985) x TB140(attλTD25)

TU207 TB28 ΔamiA::frt ΔamiB::frt (24)

HC260 TB10 zapA-gfp CamR λRec

HC261 TB28 zapA-gfp CamR P1(HC260) x TB28

HC262 TB28 ΔenvC::frt  zapA-gfp CamR P1(HC261) × TB140

NP32 TB28 ΔenvC::frt  zapA-gfp frt HC262/pCP20

NP65* TB28 (frt araC Para)::ponB ΔenvC::KanR P1(JW5646) x MM11/pTB63
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Table 2.3 continued.
NP66* TB28 (frt araC Para)::ponB ΔftsEX::KanR P1(TU190) x MM11/pTB63

NP69 TB28 ΔenvC::frt  zapA-gfp frt ΔftsEX::KanR P1(TU190) x NP32

KP4* TB28 ΔenvC::KanR P1(JW5646) x TB28/pTB63

KP5* TB28 ΔftsEX::KanR P1(TU190) x TB28/pTB63

KP6* TB28 ΔnlpD747::frt ΔenvC::KanR P1(JW5646) x TB145/pTB63

KP7* TB28 ΔnlpD747::frt ΔftsEX::KanR P1(TU190) x TB145/pTB63

DY18 TB28 ΔenvC::frt ΔftsEX::KanR P1(TU190) x TB140
a Stains marked with a single asterisk were made by transducing KanR cassettes into a recipient harboring plasmid 
pTB63.  Stains marked with a double or triple asterisk were made by transducing KanR cassettes into recipients 
harboring attλTU188 or attλTD25, respectively. 

b The KanR cassette is flanked by frt sites for removal by FLP recombinase.  An frt scar remains following removal 
of the cassette using FLP expressed from pCP20. 

c Strain constructions by P1 transduction are described using the shorthand: P1(donor) x recipient.  Transductants 
were selected on LB Kan or Cam plates where appropriate.  Strains resulting from the removal of a DrugR cassette 
using pCP20 are indicated as: Parental strain/pCP20.  λRec indicates strains were constructed by recombineering 
(see Experimental Procedures for details).
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Table 2.4. Plasmids used in this studya. 
Plasmid Genotype Origin Source or reference

pCP20 bla cat cI875 repA(Ts) PR::flp pSC101 (56)

pInt-ts bla cI875 repA(Ts) PR::intλ pSC101 (46)

pKNT25 aph Plac::T25 p15A (33)

pCH363 bla lacIq Plac::T18 pBR/colE1 (58)

pDY133 bla lacIq PT7::10H-loop1ftsX pBR/colE1 This study

pDY138 bla lacIq Plac:: loop1ftsX-T18 pBR/colE1 This study

pDY151 bla lacIq PT7::H-SUMO-envC(35-276) pBR/colE1 This study

pDY156 attHK bla Plac::ftsEX-GFP R6K This study

pDY161 attHK bla Plac::ftsEX(Δ152-161)-GFP R6K This study

pDY162 attHK bla Plac::ftsEX (Δ146-165)-GFP R6K This study

pDY163 attHK bla Plac::ftsEX (Δ137-176)-GFP R6K This study

pDY164 attHK bla Plac::ftsEX (Δ109-188)-GFP R6K This study

pDY165 attHK bla Plac::ftsEX (Δ109-213)-GFP R6K This study

pDY166 attHK bla Plac::ftsE(K41M)X-GFP R6K This study

pDY167 attHK bla Plac::ftsE(D162N)X-GFP R6K This study

pDY168 attHK bla Plac::ftsE(E163Q)X-GFP R6K This study

pTB63 tetAR ftsQAZ pSC101 (26)

pTB102 cat cI875 repA(Ts) PR::intHK022 pSC101 (47)

pTB316 attHK022 bla lacIq Plac::envC-mCherry R6K (25)

pTB332 aph Plac::envC(277-419)-T25 p15A This study

pTB333 aph Plac::envC(34-419)-T25 p15A This study

pTD25 attλ cat Para::envC R6K (25)

pTD80 attλ cat Plac::envC-mCherry R6K This study

pTU110 cat lacIq Plac::ponB lacZ F (27)

pTU188 attλ cat Para::ftsEX R6K This study

a PR, Plac, and Para indicate the phage λR, lactose, and arabinose promoters, respectively.  Psyn135 is a synthetic lac 
promoter with a consensus -35 element and no operators.  Numbers in parenthesis indicate the codons included in 
the relevant clones.  The GFP allele used in plasmid constructs was superfolder GFP (52) and mCherry was from 
Shaner and co-workers (53).  The linker LEGPAGL was present between the fusion proteins and the protein of 
interest. 
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Chapter 3: A conformational switch controls the activation 
of bacterial cell separation enzymes
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Section 3.1: Abstract

 Bacterial membranes are typically fortified by a cell wall layer made of peptidoglycan 

(PG).  Biogenesis of this structure requires hydrolytic enzymes as well as synthases.  Since 

breaches in the PG structure can cause cell lysis, the potentially lethal activity of PG hydrolases 

must be kept in check.  Despite the importance of these controls, the cellular mechanisms 

regulating PG hydrolase activity have largely remained mysterious.  We have been investigating 

the regulation of PG hydrolases called amidases required for splitting shared PG material formed 

at the division site of Escherichia coli.  We previously showed that these amidases (AmiA, 

AmiB, and AmiC) have low basal activities and require activation by cytokinetic-ring-associated 

factors with LytM domains (EnvC and NlpD) to promote cell separation.  Here we identify a 

domain in the amidase structure responsible for activity regulation.  Using a genetic enrichment 

strategy, we isolated plasmids encoding poorly regulated (lytic) amiB mutants.  The amino acid 

substitutions in these AmiB variants led to elevated basal PG hydrolase activity in vitro and 

mapped to a ~50 residue domain that was found to be unique to cell separation amidases of 

Gram-negative bacteria.  Structural analysis of an AmiB ortholog from Bartonella henselae 

revealed that this domain forms an alpha-helix that occludes the amidase active site.  Our results 
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thus support a model in which PG amidase activity is controlled by a conformational switch 

involving the LytM-stimulated release of the regulatory helix from the amidase active site. 

Section 3.2: Introduction

 Most bacteria surround themselves with a tough cell wall exoskeleton made of 

peptidoglycan (PG).  This essential layer is constructed from polysaccharide strands crosslinked 

to one another via attached peptides to form a continuous three-dimensional meshwork that 

encapsulates the cytoplasmic membrane and protects it from osmotic rupture (1, 2).  Assembly of 

the PG layer requires synthetic enzymes called penicillin binding proteins (PBPs), the primary 

targets of penicillin and related β-lactam antibiotics (3).  In addition to these PG synthases, 

bacterial cells also produce an array of hydrolytic enzymes that cleave PG bonds (4).  The 

activities of PG hydrolases are used to promote important aspects of growth, division, and 

development (4).  To function in this capacity, however, these enzymes must be tightly regulated 

(3-5).  Otherwise, aberrant cleavage of the PG layer may result in cell lysis.  While this fact has 

been appreciated for some time, the cellular mechanisms responsible for regulating PG 

hydrolases have largely remained mysterious (3-5).

 Cell division in Escherichia coli has proven to be an excellent model system for studies 

of PG hydrolase regulation (6, 7).  In most bacteria, the process begins with the polymerization 

of the tubulin-like FtsZ protein into a ring structure (the Z-ring) just underneath the cytoplasmic 

membrane at the prospective site of division (8, 9).  This structure then promotes the recruitment 

of a number of essential and non-essential division proteins to the division site, ultimately 

organizing the formation of a trans-envelope molecular machine capable of driving cell 
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constriction (9).  An important function of this so called septal ring or divisome machine is the 

highly localized synthesis of the new (septal) PG material that will ultimately fortify the poles of 

the daughter cells (3).  Septal PG appears to be initially shared between the daughters and must 

be split by PG hydrolases to shape the poles and complete the division process (5).  Septal PG 

splitting in E. coli depends critically on the activities of three LytC-type N-acetylmuramyl-L-

alanine amidases (Pfam: Amidase_3): AmiA, AmiB and AmiC (10, 11).  Amidases are PG 

hydrolases that break the peptide crosslinks in the PG meshwork by cleaving bonds that link 

stem peptides to the glycan strands (4).  The three amidases appear to be largely redundant with 

mutants lacking individual enzymes dividing essentially normally.  However, mutants lacking all 

three amidases fail to split septal PG and form long chains of cells with distinct cytoplasmic 

compartments connected by shared layers of PG and a partially constricted outer membrane layer 

(10, 11). 

 We previously demonstrated that the cell separation amidases have low basal activities in 

vitro, and that in order to promote division, these enzymes must be activated by septal ring 

factors with LytM domains: EnvC and NlpD (6, 12).  In vitro PG hydrolase assays and in vivo 

genetic analyses indicate that EnvC specifically activates AmiA and AmiB while NlpD 

specifically activates AmiC (6).  Accordingly, mutants lacking both EnvC and NlpD have a 

chaining phenotype that resembles a triple amidase mutant (12).  In a subsequent study, we 

further showed that EnvC activity is controlled by an ATP-binding cassette (ABC) transporter-

like complex composed of the ATPase FtsE and transmembrane domain (TMD) subunit FtsX (7).  

FtsEX directly recruits EnvC to the septal ring via an interaction between EnvC and a 

periplasmic loop of FtsX (7).  Interestingly, FtsEX variants predicted to be ATPase defective still 
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recruit EnvC to the septum but fail to promote cell separation (7).  Our results therefore support a 

model in which amidase activation via EnvC in the periplasm is regulated by conformational 

changes in the FtsEX complex mediated by ATP hydrolysis in the cytoplasm.  This model is 

attractive because it provides a means for converting septal PG hydrolysis into a discrete process 

with a fixed number of PG bonds being broken per ATP hydrolyzed.  This conversion, in turn, 

may afford the divisome exquisite control over the septal PG splitting process through the 

modulation of the ATPase activity of FtsE.  Importantly, a role for FtsEX in the control of septal 

PG splitting appears to be conserved as Sham et al. (13) have directly connected the essential cell 

separation factor PcsB (14) with FtsEX in S. pneumoniae.

 Here we investigate the mechanism by which amidase activity is controlled by the LytM 

factors.  Using a genetic enrichment strategy based on the release of plasmids from lysing cells, 

we isolated plasmids encoding poorly regulated (lytic) variants of AmiB.  The amino acid 

substitutions in these AmiB variants led to elevated basal PG hydrolase activity in vitro and 

mapped to a ~50 residue domain that was found to be unique to cell separation amidases of 

Gram-negative bacteria.  When similar substitutions were engineered in related amidases, proper 

regulatory activity was also disrupted.  Structural analysis of an AmiB ortholog from Bartonella 

henselae revealed that the identified regulatory domain forms an alpha-helix that occludes the 

amidase active site.  Our results thus support a model in which PG amidase activity at the 

division site is controlled by a cascade of conformational changes starting with FtsE-mediated 

ATP hydrolysis in the cytoplasm and culminating with the LytM-stimulated release of a 

regulatory helix from the amidase active site in the periplasm.  We propose that similar 

conformational control mechanisms are likely to be part of a general cellular strategy used to 
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regulate PG hydrolases involved in cell growth, division, and other processes requiring 

remodeling of the PG matrix. 

Section 3.3: Results

Isolation of amiB mutants that induce cell lysis

 Although we recently showed that the cell separation amidases require activation by their 

cognate LytM factor to promote cell separation (6), the mechanism of amidase activation has 

remained unclear.  We hypothesized that the amidases are likely to be conformationally regulated 

and therefore can exist in an “OFF” or an “ON” state.  Thus, according to this model, the LytM 

proteins would activate the amidases by promoting an OFF to ON conformational transition.  If 

this were true, we reasoned that we should be able to isolate amiB mutants that encode AmiB 

variants with an increased propensity to visit the ON conformation in the absence of activation.  

We further anticipated that, when exported to the periplasm, the poorly regulated activity of such 

mutants would create lesions in the PG matrix and induce cell lysis.  A plasmid release 

enrichment strategy (Figure 3.1A) (15) (W. Roof and R. Young, unpublished data) was therefore 

initiated to isolate lytic amiB (lytamiB) mutants.  To this end, we generated a library of plasmids 

encoding amiB under control of the arabinose promoter [Para::amiB] in which the amiB gene was 

mutagenized by error-prone PCR.  The library was transformed into TB28 [WT] cells and the 

resulting transformants were pooled and grown in LB broth.  Upon reaching an OD600 of ~0.3, 

amiB was induced by the addition of arabinose to 0.2% and growth was continued for an 

additional 3 hrs.  During the induction period, we presumed that plasmids encoding lytamiB 

mutants would cause cell lysis, promoting their release into the medium.  Therefore, following 

103



104

Figure 3.1.  Plasmid release enrichment strategy for the isolation of lytic amiB (lytamiB) mutants.  
(A) Overview of the plasmid release enrichment protocol.  (i) Cells carrying mutagenized amiB-
containing plasmid (black and red circles) are induced with 0.2% arabinose.  (ii) Plasmids 
encoding rare lytamiB mutants (red circles) promote cell lysis and are released into the culture 
supernatant.  Cells and cell debris are removed by centrifugation and filtration.  (iii) Plasmid 
DNA is purified from the culture supernatants using Qiagen columns.  (iv) Purified DNA can 
then be retransformed into the parental strain to repeat the enrichment protocol for as many 
rounds as necessary.  (B) TB28 [WT] cells carrying an empty vector or expression constructs 
encoding AmiB (WT), AmiB(E215A) or the indicated LytAmiB variants were struck out on M9-
casamino acid (M9-CAA) agar containing either 0.2% glucose or 0.2% arabinose supplemented 
with 10 µg/ml chloramphenicol (Cm10).  Plates were incubated overnight at 37°C and 
photographed.  AmiB(E215A) is a catalytically inactive variant (6).  (C) TB140 [ΔenvC] cells 
carrying an empty vector or expression constructs encoding AmiB (WT), AmiB(E215A) or the 
indicated LytAmiB variants were struck out on M9-CAA-Cm10 agar containing either 0.2% 
glucose or 0.2% arabinose.  Plates were incubated overnight at 37°C and photographed.
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removal of cells and cell debris, we purified plasmid DNA from the growth medium of the 

induced culture using Qiagen spin columns (see Experimental Procedures).  Purified DNA was 

used to transform TB28 [WT] cells and the transformants were recovered on non-inducing 

medium.  To identify transformants harboring lytamiB-containing plasmids, colonies from the 

primary transformation plate were screened for those that failed to grow or grew poorly on agar 

containing 0.2% arabinose (inducing conditions). 

 Using two independently mutagenized plasmid libraries and only one round of plasmid 

release for each enrichment, 33 out of 116 plasmid-release transformants showed differential 

growth on arabinose versus glucose media.  Plasmid DNA was isolated from each of these 

candidates and the resident amiB genes were sequenced.  As expected, a majority of the plasmids 

(29/33) were found to encode amiB mutants (Table 3.1).  The three plasmids containing wild-

type amiB were found to yield much more DNA than the parental vector following plasmid 

purification (data not shown).  We assume these plasmids were released during the enrichment 

because their apparent copy number increase led to a level of AmiB overproduction that was 

sufficiently high enough for lysis induction.  These isolates were not studied further. 

 To verify that the plasmid encoded amiB mutants isolated in the plasmid release 

enrichment were indeed lytamiB alleles, mutants from unique isolates were subcloned into the 

parental vector backbone.  In each case, TB28 [WT] cells harboring the resulting plasmids were 

found to be inducer sensitive, indicating that the amiB mutants were toxic (Table 3.2 and Figure 

3.1B).  Site directed mutagenesis was also used to generate constructs producing the AmiB 

variants: AmiB(H302P), AmiB(S306P), AmiB(D314V), and AmiB(A405V) because plasmids 

encoding variants with single substitutions at these positions were not isolated in the enrichment.  
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Table 3.1. Summary of all sequenced LytAmiB candidates from plasmid release. 

PRE Candidate # Base Pair Change(s) Amino Acid Change(s)

4a GAG303→AAG E303K

13a ATT125→ATA, AGT293→AAT silent, S293I

15a TCG306→CCG, CAA422→TAA S306P, stop codon

20a AGT293→AGA S293R

21a GTG59→GTT, TTG229→TCG, GCC296→GTC, 
GAT314→GTT

silent, L229S, A296V, 
D314V

26a GAG303→AAG E303K

29a GGT33→GAT, GAG300→AAG, TCA378→TCG G33D, E300K, silent

32b GCC296→GTC A296V

35b GAG300→AAG E300K

36b, c no mutation n/a

40b AGT293→AAT S293I

41b, c no mutation n/a

45b CGC372→TGC R372C

48b CGC372→TGC R372C

49b TCG306→TTG S306L

50b CGC372→TGC R372C

52b sequencing results ambiguous, candidate discarded n/a

56b GCC296→GTC A296V

64a AGC173→AAC, AGT293→AGA S173N, S293R

69a TCT87→CCT, TCG306→TTG S87P, S306L

72a TGG8→TTG, GTG99→GTT, AAT263→GAT, 
ATG295→ATA, ATT408→ATC, GGT427→GGA

W8L, silent, N263D, M295I, 
silent, silent

77a TCG306→TTG S306L

80a CAC302→CCC, CTG371→CTA, GCA405→GTA H302P, silent, A405V

81a TCG306→TTG, CTG395→CTA S306L, silent

91a ACG40→ACC, GGT170→TGT, AGT293→AGA silent, G170C, S293R

95b, c no mutation n/a

98b GCC296→GTC A296V
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Table 3.1 continued.

PRE Candidate # Base Pair Change(s) Amino Acid Change(s)

99b CGG214→CGT, TCG306→TTG silent, S306L

103b CAG333→CTG Q333L

104b CGC372→TGC R372C

107b TCG306→TTG S306L

108b ATG295→ATA M295I

112b AGT293→AAT S293I
a isolate from library #1
b isolate from library #2
c copy number mutant
n/a = not applicable

107



Table 3.2. AmiB variants isolated in the plasmid release enrichment.

Variants from 
Enrichment

Lytic ActivityeLytic ActivityeVariants from 
Enrichment WT ΔenvC

W8L, N263D, M295Ia +++ +++

G33D, E300Ka +++ +++

S87P, S306L +++ +++

G170C, S293Ra +++ +++

S173N, S293R +++ +++

L229S, A296V, D314Va +++ +++

S293Ib, d +++ +++

S293Rd +++ +++

M295Ib, d +++ +++

A296Vb, d +++ +++

E300Kb, d +++ +++

H302P, A405Va, d +++ +++

E303Kd +++ +++

S306Lb, d +++ +++

S306Pc, d +++ +++

Q333Ld + +++

R372Cd + +++

Site-Directed Variants

H302P +++ +++

S306P +++ +++

D314V - -

A405V - -
a  also contain silent mutation(s)
b  variant isolated from two independent libraries
c  variant contains a premature stop at codon 422

108



AmiB(H302P) and AmiB(S306P) were found to be toxic whereas the others were not (Table 

3.2).  Finally, a subset of the mutant amiB isolates were confirmed to have lytic activity in liquid 

broth (Figure 3.2) and to produce equivalent levels of protein relative to wild-type amiB (Figure 

3.3).  As expected for mutants thought to possess elevated basal activity, the AmiB variants were 

also found to be toxic in a strain lacking their cognate activator EnvC (Figure 3.1C).  We thus 

conclude that the lytamiB alleles isolated in the plasmid release enrichment procedure encode 

poorly regulated AmiB variants that induce cell lysis when overproduced in vivo. 

Substitutions in the LytAmiB variants cluster within a predicted regulatory domain

 LytC-type amidases are widely distributed within the bacterial domain and are also 

encoded in the genomes of many bacteriophages (16).  These enzymes can be grouped into at 

least three different functional classes: i) phage-encoded enzymes (endolysins) that are likely 

used to elicit host cell lysis at the end of an infection cycle (e.g. PLY-PSA) (17), ii) enzymes 

encoded by sporulating bacteria that are likely used to promote mother cell lysis for the release 

of mature spores (e.g. LytC) (18), and iii) enzymes encoded by Gram-negative proteobacteria 

that are likely employed to promote cell separation (e.g. AmiB) (10).  Interestingly, a sequence 

alignment of selected amidases from these three functional classes revealed that the predicted 

cell separation enzymes contain an ~50 amino acid insertion in their amidase domain that is 

absent in the lytic amidases (Figure 3.4 and Figure 3.5).  Strikingly, 25/29 lytamiB candidates 

sequenced encoded proteins with at least one amino acid substitution within this region (residues 

292-340 of E. coli AmiB) (Table 3.1, Figure 3.4).  Our results therefore implicate the ~50 amino 

acid insertion in the cell separation amidases as a regulatory domain. 
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Figure 3.2.  Overproduction of the LytAmiB variants induces lysis.  TB170 [ΔamiB] carrying an 
empty vector or expression constructs encoding AmiB (WT), AmiB(E215A) or the indicated 
LytAmiB variants were were grown at 37°C in M9-CAA-Cm10 supplemented with 0.2% maltose 
to an OD600 of about 0.3.  At t = 0, arabinose was added to a final concentration of 0.2% and 
growth was monitored by following culture OD600.  Samples for immunoblot analysis were taken 
just prior to lysis at t = 50 (see Figure 3.3).  Growth of cells harboring the empty vector, AmiB 
(WT) or AmiB(E215A) control constructs continued without observable lysis. 
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Figure 3.3.  LytAmiB variants accumulate at levels similar to AmiB(WT).  Cells of TB170 
[ΔamiB] were grown as described in the legend for Figure 3.2.  At t = 50 min, cells were 
harvested for whole-cell extract preparation.  Proteins in the resulting extracts were separated by 
SDS-PAGE, transferred to PVDF, and AmiB was detected with anti-AmiB antisera.  1.5 µg of 
total protein was loaded into each lane. 
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Figure 3.4.  Amino acid substitutions in the LytAmiB variants map to a potential regulatory 
domain.  Shown is a schematic representation of a multiple sequence alignment generated using 
amidase sequences from bacteria and phages.  Identities and similarities are indicated by the 
black and dark grey regions, respectively.  Residues essential for catalysis are highlighted in 
yellow.  Gaps in the alignment are indicated as dashed lines. The amidases are grouped into the 
following categories: (I) phage endolysins, (II) bacterial amidases involved in mother cell lysis 
following sporulation, and (III) cell separation amidases.  The red box highlights what appears to 
be a ~50 amino acid insertion region found only in the cell separation amidases.  The sequence 
of the insertions from E. coli AmiB is shown below the alignment.  Residues in red were altered 
in LytAmiB variants.  The identity of the substitutions are indicated by the arrows.  See Figure 3.5 
for the complete sequence alignment.
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Figure 3.5.  Multiple sequence alignment of different subclasses of amidases.  The Pfam: 
Amidase_3 domain from the listed organisms were aligned using T-coffee (http:://tcoffee.crg.cat/
apps/tcoffee/index.html).  Black and grey boxes highlight identities and similarities, respectively.  
Residues that when substituted confer the LytAmiB phenotype are boxed in red.  Positions 
corresponding to the residues important for catalysis (20, 17) (PDB 1JWQ) are highlighted in 
yellow. 
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Structural analysis of an AmiB ortholog 

! The structures of several phage or mother cell lysis amidases have been solved: CD27L, 

PLY-PSA, and CwlV (17, 19) (PDB: 3QAY, 1XOV, 1JWQ).  They are metallo-enzymes and all 

contain a Zn2+-binding site in the middle of the cleft which is thought to be the catalytic center 

where the PG peptide substrate is presumably bound and cleaved (17, 19, 20) (Figure 3.6).  The 

metal ion is coordinated by two histidines and one glutamic acid.  These residues are highly 

conserved in LytC-type amidases and all of them have been demonstrated to be critical for 

catalysis (20).  The Zn2+ ion in these structures is openly accessible and coordinated by a water 

molecule in addition to the residues in the active site cleft (17, 19) (Figure 3.6A).  Thus, the 

activity of these enzymes is unlikely to be autoregulated. 

 Here we report the first structure of a predicted cell separation amidase, AmiB from 

Bartonella henselae (BHAmiB).  The core structure of BHAmiB is similar to that of the lytic 

amidases (Figure 3.6A-B).  A structural alignment between BHAmiB and CwlV yields a root 

mean square derivation value of 1.4Å over 167 amino acids even though their sequences identity 

is less than 35%.  As in other amidases, the LytC-domain of BHAmiB is an α/β fold with a highly 

twisted central β-sheet that has an order of 2-1-3-6-4-5, in which the strands 4 and 5 are 

antiparallel to the others (Figure 3.6 and Figure 3.7).  The β-sheet is flanked by four helices on 

one side, α1, consecutive α6 and α7, and an extensive α4.  On the other side it is packed by two 

short parallel helices, α2 and α5.  The packing of these two short helices helps create an 

extensive shallow cleft across the β-strands.

 In the active site, the Zn2+ has an octahedral-like coordination with five short bonds 

(2.00-2.25Å) and one long bond (>2.55Å).  In addition to the conserved two histidines and one 

114



115

Figure 3.6.  The structures of CwlV and BHAmiB.  (A) A cartoon diagram of CwlV drawn in 
rainbow-colors with the N-terminus in blue and the C-terminus in red.  The catalytic Zn2+ ion is 
drawn as a yellow sphere.  All secondary structures are labeled.  In numbering α-helices, α3 is 
skipped for the comparison to BHAmiB, which has an extra helix.  Therefore, all corresponding 
secondary structures in CwlV and BHAmiB have the same numberings.  The N- and C-termini are 
labeled as N and C, respectively.  (B) A carton diagram of BHAmiB active domain drawn in 
similar rainbow-colors except of the insertion region, which is colored in light pink.  The 
structurally disordered loop region between α3 and α4 helices is represented by a dotted line.  
The unique α3 helix is labeled in red.  (C) The active site of BHAmiB is inactivated and blocked 
by α3 helix.  All residues are drawn in stick format and the Zn2+ as an orange sphere.  The Zn2+ is 
coordinated by H188, E203, H257, D259 (bidentate) and E290 with their carbon atoms drawn in 
yellow.  Their corresponding residues in E.coli AmiB are provided underneath those of BHAmiB 
in magenta.  The BHAmiB residues corresponding to those E.coli AmiB residues with their 
mutations reported in this report are drawn with their carbon atoms in cyan.  The residue T315 of 
BHAmiB and its corresponding residue Q333 of E.coli AmiB are located in the N-terminal region 
of α4 helix and they are out of the view in this figure.  The hydrophobic residues on the floor of 
binding cleft are also displayed.

A B

C

CwlV (1JWQ) AmiB (3NE8)
BH
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Figure 3.7.  Secondary structure of AmiB from Bartonella henselae and sequence alignment 
with several other LytC-type amidases.  The topmost line denotes the secondary structure of 
3NE8 (AmiB Bartonella henselae).  α, alpha-helices; β, beta-sheets, TT, turn turn; 3NE8,  AmiB 
Bartonella henselae; 1JWQ, CwlV Bacillus polymyxa; 3CZX, amidase Nisseria meningitidis; 
1XOV, PlyPSA bacteriophage PSA of Listeria monocytogenes; 3QAY, CD27L Clostridia 
difficile.
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glutamate also found in unregulated amidases, an aspartate (D259 of BH-amidase) forms 

bidentate bonds (one short and one long bonds) to Zn2+, replacing two coordinating water 

molecules, for example, in CwlV.  The aspartate is conserved in all regulated amidases while it is 

substituted by an asparagine in most unregulated amidases.  The sixth coordinate of the Zn2+ in 

the BHAmiB is contributed by a glutamic acid (E290 of BHAmiB) from the regulation α3 helix, 

which is packed parallel onto the presumably PG-binding cleft.  In this way, the helix completely 

buries the catalytic Zn2+-binding site as well as blocks the access to the cleft by substrate (Figure 

3.6B). 

 The PG-binding cleft is rich in hydrophobic residues (Figure 3.6C).  The α3 helix is quite 

amphipathic with a polar side and a non-polar side.  The Zn2+-binding E290 of BHAmiB is the 

only polar residue on the non-polar side of the helix.  It is the non-polar side of the helix that sits 

on the PG-binding cleft, creating a predominant hydrophobic interaction between the regulation 

helix and the PG-binding cleft.  The binding of the glutamate (E290 of BHAmiB) to Zn2+ is the 

only conserved specific interaction, seemingly helping position the helix on the cleft.  From the 

sequences alignment of the “regulated” amidases, we predicted that the ~50 amino acid 

insertions of these enzymes have similar conformations, characterized by an extra regulation 

helix, which may serve as a “plug” to keep the active site of AmiB inactive and inaccessible to 

substrate.

 Strikingly, and in perfect agreement with the genetic analysis, the region of BHAmiB 

corresponding to the ~50 amino acid insertion identified in cell separation amidases is in part 

composed of a helical domain (α3, D280-L296) that completely buries the active site Zn2+ ion 

and occludes the active site cleft (Figure 3.6 and Figure 3.7).  The insertion domain then 
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continues from α3 to include an unstructured loop region and the first half of the extended α4 

helix.  This is in contrast to amidases without the insertion domain in which the β4 strand is 

directly linked to a much shorter α4 helix as observed, for example, in CwlV (Figure 3.6 and 

Figure 3.7).  The α3 helix is amphipathic with the non-polar face inserting into the 

predominantly hydrophobic active site cleft.  There are only four hydrogen bonds across the 

interface between the α3 helix and the active site.  They as well as the salt bridges involving 

D280 of BHAmiB at the beginning of the α3 helix are not conserved in the insertion domains of 

other cell separation amidases.  Thus, the overall association between the α3 helix and PG-

binding groove is largely composed of non-specific hydrophobic interactions except for Zn2+-

binding by the conserved glutamate residue of the helical insertion (E290 of BHAmiB), which 

replaces the coordinating water molecule observed in structures of the phage and sporulation 

amidases.

 Importantly, mapping the amino acid substitutions found in the LytAmiB variants onto the 

BHAmiB crystal structure show that these residues are primarily located on helix α3.  Moreover, 

the majority of these residues are also found on the face of α3 that is interacting with the active 

site cleft.  When modeled in the structure, the substituting residues, especially the positively 

charged lysines and arginine, likely cause α3 to fit poorly into the active site cleft and are 

predicted to destabilize the cleft-helix interaction.  Additionally, in the case of the E303K 

substitution, the conserved glutamate that coordinates the active site Zn2+ is converted to a basic 

residue that is likely to have an unfavorable electrostatic interaction with the positively charged 

metal ion.  Thus, in most cases, the LytAmiB variants are predicted to have a destabilized cleft-

helix interaction.  The tight correspondence between the genetic and structural data, as well as 
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the conservation of the regulatory domain among predicted cell separation amidases, strongly 

suggests that these enzymes are autoinhibited by a regulatory helix analogous to α3 in BHAmiB.  

Furthermore, the results imply that the LytM-domain activators must somehow promote the 

release of the regulatory helix from the active site cleft to stimulate amidase activity. 

LytAmiB variants have elevated basal activity in vitro

 The BHAmiB structure indicates that the interaction between the regulatory helix and the 

active site cleft is likely to be weakened in the E. coli LytAmiB variants.  These enzymes should 

therefore have active sites that are more accessible and thus have higher basal PG hydrolase 

activities.  To test this, we purified three of the most toxic LytAmiB variants [AmiB(S293R), 

AmiB(E300K), and AmiB(E303K)] as well as a variant containing all three substitutions [AmiB

(triple)] and compared their basal activities to the wild-type enzyme using a dye-release assay for 

PG hydrolysis in which the liberation of dye from labeled PG is a reflection of PG hydrolase 

activity.  PG sacculi covalently labeled with Remazol Brilliant Blue (RBB) were incubated with 

the amidases (2 µM) at 37°C for 30 min.  Undigested PG was pelleted by centrifugation and the 

absorbance of the supernatants was measured at 595 nm.  As observed previously, AmiB(WT) 

led to minimal dye release in the absence of activation (Figure 3.8A).  The LytAmiB variants with 

single substitutions in the regulatory helix were all found to have increased basal activity 

compared to AmiB(WT) (Figure 3.8A).  The effects of the single substitutions were additive with 

AmiB(triple) displaying roughly three times the basal activity of the LytAmiB variants identified 

in the enrichment (Figure 3.8A).  Basal PG hydrolytic activity is therefore inversely correlated 
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Figure 3.8.  LytAmiB variants have elevated 
basal PG hydrolase activity.  (A) Dye-release 
assays measuring basal PG hydrolase activity of 
the LytAmiB variants relative to AmiB(WT).  
The variant referred to as “triple” is AmiB
(S293R, E300K, E303K).  The indicated 
proteins (2 µM) were incubated with RBB-
labeled PG at 37°C for 30 min.  Undigested PG 
was pelleted by centrifugation and the 
absorbance of the supernatants was measured at  
595 nm.  Reactions were performed in triplicate 
and the error bars indicate the standard 
deviation.  (B-C) Same as in (A) except 
LytEnvC (2 µM) or NlpD (2 µM) were combined 
with the amidases.  Supernatants from control 
reactions containing LytEnvC only (2 µM), NlpD 
only (2 µM), lysozyme (4 µM) or buffer alone 
had the following A595 readings (average +/- 
std. dev.): 0.02 +/- 0.002, 0.04 +/-  0.008, 0.56 
+/- 0.022 and 0.007 +/- 0.002.  (D) TB145 
[ΔnlpD] cells carrying an empty vector or 
expression constructs encoding AmiB (WT), 
AmiB(E215A) or the indicated LytAmiB 
variants were struck out on M9-CAA-Cm10 agar 
containing either 0.2% glucose or 0.2% 
arabinose.  Plates were incubated overnight at 
37°C and photographed.
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with the apparent stability of the regulatory helix-active site cleft interaction.

 All of the LytAmiB variants tested retained the ability to be activated by the LytM domain 

of EnvC [LytEnvC] and possessed slightly higher activity levels following activation than the 

wild-type enzyme (Figure 3.8B).  Strikingly, unlike AmiB(WT), which can only be activated by 

EnvC, the LytAmiB variants were also activated by the non-cognate LytM factor, NlpD (Figure 

3.8C).  This observation suggests that the apparent stability of the regulatory helix-active site 

cleft interaction is an important determinant of the specificity of the amidases for their cognate 

LytM activators.  The observed mis-activation appeared to be physiologically relevant as the 

LytAmiB variants with single substitutions required NlpD activity to elicit cell lysis (Figure 3.8D 

and Figure 3.9A-C).  AmiB(triple), on the other hand, was capable of inducing lysis of both WT 

and NlpDˉ cells (Figure 3.9A-C).  Thus, a threshold level of mis-regulated amidase activity 

appears necessary for the induction of cell lysis.  In WT cells this is accomplished by the 

aberrant activation of the LytAmiB variants by a non-cognate LytM activator.  However, given 

enough basal activity, as in the case of AmiB(triple), lysis can be induced independently of the 

activators. 

The autoinhibition mechanism for amidase regulation is conserved 

 We tested the potential conservation of the amidase autoregulatory mechanism by 

mutating E. coli amiA and Vibrio cholerae amiB (VCamiB) so that they encoded enzymes with the 

equivalent substitution as the LytAmiB variant AmiB(E303K) (Figure 3.11A).  Production of the 

wild-type versions of each enzyme was not lethal.  However, AmiA(E167K) and VCAmiB

(E286K) were lethal in both WT and NlpDˉ cells (Figure 3.11B-C).  Purified AmiA(E167K) had 
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elevated PG hydrolase activity in vitro relative to AmiA(WT) (Figure 3.11D).  As for the 

LytAmiB variants, AmiA(E167K) retained the ability to be activated by EnvC (Figure 3.11E).  It 

was also mis-activated by the non-cognate NlpD activator (Figure 3.11F), underscoring the likely 

role of the regulatory helix-active site interaction in determining amidase-activator specificity.  

Interestingly, the basal activity of AmiA(E167K) approached that of AmiB(triple).  This 

relatively high basal activity is probably responsible for the NlpD-independence of AmiA

(E167K) toxicity in vivo.  Unfortunately, solubility problems prevented us from purifying 

VCAmiB and VCAmiB(E286K) to test their basal activities.  Nevertheless, their behavior in vivo, 

combined with the genetic, structural, biochemical, and bioinformatic results for the other 

amidases, strongly supports the idea that there is a conserved conformational control mechanism 

governing cell separation amidase activity at the cytokinetic ring of E. coli and related Gram-

negative bacteria. 

Section 3.4: Discussion

 Septal murien splitting by PG hydrolases during cell division is a delicate process and 

bacteria must employ numerous control mechanisms to regulate these enzymes in order to avoid 

unwanted disasters.  In E. coli, the LytC-type N-acetylmuramyl-L-alanine amidases - AmiA, 

AmiB and AmiC - are critical for cell division along with their cognate activating LytM factors, 

EnvC and NlpD (6, 10-12, 21).  Until now a detailed mechanism of amidase activation by the 

LytM factors had yet to be elucidated.  Therefore, to begin investigating how the LytM factors 

stimulate amidase activity in vivo we set out to isolate poorly regulated (lytic) variants of AmiB 

(LytAmiB).  We reasoned that identification of such variants would support a model where the 
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Figure 3.9.  AmiB(triple) lacks an NlpD 
requirement for lysis induction.  (A) TB170 
[ΔamiB] cells carrying an empty vector or 
expression constructs encoding AmiB (WT), 
AmiB(E300K), or AmiB(triple) were grown at 
37°C in M9-CAA-Cm10 medium 
supplemented with 0.2% maltose to an OD600 
of 0.4-0.5. At t = 0, arabinose was added to a 
final concentration of 0.2% and growth was 
monitored by following culture OD600.  
Samples for immunoblot analysis were taken 
just prior to lysis at t = 30 (see Figure 3.10). 
(B) DY29 [ΔamiB ΔnlpD] cells carrying an 
empty vector or expression constructs 
encoding AmiB (WT), AmiB(E300K), or 
AmiB(triple) were grown at 37°C in M9-
CAA-Cm10 medium supplemented with 0.2% 
maltose to an OD600 of 0.4-0.5. At t = 0, 
arabinose was added to a final concentration 
of 0.2% and growth was monitored by 
following culture OD600.  Samples for 
immunoblot analysis were taken just prior to 
lysis at t = 40 (see Figure 3.10).  (C) TB28
[WT], TB140 [ΔenvC], or TB145 [ΔnlpD] 
carrying an empty vector or expression 
constructs encoding AmiB (WT), AmiB
(E300K), or AmiB(triple) were struck out on 
M9-CAA-Cm10 agar containing either 0.2% 
glucose or 0.2% arabinose.  Plates were 
incubated overnight at 37°C and 
photographed. triple = AmiB(S293R, E300K, 
E303K).
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Figure 3.10.  AmiB(triple) accumulates to levels similar to other LytAmiB variants and AmiB
(WT).  Cells of TB170 [ΔamiB] or DY29 [ΔamiB ΔnlpD] were grown as described in the legend 
for Figure 3.9A-B.  At t = 30 or 40 min respectively, cells were harvested for whole-cell extract 
preparation.  AmiB variants were detected as described in Figure 3.3.  1.5 µg of total protein was 
loaded into each lane.
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Figure 3.11.  Lytic and PG hydrolase activities of other amidases with substitutions in their 
regulatory domains.  (A) Sequence alignment of a portion of the regulatory domains of E. coli 
AmiB, E. coli AmiA, and V. cholerae AmiB (VCAmiB).  The highlighted glutamatic acid (E) 
residues in red were changed to lysines (K) in AmiA and VCAmiB to yield AmiA(E167K) and 
VCAmiB(E286K), respectively.  (B-C) As indicated, TB28 [WT] or TB145 [ΔnlpD] cells 
carrying AmiA, AmiA(E167K), VCAmiB, or VCAmiB(E286K) were struck out on M9-CAA-Cm10 
agar containing either 0.2% glucose or 0.2% arabinose.  Plates were incubated overnight at 37°C 
and photographed.  (D) Dye-release assay measuring basal PG hydrolase activity for AmiA
(E167K) relative to AmiA (WT).  Assays were performed as described in Figure 3.8 except that 
reactions contained 1 µM amidase with or without an additional 1 µM of purified LytM factor. 
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LytM factors exert their regulatory control by allosterically activating the amidases.  

 Using a genetic enrichment strategy we isolated a number of lytic amiB mutants and the 

amino acid changes in these LytAmiB variants resulted in increased basal PG hydrolase activity in 

vitro and induced lysis when expressed in cells.  Interestingly, almost all of the mutations 

mapped to a region of amiB found only in cell separation amidases and structurally corresponds 

to an alpha-helix that obstructs the amidase active site, effectively serving as an autoinhibitory 

domain.  We predict that the LytAmiB lesions have a destabilizing effect on this active site cleft-

helix interaction and in accordance with this prediction purified LytAmiB variants have increased 

basal PG hydrolase activity in vitro compared to AmiB(WT).  Additionally, follow-up 

experiments suggest that the interaction strength of the alpha-helix and active site cleft 

influences the specificity between each LytM activator-amidase pair.  

 Taken together, these results suggest that the LytM factors activate the amidases by 

stimulating the displacement of this regulatory helix to allow for amidase activity.  This 

mechanism of conformational regulation appears to be conserved in other cell separation 

amidases as analogous amino acid substitutions in AmiA from E. coli or AmiB from Vibrio 

cholerae (VCAmiB), result in lytic variants and elevated PG hydrolase activity in vitro.  In total, 

the findings presented here support a model where the LytM activators allosterically activate the 

amidases by inducing a conformational change that displaces a regulatory alpha-helix domain 

that occludes the active site cleft (Figure 3.12).  These exciting results most likely represent a 

general control mechanism used to regulate PG hydrolase activity during important cellular 

processes that require modifications to PG.
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 Because of their potentially lethal activity, strict control mechanisms governing the 

activity of cellular PG hydrolases have long been postulated.  Most of the regulatory strategies 

that have been characterized thus far function at the level of gene expression to control the 

amounts of PG hydrolases produced and/or the production of PG hydrolase inhibitors.  For 

example, the transcriptional regulation of lytic PG hydrolases critical for spore-formation and 

germination are controlled by sporulation-specific sigma factors that restrict the production of 

these enzymes to a specific subcellular location and developmental stage during the sporulation 

process (22, 23).  Additionally, the two component-system WalRK is an important transcriptional 

regulator for cell wall homeostasis in Gram-positive bacteria, which activates expression of 

genes encoding cell separation PG hydrolases and represses the expression of their inhibitors (14, 

24-34).  

 However, additional post-translational mechanisms must be in place to regulate the 

activity of these enzymes once they are produced and although a few general regulatory 

strategies have been described, the mechanistic details are not well defined.  For example, it has 

been postulated that in the cell, multi-enzyme complexes, containing PG synthases and PG 

hydrolaes, function to coordinate the activities of these enzymes (35, 36).  Detection of PG 

synthase-PG hydrolase interactions have been reported in both Gram-positive and Gram-negative 

bacteria (37-40), but the functional consequence of such associations are still indeterminate.

 Although the role that multi-enzyme complexes have on regulating PG hydrolases 

remains unclear, it has been demonstrated that some PG hydrolases are produced in an inactive 

form and must be proteolytically processed for activation (41-45), such as the lysostaphin-type 

metalloendopeptidases (42).  A similar mechanism of activation has been proposed for RipA, an 
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Figure 3.12.  Conformational control of amidase activity during cell division.  Shown is a 
schematic of a dividing cell with an assembled divisome apparatus (dotted circle).  The box 
depicts a model for amidase activation during the division process.  Prior to the initiation of 
septal PG splitting, AmiA and AmiB are held in an inactive conformation by an auto-regulatory 
domain that occludes the active site cleft (blue wedge).  The initiation of septal PG splitting 
appears to be controlled by the FtsEX ABC system.  Conformational changes brought about by 
FtsE-mediated ATP hydrolysis in the cytoplasm are thought to be communicated to EnvC via 
FtsX.  These changes are in-turn thought to be transmitted to the amidases to ultimately displace 
the auto-regulatory domain from the amidase active site and promote PG cleavage.  The process 
is thought to be discrete and cyclical such that a fixed number of PG cleavage events are 
activated per ATP hydrolyzed by FtsE.  The mechanisms by which the putative conformational 
changes are transmitted between FtsX and EnvC or EnvC and the amidases remain to be 
determined.  For simplicity, the outer membrane was omitted from the diagram.  IM, inner 
membrane; PG, peptidoglycan. 

    OFF                                                 ON
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endopeptidase from Mycobacterium tuberculosis, although there is some controversy as to 

whether cleavage of the N-terminal segment which occludes the active site is necessary for 

RipA activity (44, 46).  However, what is apparent based on the crystal structures of RipA is that 

the N-terminal segment must be displaced, either by proteolytic processing or a conformational 

change, in order to allow for substrate binding (44, 46).  

 The idea of conformational regulation offers an attractive and potentially robust 

mechanism for controlling PG hydrolase activity.  Nevertheless, up until now supporting 

experimental evidence to demonstrate this mode of control has been limited and ambiguous (i.e. 

RipA activation).  By isolating unregulated AmiB variants we were able to identify a regulatory 

domain found only in cell separation amidases.  A portion of this regulatory domain consists of 

an alpha-helix that occludes the amidase active site, essentially leading to an inactive enzyme.  

However, this autoinhibition can be relieved and the data presented here support a model where 

the LytM factors act by inducing a conformational change that displaces the regulatory domain 

and results in amidase activation.  Such conformationally-based regulation is particularly 

appealing for a number of different reasons: (1) it would provide a direct and specific mechanism 

for control over PG hydrolase activity, (2) such a system can be made responsive to signals that 

can couple PG hydrolysis with other activities in the cell (see below), and (3) this mode of 

regulation provides another “fail-safe” to prevent unbridled PG hydrolysis since the default state 

of these enzymes is to be inactive.

 These findings demonstrate that bacteria implement many layers of control over PG 

hydrolase activity.  We recently discovered that the LytM activator EnvC is directly recruited to 

the division site by FtsEX, an ABC-transporter like complex and known divisome component 
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(7).  In addition to recruiting EnvC to the septal ring, we believe that FtsEX is conformationally 

regulating the ability of EnvC to activate its cognate amidases (7).  Put into the context of our 

work here, we propose a model where FtsEX directly regulates EnvC-activation of the amidases; 

in turn, EnvC regulates the amidases by inducing a conformational change which displaces a 

regulatory domain that occludes the active site, thus allowing amidase activity.  Intriguingly, a 

FtsE-FtsZ interaction has been reported (47), therefore this model could potentially provide a 

mechanism for directly coupling the activities of the divisome apparatus with septal PG splitting 

in the periplasm.  Moreover, it appears that this system is likely to be more broadly conserved in 

both Gram-negative and Gram-positive bacteria since an analogous connection was described in 

S. pneumoniae, where FtsEX in this organism directly interacts with the essential cell separation 

factor PcsB (13, 14).

 Although we are beginning to dissect the mechanistic control necessary to keep these 

potentially lethal enzymes in check there are still many unanswered questions that have yet to be 

addressed.  In the case of the E. coli LytC-type amidases, which are critical for cell division, we 

lack molecular mechanistic insight underlying amidase activation by the LytM factors.  How the 

LytM factors promote the conformational change in the amidases that allows them to be active is 

currently unclear.  Therefore, characterizing the exact interface of a LytM-amidase complex will 

be paramount to determining a detailed mechanism of activation.  Additionally, our findings 

suggest that the affinity between the active site cleft and regulatory alpha-helix domain may play 

a role in dictating the specificity of cognate LytM-amidase pairs.  However, follow-up 

experiments will be required to fully elucidate these determinants and the efforts described 
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above, to define where the LytM factors and amidases interact and bind, will likely illuminate 

how this specificity is achieved.  

 In addition to EnvC, E. coli possesses another LytM factor important for cell division 

NlpD, the regulation of which is poorly understood (6, 12).  Unlike EnvC which is a periplasmic 

protein associated with the inner membrane via its interaction with FtsEX, NlpD is an outer 

membrane lipoprotein which suggests that its mode of regulation is distinct from that of EnvC.  

Efforts are currently ongoing to determine how NlpD is regulated and what recruits it to the 

divisome.  Along these lines, we are also actively investigating what factors recruit the amidases 

(AmiB and AmiC) to the septal ring.  Uncovering these recruitment factors and how NlpD is 

controlled will be a vital component to understanding how septal PG splitting is coordinated with 

other activities carried out by the divisome.  

 PG hydrolases have the power to destroy bacterial cells as illustrated by phage lysins 

which lyse host cells in order to release newly-made virions.  Nevertheless, further investigation 

into the strategies bacteria use to control these potentially lethal enzymes during the process of 

cell division and other cellular activities will undoubtably reveal new and exciting mechanisms 

of regulation.  Because PG is an essential and unique component to bacteria, its biogenesis has 

been an important antimicrobial target.  Indeed, some of our most effective antibiotics, like the β-

lactams, specifically inhibit PG synthesis.  Nonetheless, efforts to harness the potential power of 

PG hydrolases as a new source of antibacterial agents has yet to be realized.  Interestingly, the 

human innate immune system utilizes lysozyme to help prevent bacterial infections.  This poses 

the question of whether we can also exploit PG hydrolase biology in the effort to find new 

antibiotics.  It may be feasible to identify small molecules that disrupt the mechanisms that 
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control PG hydrolase activity to induce cell lysis.  Therefore, continued efforts to understand the 

mechanistic regulation of PG hydrolases will be paramount in transforming them into novel 

antimicrobial therapeutics.

Section 3.5: Material and methods

Media, bacterial strains and plasmids

 Cells were grown in LB [1% tryptone, 0.5% yeast extract, 0.5% NaCl] or minimal M9 

medium (48) supplemented with 0.2% casamino acids and 0.2% sugar (glucose, arabinose or 

maltose as indicated).  Unless otherwise indicated, antibiotics were used at 10 (chloramphenicol; 

Cam), 15 (ampicillin; Amp) or 20 (kanamycin; Kan) µg/ml.

 The bacterial strains are listed in Table 3.3.  All E. coli strains used in the reported 

experiments are derivatives of MG1655.  Plasmids used in this study are listed in Table 3.4.  

Vectors with R6K origins are all derivatives of the CRIM plasmids developed by Wanner and co-

workers (49).  They were either maintained in the cloning strain DH5α(λpir) where they replicate 

as plasmids, or they were integrated into the λ phage attachment site using the helper vector pInt-

ts (49) as described previously (49).

Mutagenesis and plasmid release enrichment

 Two independent mutant libraries were constructed by specifically mutagenizing the 

amiB gene encoded in pDY187 (Para::amiB) using the GeneMorph II EZClone Domain 

Mutagenesis Kit (Agilent Technologies).  The forward 5’-

AAAATCTAGAGCCGGTTAACCTTTGAAAGGTGGC-3’ and reverse 5’-
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GTCAAAGCTTGACCTGAATTGGCATCAATCGTCC-3’ primers were used to amplify amiB 

from pDY187 using error-prone Mutazyme II DNA polymerase.  The resulting PCR products 

were purified using the Qiaquick PCR purification kit (Qiagen) and subsequently used as 

“megaprimers” that are denatured and annealed to the original donor plasmid (pDY187) to 

amplify the vector backbone using the high fidelity EZClone enzyme mix.  The completed 

reactions were then subjected to DpnI-digestion to eliminate any remaining, non-mutagenized 

donor plasmid DNA (pDY187) leaving intact plasmids carrying mutations in the amiB gene.  

Both libraries where then transformed into NEB 5-alpha electrocompetent cells, plated on LB 

plates supplemented with 10 µg/ml chloramphenicol (Cm10) and glucose and allowed to incubate 

overnight at 30°C.  The following day the colonies were scraped up into LB broth and the 

plasmid DNA was isolated using the Qiaprep miniprep kit (Qiagen).  Again, both libraries were 

then transformed into electrocompetent TB28 cells, plated on LB plates supplemented with 10 

µg/ml chloramphenicol (Cm10) and glucose and allowed to incubate overnight at 30°C.  The 

following day the colonies were scraped up and re-suspended to an OD600 of 0.04 in LB broth 

supplemented with 10 µg/ml chloramphenicol (Cm10) and grown at 37°C. Once the cultures 

reached an OD600 of ~0.3 arabinose was added for a final concentration of 0.2% and growth was 

continued for an additional 3 hours at 37°C.  The cultures (5 ml each) were then iced for 5 

minutes and centrifuged at 4°C for 10 minutes at 4000 x g to remove unlysed cells and debris. 

The supernatants were then passed through 0.2 µm syringe filters before 5x (25 ml) PB buffer 

was added (Qiagen).  Each mixture was then passed through a Qiaprep spin column (Qiagen) 

using a vacuum manifold and washed with additional PB and PE buffers as described for a 

standard miniprep protocol.  The plasmid DNA was the eluted into TE buffer.  Electrocompetent 

133



TB28 cells were then transformed with the isolated plasmid DNA library and plated on LB plates 

supplemented with 10 µg/ml chloramphenicol (Cm10) and glucose and allowed to incubate 

overnight at 30°C.  116 isolates were then struck on M9 media with 10 µg/ml chloramphenicol 

(Cm10) supplemented with either glucose or arabinose and incubate overnight at 37°C.

Growth Curves

 Please see figure legends for details about growth conditions and sample preparation 

methods used for specific experiments.

Protein purification

 All proteins were overexpressed and purified with a 6xHis-SUMO (H-SUMO) tag fused 

to their N-termini (50, 51).  The sequence of the affinity tag in all cases was 

MRGSHHHHHHMASG.  The SUMO sequence was amplified from the Saccharomyces 

cerevisiae genome (gene Smt3) as described earlier (52).  After purification of the H-SUMO 

fusion protein by metal-affinity chromatography, the H-SUMO tag was removed using 6xHis-

tagged SUMO protease (H-SP) (52).  Cleavage reactions were passed through Ni-NTA resin to 

remove free H-SUMO and H-SP, yielding a pure preparation of the desired protein.  Except for 

LytEnvC which contained no non-native residues, all the remaining proteins had an additional 

dipeptide SA at their N-termini.

 LytEnvC, NlpD, AmiA, AmiA(E167K), AmiB, AmiB(S293R), AmiB(E300K), AmiB

(E303K) and AmiB(S293R, E300K, E303K) were purified from BL21(λDE3) containing 

pTU104, pTU119, pDY278, pDY277, pDY279, pDY242, pDY81, pDY245 and pDY276, 
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respectively.  Overnight cultures were diluted 1:100 into 1 L of LB supplemented with ampicillin 

(50 µg/ml) and glucose (0.04%) and cells were grown at 30°C for 3.5 hours to an OD600 of 

~0.5-0.7.  IPTG was then added to 1 mM, growth was continued for an additional 3.5 hours, and 

the cells were harvested by centrifugation.  Cell pellets were resuspended in 40 ml buffer A (50 

mM Tris-HCl (8.0), 300 mM NaCl, 10% glycerol) with 20 mM imidazole, split into two 10 ml 

aliquots, and stored at -80°C prior to use for protein purification.  For purification, a 10 ml 

aliquot (0.5 L of culture) was thawed, and the cells were disrupted by sonication.  Cell debris and 

membranes were pelleted by centrifugation at 100,000 x g for one hour at 4°C.  H-SUMO 

fusions were purified using 1 ml Ni-NTA agarose resin (Qiagen) according to the instructions.  

Resin was equilibrated in buffer A with 20 mM imidazole, washed with buffer A containing 50 

mM imidazole twice and then buffer A containing 100 mM twice.  The fusion proteins were 

eluted with buffer A containing 300 mM imidazole.  The purified H-SUMO fusions were cleaved 

using a 1:1000 of H-SP preparation (6) and dialyzed overnight in buffer A containing 20 mM 

imidazole at 4°C.  The following morning the protein preparation was then passed over 1 ml Ni-

NTA agarose resin (Qiagen).  Isolated untagged proteins were dialyzed three times against and 

stored in buffer A at -80°C, except NlpD which was stored in 50 mM Mops-NaOH (pH 7.1) 

300mM NaCl, 10% glycerol. 

Protein crystallization and X-ray structure determination

For structural characterization of the N-acetylmuramyl-L-alanine amidase catalytic 

domain, a part of the Bartonella Henselae str. Houston-1 amiB gene encoding the C-terminal 

BHAmiB from residues S179 to L409 was cloned into vector pMCSG19B, generating the 
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expression construct pAPC62366.1.  The gene was overexpressed in E. coli BL21(λDE3) cells.  

The cells were grown at 37°C in seleno-methionine (SeMet) containing enriched M9 medium 

under conditions known to inhibit methionine biosynthesis (53).  The SeMet-labeled BHAmiB 

protein was purified from the E. coli cells using Ni-affinity chromatography as described earlier 

(54).  After the protein was concentrated in the buffer of 20 mM HEPES pH 8.0, 250 mM NaCl, 

and 2 mM dithiothreitol (DTT), it was screened for crystallization conditions using the sitting 

drop vapor diffusion technique.  Diffraction quality crystals appeared under the condition of 0.1 

M Bis-Tris propane, 1.8M sodium acetate pH 7.0 at 16°C.  Prior to X-ray data collection, crystals 

were treated with cryoprotectant (25% glycerol) added to crystallization buffer and were flash-

frozen directly in liquid nitrogen.

      A set of single-wavelength anomalous diffraction (SAD) data was collected near selenium 

absorption peak at the temperature of 100 K from a single SeMet labeled crystal.  The data were 

obtained at the 19ID beamline of the Structural Biology Center at the Advanced Photon Source 

at Argonne National Laboratory using the program SBCcollect.  The BHAmiB catalytic domain 

crystallized in space group C2 with cell dimensions a=71.19 Å, b=53.51 Å, c=58.50 Å, β=90.46° 

and diffracted X-rays to 1.24 Å resolution.  The reflection intensities were integrated and scaled 

with HKL3000 suite (Table 3.5) (55).  One BHAmiB with two methionine residues were expected 

in one asymmetric unit.  Three heavy atom sites were located using the program SHELXD (56) 

and they were used for phasing with the program MLPHARE (57).  The three heavy atoms are 

two Se and one Zn atoms as identified later based on the protein structure and an X-ray 

fluorescent spectrum of the crystal sample.  The spectrum was measured with the primary beam 

energy of 12.659 keV and indicated the presence of Zn inside the crystal.  After density 
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modification (DM) (57), a partial model of 197 residues (86% of BHAmiB catalytic domain) with 

138 side chains was built in 5 cycles of Resolve model building (58).  All of the above programs 

are integrated within the program suite HKL3000.  Further model buildings to complete the 

structure were performed manually using the program COOT (59).  The structural model was 

therefore refined using the program Phenix.refine (Table 3.5) (60).  In the final model, six 

residues, E303SLELT, are missing due to the lack of electron densities.  The crystal structure was 

deposited in Protein Data Bank (PDB:3NE8).

Preparation of sacculi labelled with RBB

 Sacculi were prepared from strain TU163 (Δlpp) as described by Uehara et al (12).  

Isolated sacculi were treated with 200 µg/ml amylase (Sigma, St Louis, MO) at 37°C for 2 h in 

1x PBS and washed with water.  The amylase-treated sacculi were then incubated with 20 mM 

RBB (Sigma) in 0.25 M NaOH overnight at 37°C.  The preparation was neutralized with HCl, 

and RBB-labelled sacculi were pelleted by centrifugation (21000 x g, 20 min, room 

temperature).  The sacculi were then repeatedly resuspended in water and pelleted by 

centrifugation until the supernatant was clear.  The final pellet was resuspended in water 

containing 0.02% azide and stored at 4°C.

Dye-release assay for PG hydrolysis

 A measure of 10 µl of RBB-labelled sacculi were incubated at 37°C for 30 min with 

purified amidases and/or LytM factors in 100 µl of PBS buffer (10 mM Na2HPO4, 2 mM 

KH2PO4, 137 mM NaCl and 2.7 mM KCl, pH 7.4).  Final protein concentrations are indicated in 
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Figure 3.8 and Figure 3.11.  Reactions were terminated by incubating them at 95°C for 5 min.  

Following termination, all reactions were centrifuged at 21000 x g, 20 min at room temperature.  

Supernatants were removed and their absorbance was measured at 595 nm.
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Table 3.3. Bacterial strains used in this study.

Strain Genotypea Source/Referenceb

C6706 Vibrio cholerae O1 El Tor isolate from Peru (61)

DH5α F– hsdR17 deoR recA1 endA1 phoA supE44 thi-1 gyrA96 relA1 Δ
(lacZYA-argF)U169 ϕ80dlacZΔM15 

NEB

BL21(λDE3) ompT rB– mB– (PlacUV5::T7gene1) Novagen

MG1655 rph1 ilvG rfb-50 (62)

TB28 rph1 ilvG rfb-50 ΔlacIZYA::frt (63)

TB140 TB28 ΔenvC::frt (12)

TB145 TB28 ΔnlpD747::frt (12)

TB170 TB28 ΔamiB::KanR (6)

DY29 TB28 ΔnlpD747::frt ΔamiB::KanR P1(TB170) x TB145
a The KanR cassette is flanked by frt sites for removal by FLP recombinase. An frt scar remains following removal of 
the cassette using FLP expressed from pCP20. 

b Strain constructions by P1 transduction are described using the shorthand: P1(donor) x recipient. In all cases 
transductants were selected on LB Kan plates.
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Table 3.4. Plasmids used in this study. 

Plasmid Genotypea ori Reference/source

pBAD33 cat Para::mcs p15A (64)

pInt-ts bla cI857 repA(ts) PR::intλ pSC101 (49)

pTU119 bla lacIq PT7::h-sumo-nlpD pBR/colE1 (6)

pTU104 bla lacIq PT7::h-sumo-lytenvC pBR/colE1 (6)

pAPC62366.1 bla lacI PT7::h -BHamiB pBR/colE1 This Study

pDY81 bla lacIq PT7::h-sumo-amiB(E300K) pBR/colE1 This Study

pDY187 cat Para::amiB p15A* This Study

pDY219 cat Para::amiB(H302P) p15A* This Study

pDY220 cat Para::amiB(S306P) p15A* This Study

pDY221 cat Para::amiB(D314V) p15A* This Study

pDY222 cat Para::amiB(A405V) p15A* This Study

pDY229 cat Para::amiB(E303K) p15A* This Study

pDY230 cat Para::amiB(S293I) p15A* This Study

pDY231 cat Para::amiB(S306P)† p15A* This Study

pDY232 cat Para::amiB(S293R) p15A* This Study

pDY233 cat Para::amiB(A296V) p15A* This Study

pDY234 cat Para::amiB(E300K) p15A* This Study

pDY235 cat Para::amiB(R372C) p15A* This Study

pDY236 cat Para::amiB(S306L) p15A* This Study

pDY237 cat Para::amiB(H302P, A405V) p15A* This Study

pDY238 cat Para::amiB(Q333L) p15A* This Study

pDY239 cat Para::amiB(M295I) p15A* This Study

pDY242 bla lacIq PT7::h-sumo-amiB(S293R) pBR/colE1 This Study

pDY245 bla lacIq PT7::h-sumo-amiB(E303K) pBR/colE1 This Study

pDY250 cat Para::amiB(E215A) p15A* This Study

pDY255 cat Para::VCamiB p15A* This Study

pDY256 bla lacIq PT7::h-sumo-VCamiB pBR/colE1 This Study

pDY260 cat Para::VCamiB(E286K) p15A* This Study
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Table 3.4 continued.

Plasmid Genotypea ori Reference/source

pDY264 attλ cat Para::ssdsbA-amiA R6K This Study

pDY266 attλ cat Para::ssdsbA-amiA(E167K) R6K This Study

pDY268 bla lacIq PT7::h-sumo-VCamiB(E286K) pBR/colE1 This Study

pDY272 cat Para::amiB(S293R, E300K, E303K) p15A* This Study

pDY276 bla lacIq PT7::h-sumo-amiB(S293R, E300K, 
E303K)

pBR/colE1 This Study

pDY277 bla lacIq PT7::h-sumo-amiA(E167K) pBR/colE1 This Study

pDY278 bla lacIq PT7::h-sumo-amiA pBR/colE1 This Study

pDY279 bla lacIq PT7::h-sumo-amiB pBR/colE1 This Study
a A 6xHis tag for purification is indicated by the letter h. ssdsbA corresponds to the first 24 codons of dsbA encoding 
its export signal. PT7, PR, and Para indicate the phage T7, λR and arabinose promoters, respectively. Numbers in 
parenthesis indicate the codons included in the relevant clones.

VC Vibrio cholerae, C6706 strain {Thelin:1996we}, VCamiB - VC0344

p15A* is a derivative of p15A* with a mild increase in copy number (see Methods and Materials). 

† Contains original premature stop codon
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Table 3.5. Crystallographic Statistics.

Data CollectionData CollectionData Collection

Space groupSpace group C2

Unit Cell (Å, °)Unit Cell (Å, °) a=71.19,b=53.51, c=58.50, β=90.46

MW Da (residue)MW Da (residue) 25769 (231) 1

Mol (AU)Mol (AU) 1

SeMet (AU)SeMet (AU) 2

Wavelength (Å)Wavelength (Å) 0.9793 (peak)

Resolution (Å)Resolution (Å) 29.3-1.24

Number of unique reflectionsNumber of unique reflections 61785 2

RedundancyRedundancy 3.5 (3.2) 3

Completeness (%)Completeness (%) 99.3 (90.7) 3

Rmerge (%)Rmerge (%) 7.0 (55.4) 3

I/s (I)I/s (I) 27.8 (1.5) 3

PhasingPhasing

RCullis (anomalous) (%) 67

Figure of merit (%) 34.5 4

RefinementRefinement

Resolution 29.3-1.24

Reflections (work/test) 58025/2934

Rcrystal/Rfree (%) 16.1/17.4

Rms deviation from ideal geometry 
   Bond length (Å)/angle (°)

0.005/0.985

No. of atoms (Protein/HETATM) 1877/306

Mean B-value (Å2) 
   (mainchain/sidechain)

14.2/19.3

Ramachandran plot statistic (%)
Residues in most favored regions,
in additional allowed regions, 
in generously allowed regions,
in disallowed region

95.1
4.4
0.5
0.0

1 Not including cloning artifact; 2 Including Bijvoet pairs;  3 (Last resolution bin, 1.24-1.26Å);
4 Before density modification
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Chapter 4: Discussion

Section 4.1: Summary of results

 The ability to synthesize, remodel and degrade PG are important activities for all cell-

wall containing bacteria that grow and divide.  The enzymes responsible for cleaving the bonds 

that make up PG are known as PG hydrolases or autolysins (1).  These enzymes have a diverse 

range of biological functions, ranging from outright cell wall destruction (e.g. lysozyme) to 

delicate remodeling processes necessary for growth and development (1).  Harnessing PG 

hydrolases for this latter purpose demands precise control over their activity since inappropriate 

activation of these enzymes can form lesions in the cell wall resulting in death by lysis (1). 

  As discussed in Chapter 1, little is actually known as to how the activity of the PG 

hydrolases is regulated in vivo.  Consequently, to begin understanding the mechanistic control 

that governs these enzymes, I have been studying how the PG hydrolases are controlled during 

the process of cell division in E. coli.  In this organism the LytC-type N-acetylmuramyl-L-alanine 

amidases (AmiA, AmiB and AmiC) are required for cell division along with the LytM factors, 

EnvC and NlpD, that activate them (2-6).  To begin investigating how the amidases are 

controlled, I set out to isolate unregulated AmiB variants that do not require EnvC for activation.  

Identification of such mutants would support a model where the LytM factors (i.e. EnvC) 

allosterically activate the amidases (i.e. AmiB) in order to degrade PG.  Using a genetic 

enrichment strategy (adapted from 7), I isolated a number of mutations within amiB that 

produced lytic AmiB variants (LytAmiB).  These mutations all mapped to a region of AmiB found 

only in cell separation amidases.  Structural analysis of AmiB from Bartonella henselae 

(BHAmiB), an E. coli AmiB ortholog, showed that this region corresponds to an alpha-helical 
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domain that blocks the amidase active site.  The LytAmiB variants have amino acid substitutions 

that most likely disrupt the interactions responsible for keeping this regulatory region in place 

and preventing inappropriate PG cleavage.  Therefore, amidase activation by the LytM factors in 

all likelihood proceeds via a conformational change that dislodges the regulatory helix from the 

amidase active site. 

  In an effort to elucidate how the LytM factors are specifically recruited to and regulated 

at the septal ring, I discovered that FtsEX is an important regulator of septal PG hydrolysis 

during cell division (8).  In E. coli, FtsE and FtsX form an ABC-transporter-like complex.  It was 

identified as an important divisome component a number of years ago (9), but its precise role in 

cytokinesis has remained mysterious (10).  ABC transporters are ubiquitous membrane protein 

complexes that use ATP-induced conformational changes to move substrates across membranes 

(11).  They are composed of two transmembrane domains (TMDs) that act as the substrate 

conduit and two nucleotide-binding domains (NBDs) which bind and hydrolyze ATP to power 

transport.  I found that FtsEX directly recruits EnvC to the division site via a protein-protein 

interaction between the coiled-coil domain of EnvC and a large periplasmic loop of FtsX (8).  

Importantly, FtsEX variants predicted to be ATPase defective still recruit EnvC to the septum but 

fail to promote cell separation (8).  Overall, my results support a model where conformational 

changes induced by the ATPase activity of FtsE in the cytoplasm are transmitted to the amidases 

in the periplasm via FtsX and EnvC.  This model is attractive because it provides a mechanism 

for converting the potentially dangerous activity of PG hydrolysis at the septal ring into a safe 

and discrete process that can be cycled “on” and “off” in coordination with the other important 

functions of the division apparatus (Figure 4.1).  Furthermore, FtsE has been show to interact 
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Figure 4.1.  A model for the regulation of PG hydrolase activity at the division site.  Shown here 
is a schematic diagram of a putative “on” versus “off” FtsEX-EnvC-AmiA/B complex at the Z-
ring.  I propose that conformational changes in FtsEX induced by FtsE-mediated ATP hydrolysis 
are transmitted to EnvC to control its ability to activate the amidases.  EnvC exerts it regulatory 
control over AmiA/B by allosterically activating the amidases via a conformational change 
which displaces a regulatory domain that normally occludes the amidase active site (represented 
by the blue wedge).  Removal of this domain allows substrate accessibility and enables the 
amidases to cleave septal PG (not depicted here).  Adapted from (8).



with FtsZ (12), suggesting that the ATPase activity of FtsE may be sensitive to the dynamics of 

the Z-ring and provide a system for transmitting information about the status of the Z-ring to the 

septal PG splitting enzymes in the periplasm. 

Section 4.2: Future directions

 We are just beginning to dissect the mechanisms that keep cellular PG hydrolase activity 

in check.  Many questions remain to be addressed, both with respect to amidase regulation and 

the control of PG hydrolases involved in other important physiological processes.  Several of the 

most important questions and potential avenues for addressing them are discussed below. 

What is the mechanism of amidase activation by the LytM factors?

 The findings presented in this dissertation provide strong support for the idea that the 

LytM factors allosterically activate their cognate amidase(s).  They likely do so by inducing a 

conformational change which displaces the regulatory helix that occludes the amidase active site.  

How the LytM factors promote this conformational change in the amidases is currently unclear, 

but I envision at least two possibilities.  (1) The LytM factors possess affinity for the regulatory 

alpha-helical domain and essentially compete with the amidase active site for binding to this 

regulatory region.  In this case, I envision that when the amidase transiently visits the open and 

active state, the LytM factor would bind the exposed regulatory helix and stabilize the active 

conformation.  (2) The LytM factors bind the amidases in a region other than the regulatory helix 

to bring about the conformational change necessary to displace the helix from the active site.  

Follow-up experiments will be required to conclusively differentiate between these two 
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possibilities.  An attractive approach would be the isolation of amidase variants that fail to be 

activated by the LytM factors because the location(s) of amino acid substitutions, resulting in this 

phenotype, would likely identify residues/domains within the amidase important for LytM factor 

binding and/or activation.  For example, mutations in amiB that disrupt the ability of EnvC to 

bind AmiB may indicate possible interaction regions.  Additionally, efforts to generate co-

crystals of a LytM-amidase complex are currently ongoing and, if successful, should provide us 

with a high resolution picture of the activation mechanism.

 

What determines the specificity of cognate LytM-amidase pairs?

 Along with determining the mechanism of amidase activation it is also unclear why EnvC 

only activates AmiA and AmiB while NlpD only activates AmiC (6).  Interestingly, amino acid 

substitutions in the LytAmiB variants, described in Chapter 3, not only enhanced the basal activity 

of AmiB, they also allowed the variants to be aberrantly activated by NlpD.  Almost all of these 

substitutions occur within the regulatory helix region of AmiB and are predicted to destabilize its 

interaction with the amidase active site.  This implies that LytM-amidase specificity is in part 

determined by the strength of the interaction between the regulatory helix of the amidases and 

the active site.  These observations are consistent with an activation mechanism involving a 

competition between the LytM factor and the amidase active site for association with the 

regulatory helix.  If the helix-active site interaction is weakened by an amino acid substitution, 

then a non-cognate LytM factor with lower affinity for the helix region may gain the ability to 

compete with the active site for binding of this region and thus promote amidase activation.  

Alternatively, the LytM-amidase specificity may be determined by the binding affinity of a LytM 
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factor for a site on the amidase distinct from the regulatory helix.  In this case, substitutions 

weakening the regulatory helix-active site interaction may somehow allow the relatively low 

affinity binding of a non-cognate LytM factor to promote the release of the amidase regulatory 

helix from the active site.  A better understanding of the amidase activation mechanism is clearly 

required in order to define the determinants underlying the specificity of amidase activation by 

the LytM factors.

What regulates NlpD activity?

 In Chapter 2, I described the identification of FtsEX as an upstream regulator of EnvC 

activity (8).  Much less is known about the regulation of the analogous NlpD-AmiC pathway for 

septal PG splitting (6).  Since NlpD is an outer membrane lipoprotein, it is likely to be regulated 

by a distinct mechanism relative to EnvC, which is a periplasmic protein regulated by the inner 

membrane protein complex FtsEX (8).  One interesting possibility is that NlpD activity may be 

regulated based on changes in its proximity to PG.  Prior to cell constriction, NlpD may be 

unable to “reach” the PG layer from the outer membrane in order to stimulate PG hydrolysis by 

AmiC.  However, once cell division is initiated and the outer membrane begins to constrict, 

NlpD may be brought closer to the PG layer to stimulate AmiC activity.  This activation may be 

achieved by changes in the physical proximity of NlpD and PG alone or the process may require 

additional protein cofactors.  In either case, this model is attractive because it would provide a 

mechanism for directly coupling outer membrane invagination with septal PG splitting.  

Experiments to test this hypothesis are currently being performed by other members of the lab. 
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Identifying the factors that recruit AmiB, AmiC and NlpD to the divisome

 In Chapter 2, I described the identification of FtsEX as the septal ring component directly 

responsible for recruiting EnvC to the division site (8).  The factor(s) directly responsible for the 

recruitment of the remaining components (NlpD, AmiB, and AmiC) of the septal PG splitting 

system to the divisome remain unknown.  The identification of these factors may shed additional 

light on the control mechanisms governing septal PG splitting.  So far, we know that the 

amidases are recruited to the division site independently of their cognate LytM factor and that 

NlpD, AmiB, and AmiC all require FtsN for septal localization (13).  Interestingly, NlpD and 

EnvC localize to the divisome normally when septal PG synthesis is inhibited with the PBP3 

inhibitor cephalexin (13).  AmiB and AmiC, on the other hand, fail to be recruited under these 

conditions (13).  This phenomenon appears to be a part of a fail-safe mechanism that prevents the 

concentration of the amidases at the division site unless septal PG is actively being synthesized 

(13).  An attractive hypothesis is that the N-terminal targeting domains of AmiB and AmiC 

directly recognize septal PG as the localization signal.  That being said, it is presently unclear 

how the targeting domains might differentiate septal PG from the rest of the PG matrix.  

However, we cannot rule out the possibility of a protein-protein interaction mediating amidase 

localization.  Like EnvC, our working hypothesis is that NlpD is recruited to the septal ring via a 

direct protein-protein interaction with another septal ring factor.  We are currently attempting to 

identify this factor and determine whether or not it plays a role in the regulation of NlpD activity.
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How is septal PG splitting coordinated with other functions of the divisome?

 The divisome performs a number of important functions in addition to septal PG splitting.  

These include: invagination of the inner membrane, synthesis of the septal PG layer, and 

invagination of the outer membrane.  A major challenge going forward will be to determine how 

all of these functions are coordinated, especially the processes of septal PG synthesis and 

splitting.  A key player in this coordination is likely to be FtsEX.  Since this complex spans the 

inner membrane, it is in prime position to interact with both cytoplasmic and membrane 

components of the septal ring as well as EnvC in the periplasm.  The observed interaction 

between FtsE and FtsZ (12), may provide a mechanism to coordinate the contraction of the Z-

ring with septal PG splitting.  Additionally, the PBPs and many of the other essential septal ring 

constituents are integral membrane components.  Thus, another attractive possibility is that 

interactions between the PBPs and FtsEX could help coordinate amidase activation with septal 

PG synthesis.  As mentioned above, the outer membrane localization of NlpD may position it to 

help couple the PG splitting process with outer membrane invagination.  Therefore, the need to 

coordinate septal PG splitting with the invagination of two different membranes may explain 

why E. coli utilizes two partially redundant septal PG splitting systems with distinct membrane 

localization patterns.

How are the peptidoglycan hydrolases regulated in other systems - i.e. the elongation complex

 Finally, in addition to facilitating cell division, PG hydrolases are also important for 

numerous other processes in bacteria (refer to Section 1.2: Peptidoglycan hydrolases and their 

physiologic functions), including lateral cell wall growth by the elongation/rod complex.  PG 
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bonds must be cleaved in order for this system to insert new material into the existing PG matrix.   

The elongation complex must therefore contain PG hydrolases and somehow coordinate their 

activity with the PG synthases.  This idea is supported by the observation that in B. subtilis the 

PG hydrolase LytE interacts with the actin-like cytoskeletal element MreBH, which is involved 

in lateral cell wall growth (14).  Moreover, inactivation of LytE and another PG hydrolase, 

CwlO, causes a block in cell elongation (15).  The PG hydrolases involved in E. coli cell 

elongation have not been identified, but a similar mechanism of elongation is presumably 

occurring.  In addition to identifying these elongation hydrolases, a major challenge will be to 

determine how they are controlled.  I anticipate that conformational control mechanisms similar 

to those used for governing amidase activity will be employed.  Understanding the diverse roles 

that PG hydrolases play during PG biogenesis and remodeling will undoubtedly reveal new and 

exciting mechanisms used to regulate and control their activity.

Section 4.3: Concluding remarks

 As exemplified by phage lysins, which lyse host cells in order to release newly-made 

virions, PG hydrolases have the power to destroy bacterial cells.  However, if properly controlled 

and regulated these enzymes facilitate important cellular processes that allow all cell wall-

containing bacteria to grow and divide (1).  Due to its essentiality and uniqueness to bacteria, PG 

biogenesis is a particularly powerful antimicrobial target.  Many of our most potent antibiotics, 

like the β-lactam penicillin, specifically inhibit PG synthesis.  However, attempts to harness the 

potentially lethal properties of PG hydrolases as a novel source of antimicrobials have yet to be 

fully tapped.  The numerous biological examples of PG hydrolases being used to specifically 
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cause cell lysis (refer to Table 1.3) demonstrate that mother nature has already developed such an 

arsenal.  This begs the question of whether we can also exploit PG hydrolase biology in the effort 

to find new antibiotics against the emerging threat of resistant bacterial pathogens.  For example, 

it may be possible to identify small molecules that can inappropriately activate these enzymes to 

cause cell lysis.  Therefore, understanding PG hydrolase regulation will not only help us define 

fundamental biological mechanisms, it will likely also provide us with the understanding 

necessary to disrupt the regulatory systems for the purposes of developing a new generation of 

lytic antibiotics.
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