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Abstract

FtsZ is the primary component of the prokaryotic cell division machine.  ftsZ is

found in almost every lineage of prokaryotes, as well as chloroplasts and some

mitochondria.  FtsZ is a prokaryotic homologue of tubulin; it binds and hydrolyzes GTP

and forms protofilament-based structures in vitro that are similar to those formed by

tubulin.  In vivo, FtsZ forms a ring at the division site, known as the Z-ring, that recruits

other division proteins and may act as a scaffold for cell division machinery.  FtsZ-based

hydrolysis of GTP has been proposed as the energy source for cytokinesis.

This volume describes several studies of FtsZ carried out in Escherichia coli.  The

number of FtsZ molecules in an average cell was determined using a quantitative western

blotting assay designed for this purpose.  There are 15,000 molecules of FtsZ in the

average cell, enough to form a protofilament long enough to encircle the bacterium

approximately 20 times.  This amount is sufficient to support the argument that FtsZ is

acting as a cytoskeletal element.

We constructed a number of site-directed mutations of ftsZ and investigated the

phenotypes of these mutants in vivo.  The mutants were assayed for the ability to

complement a temperature-sensitive ftsZ allele and a null ftsZ allele, and

immunofluorescence microscopy was performed on strains carrying mutated ftsZ alleles
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to investigate their effect on Z-ring formation.  Several mutants formed spiral Z-rings,

some of which were not functional for division.  Others formed more aberrant Z-rings or

no Z-rings at all.  Several mutants appeared to have deleterious effects on cell wall

integrity.

We also investigated the dynamic behavior of the Z-ring in vivo using

fluorescence recovery after photobleaching.  We found that the Z-ring is a highly

dynamic structure, remodeling itself once a minute on average.  This dynamic

remodelling is coupled to the GTPase activity of FtsZ.  Z-rings composed of FtsZ with a

slower GTPase rate were more stable than wild-type Z-rings.  At least one other division

protein, ZipA, showed similar dynamic behavior.  These phenomena complicate the role

of FtsZ as a scaffold.
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Chapter 1

Introduction

Bacterial cell division

Cell division is one of the fundamental properties shared by all living organisms.

Organisms are based on cells and organisms replicate, by definition; therefore, the

process of cell division is central to life as we understand it.  Cell division can

conceptually be divided into three areas: duplication of subcellular components,

segregation of those components into separate compartments, and separation of those

compartments into daughter cells.

The process of duplication includes cellular growth processes such as production

of metabolic proteins or structural components such as membrane lipids or cell wall

material.  It also includes the replication of DNA molecules and the construction of

duplicate organelles.  Eukaryotic cells, with their more complicated cellular substructure,

must duplicate membrane-bound organelles, multiple chromosomes and complicated

cytoskeletal structures.  In most prokaryotes, duplication is much simpler.  Bacteria have

only one major DNA molecule, although multiple replication events may occur

concurrently.  Bacteria do not have membrane-bound organelles or permanent

cytoskeletal structures.
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Segregation of components into daughter cells is also simpler in bacteria, as many

of the components are freely diffusible across the dimensions of the bacterial cell.  The

major exception is the nucleoids, which are partitioned in a process involving MukB

(Niki et al., 1991).  Plasmids are also actively segregated between daughter cells (Gordon

and Wright, 2000; Hiraga, 2000).

Separation of the daughter cells is complex in both prokaryotes and eukaryotes.

While eukaryotic cells contract the cell membrane using actin and myosin II, prokaryotic

cells do not contain functional homologues of these proteins.  In addition, most

prokaryotic cells possess a cell wall which must be divided as well.  (A number of

eukaryotic organisms also face the problem of separating a cell wall, and deal with it in a

number of different ways.)  This discussion will be confined to Escherichia coli for

illustrative purposes, and because division has been extensively studied in that organism

compared to others.  E. coli cells assemble a cytoskeletal structure at the division site that

constricts the cellular membrane and forms the septum.  This structure, which has been

termed the divisome or septalsome, is localized to the division site by the MinCDE

system (Raskin and De Boer, 1997).  The structure comprises at least nine proteins,

which are listed in Fig. 1-1.  These nine proteins are all essential for cell division, and

cells lacking one of them grow into long filaments.
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FtsZ is the primary structural component of the divisome.  It forms a ring, known

as the Z-ring, at the division site (Bi and Lutkenhaus, 1991; Ma et al., 1996).  This ring is

necessary for the localization of the other components of the divisome (Addinall and

Lutkenhaus, 1996a; Hale and De Boer, 1999; reviewed in Rothfield et al., 1999).  The Z-

ring defines the cytoplasmic portion of the divisome and is presumed to act as a scaffold

for the remainder of the divisome.  (However, the Z-ring is constantly remodeled in a

dynamic fashion—see Chapter 5.)  FtsZ can localize to the site of division without

accessory proteins, but the Z-ring cannot form without either ZipA or FtsA (Pichoff and

Lutkenhaus, 2002), Each of the accessory proteins are necessary for function of the

divisome.

The Z-ring forms early in the division cycle (Sun and Margolin, 1998; Den

Blaauwen et al., 1999).  It is stabilized by both FtsA and ZipA; either are sufficient to

stabilize the Z-ring, although both are necessary for function (Pichoff and Lutkenhaus,

2002).  FtsA is a cytoplasmic protein (although it has been found in association with the

inner membrane (Sanchez et al., 1994)) whose tertiary structure puts it in the same family

as actin and sugar kinases (van den Ent and Lowe, 2000).  It has been shown to bind

directly to the C-terminal of FtsZ (Hale and De Boer, 1997; Wang et al., 1997; Ma and

Margolin, 1999).  ZipA is a transmembrane protein that is believed to anchor the Z-ring
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to the inner membrane (Hale and De Boer, 1997).  ZipA also binds FtsZ and has been

shown to bundle FtsZ polymers in vitro (Hale et al., 2000; Erickson, 2001).

A Z-ring stabilized by FtsA or ZipA is necessary for localization of other proteins

and formation of the divisome.  The other six proteins known to be part of the divisome

localize in a stepwise fashion (Fig. 1-1, summarized in Table 3 of Chen and Beckwith

(2001)).  All of these proteins are transmembrane proteins that are believed to be

involved in forming the peptidoglycan septum.  FtsK appears to be involved in both DNA

segregation and septum formation (Liu et al., 1998; Wang and Lutkenhaus, 1998).  FtsI

(PBP3) is involved in peptidoglycan synthesis at the septum (Nguyendisteche et al.,

1998).  The functions of FtsQ, FtsL, FtsW and FtsN have not been identified.

At some point during the assembly of the divisome or after the divisome has been

assembled (the timing is not clear; for example, partial contraction appears to be possible

without FtsI (Pogliano et al., 1997)), the Z-ring contracts, drawing in the cell membrane

and presumably guiding cell wall formation.  The source of this contractile force is

unknown, although FtsZ is believed to be involved.  Once contraction has finished,  the

daughter cells are separated from one another.  FtsZ disperses out of the ring and can

quickly form a new Z-ring in the daughter cells if the generation time is short enough

(Sun and Margolin, 1998; Den Blaauwen et al., 1999).  An overview of cytokinesis is

given in Fig. 1-2, and an excellent review of bacterial cell division is Rothfield (1999).
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FtsZ

ftsZ was first identified in E. coli (Lutkenhaus et al., 1980), but it has since been

found in almost every bacterial and archaeal species investigated (for exceptions, see

Erickson (2000)).  ftsZ has also been found in plant chloroplasts (Osteryoung and

Vierling, 1995; Strepp et al., 1998) and a protist mitochondrion (Beech et al., 2000).  It is

interesting to note that eukaryotic organelles that are derived from prokaryotic ancestors

have retained the ftsZ gene and use FtsZ to divide.  This is not true of animal

mitochondria, who appear to have functionally replaced FtsZ with dynamin (Erickson,

2000).  The universal distribution of ftsZ is unlike the distribution of other cell division

proteins (Erickson, 1997).  Most of the cell division proteins that have been identified

were discovered in E. coli.  Some of these have homologues in Bacillus subtilis, a gram-

positive spore-forming bacterium, but many are not found outside of gram-negative

bacteria.  The archaea do not have homologues to any cell division genes except ftsZ.

ftsZ is the only cell division gene found in the minimal genome of Mycoplasma (Fraser et

al., 1995).  This universal distribution implies that ftsZ evolved very early and supports

the idea that FtsZ is a primary component of prokaryotic cell division.

ftsZ is a prokaryotic homologue of eukaryotic tubulins.  FtsZ can bind and

hydrolyze GTP using sequence motifs that are very similar to those used by tubulin (de

Boer et al., 1992; RayChaudhuri and Park, 1992; Mukherjee and Lutkenhaus, 1994;



8

Erickson, 1995).  In addition, FtsZ assembles in vitro into structures that are similar to

those formed by tubulin (Bramhill and Thompson, 1994; Mukherjee and Lutkenhaus,

1994; Erickson et al., 1996; Yu and Margolin, 1997; Löwe and Amos, 1999; Lu et al.,

2000).  These include protofilaments, protofilament sheets, mini-rings and tubes (Fig. 1-

3).  The GTPase activity of FtsZ is coupled to a transition of these in vitro forms from

straight protofilaments and sheets to curved protofilaments and tubes (Lu et al., 2000).

The best evidence that ftsZ is an ancestral relative of tubulin comes from the atomic

structures of Methanococcus FtsZ (Löwe, 1998) and tubulin (Nogales et al., 1998b),

which are essentially identical at the level of protein folding (Fig. 1-4).  In particular,

FtsZ and tubulin form a GTP-binding site at the interface between subunits (Nogales et

al., 1998a).  This implies that FtsZ assembly is necessary for GTP hydrolysis.  Mutations

in the FtsZ binding pocket at the top of the subunit and at the bottom loop (termed the

synergy loop) can both decrease GTPase activity.

The mechanism of action of the Z-ring is unclear.  Eukaryotic cells accomplish

cytokinesis in anumber of ways.  Mammalian cells use a contractile ring of actin and

myosin; while FtsZ might play a structural role analogous to that of actin, no motor

protein (analogous to myosin or otherwise) has been found in prokaryotes.  (An actin

homologue has been found in bacteria; it appears to play a role in cell shape

determination (Jones et al., 2001; van Den Ent et al., 2001)).
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If the Z-ring is to contract the cell membrane, it must generate force and transduce

this force to the membrane.  ZipA is an attractive candidate for a membrane anchor for

the Z-ring (Hale and De Boer, 1997), although several other components of the divisome

are also transmembrane proteins.  The force-generating component has not been

identified.  The hydrolysis of GTP by FtsZ could provide the energy necessary for

cytokinesis, and it has been proposed that the GTPase-driven shift from straight

protofilaments to curved protofilaments could drive contraction of the Z ring (Lu et al.,

2000).

In some ways, the study of FtsZ is similar to that of septins.  Septins are

eukaryotic proteins that form a ring at the site of cell division that is  believed to act as a

scaffold.  Septin rings have been visualized in budding yeast by electron microscopy

(Byers and Goetsch, 1976).  Septin complexes hyrdolyze GTP and form filaments in vitro

(Field et al., 1996).  However, these filaments may not be physiologically relevant

(Frazier et al., 1998; Field and Kellogg, 1999).  Septins have also been implicated in a

number of other cellular processes (Gladfelter et al., 2001; Kartmann and Roth, 2001).

The ability of septins to hydrolyze GTP, assemble into filaments and form a ring at the

site of division is reminiscent of FtsZ.  FtsZ is a tubulin homologue, however no motor

protein homologous to dynein or kinesin has been found in prokaryotes.  It is possible

that the Z-ring is not a contractile ring but a scaffold more similar to the septin ring
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Another model of cytokinesis is that of plant cells, which carry out cytokinesis by

forming a de novo separation between the cells rather than by a contractile ring.  This

process involves a structure called the phragmoplast which is formed from actin and

microtubules (Staehelin and Hepler, 1996), and also involves homologues of kinesin (Lee

et al., 2001; Nishihama et al., 2002; Strompen et al., 2002) and dynamin (Gu and Verma,

1996; Otegui et al., 2001).  There is little direct evidence that FtsZ is a contractile ring,

and the fact that no motor protein has been identified means that the prokaryotic division

machinery is not analogous to the actin-myosin machinery found in animal cells.  A

process could be envisioned where prokaryotic cytokinesis is driven by de novo

peptidoglycan synthesis at the septum caps, roughly analogous to the phragmoplast in

plants,  In this case, the Z-ring passively contracts due to pressure from the invaginating

septum, rather than actively contracting.  However, cytokinesis appears to be a separate

process from septum formation.  For example, FtsZ is found in the minimal genome of

Mycoplasma genitalium (Fraser et al., 1995), which does not have a cell wall.

There is a body of knowledge about FtsZ in vitro, largely study of GTPase

activity and electron microscopy of in vitro assembly forms.  Various groups have

attempted to draw conclusions on the in vivo assembly mechanism of FtsZ from this

work (Romberg et al., 2001; Scheffers and Driessen, 2001; Scheffers et al., 2002).

However, we cannot conclude that the assembly forms seen in vitro are relevant in vivo.
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It seems likely that protofilaments at least are relevant, as protofilaments can be formed

under conditions that closely mimic the conditions in the bacterial cytoplasm (Cayley et

al., 1991; Lu et al., 2000).  There is also a considerable body of knowledge about the in

vivo behavior of FtsZ, especially concerning localization of the Z-ring (Bi and

Lutkenhaus, 1993; Sun and Margolin, 1998; Den Blaauwen et al., 1999; Pichoff and

Lutkenhaus, 2001).  The use of optical microscopy techniques such as

immunofluorescence microscopy and gfp fusions have greatly aided in this work

(reviewed in (Margolin, 1998)).  However, the utility of optical techniques breaks down

at resolutions under ~200 nm.  In vitro work also breaks down at a scale above around

100 nm (a protofilament 20 subunits long).  There is a gap in our knowledge between

these two areas that must be explored to determine how FtsZ carries out its function.
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Chapter 2

Quantitation of In Vivo FtsZ Levels in Escherichia coli

Introduction

When this study was initiated, the function of FtsZ in the bacterial cell was not

well understood.  It was agreed that FtsZ was essential for cell division (as evidenced by

the filamentous phenotype of strains deficient in FtsZ (Lutkenhaus et al., 1980)), and it

had been demonstrated that FtsZ localized to the division site by immunoelectron

microscopy (Bi and Lutkenhaus, 1991), by immunofluorescence in B. subtilis (Levin and

Losick, 1996) and by visualization of a gfp fusion protein (Ma et al., 1996).  However,

there was still some doubt as to its function in cell division.  FtsZ’s sequence homology

to tubulin, while generally accepted, appeared limited to sequences that were involved in

binding GTP (Mukherjee and Lutkenhaus, 1994).  It had been shown that FtsZ would

assemble into structures in vitro similar to those formed by tubulin (Bramhill and

Thompson, 1994; Mukherjee and Lutkenhaus, 1994; Erickson et al., 1996); however,

filament formation in vitro does not necessarily imply a structural role (Imamura et al.,

1992).  The atomic structure of FtsZ and tubulin had not yet been determined.

The idea that FtsZ was a tubulin homologue that had a cytoskeletal function was

an attractive one.  Of the division genes identified in E. coli, only ftsZ is conserved
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among a wide range of prokaryotes (Erickson, 1997).  This suggests that FtsZ has a core

function in cell division that evolved very early, even before the archaea/eubacteria split.

The minimal genome of mycoplasma has an ftsZ gene, but no accessory fts genes (Fraser

et al., 1995), suggesting that FtsZ alone may be able to carry out cell division (Erickson,

1997).  If FtsZ does act as a structural protein, it might form a scaffold to which other cell

division proteins could localize.

In order to understand the possible function of a protein in the cell, it is helpful to

determine its abundance.  Putative accessory factors such as FtsA and FtsQ are present in

the cell in quantities on the order of 50-200 molecules per cell (Mukherjee and Donachie,

1990; Carson et al., 1991).  In contrast, estimates of FtsZ levels ranged from 5000

molecules per cell (Pla et al., 1991) to 20,000 molecules per cell (Dai and Lutkenhaus,

1992).  The abundance of FtsZ relative to other cell division proteins supported the idea

that FtsZ has a structural, as opposed to regulatory or enzymatic, function in cell division.

We developed a quantitative western blotting technique to measure the amount of

FtsZ in E. coli cells.  This method requires a solution of FtsZ at a known concentration as

a standard.  The simplest method for determining protein concentration is ultraviolet

spectroscopy (Perkins, 1986; Gill and Von Hippel, 1989), but FtsZ has no tryptophan and

almost no tyrosine, and therefore its absorbance at 278 nm is dominated by bound

nucleotide.  Colorimetric assays are known to vary from one protein to another, and
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require calibration with a known standard of each protein.  We therefore used quantitative

amino acid analysis to determine the absolute concentration of an FtsZ standard, and used

this to calibrate a colorimetric assay with bovine serum albumin (BSA) as a secondary

standard.  This calibrated solution was used as the basis for the quantitative western

blotting to determine the concentration of FtsZ in E. coli cells.  We also used this system

to quantitate FtsZ expression from our expression plasmid and investigate whether FtsZ

was associated with the cell membrane.

Materials and Methods

Purification of FtsZ.  The procedure used in this study is similar to that of Lu

and Erickson (1998), but with some differences.  BL21(DE3)/pET11b-ftsZ were grown in

LB broth with 50 µg/mL ampicillin to an OD600 of 0.5-0.7, then induced for 240

minutes with 0.4 mM IPTG.  Cells were harvested, resuspended in 50 mM Tris pH 8.0,

100 mM NaCl, 1 mM EDTA (20 mL/liter of bacterial culture), and lysed using 0.2

mg/mL lysozyme and 1% Triton X-100.  They were then frozen at -20°C, thawed and

treated with DNAse I (10 µg/mL).  PMSF was added at several stages to a concentration

of 2 mM.  The lysate was separated by centrifugation (30,000x g for 15 minutes).  The

supernatant was precipitated with 20% or 25% saturated (NH4)2SO4.  (Precipitations at

20% and 25% saturation showed no difference in yield of raw protein or FtsZ.  Note that
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this preparation used 1% Triton X-100, which eliminated the differential precipitation at

20% and 25% saturated (NH4)2SO4 seen in Lu et al. (1998).  The precipitate was

resuspended in 20 mM Tris pH 7.2, 50 mM KCl, 1 mM EGTA using a homogenizer.

Purification proceeded by a cycle of assembly and disassembly.  Assembly was

carried out by adding nine volumes of 55 mM MES pH 5.5, 55 mM KCl, 5.5 mM MgCl2,

1.1 mM EGTA and 0.1 mM GTP and incubating at 37°C for 15 minutes or until turbidity

increased dramatically.  Assembled FtsZ was centrifuged (7500x g for 15 minutes at

37°C) and resuspended in one original volume of 20 mM Tris pH 7.2, 50 mM KCl, 1 mM

EGTA.  This was adjusted to pH 7.2 with alkaline Tris.  This disassembly mixture was

put on ice for 60 minutes and centrifuged (7500x g for 15 minutes at 4°C).  The

supernatant was dialyzed against H2O overnight.  Samples were aliquoted as FtsZ

standards and frozen at -20°C.  The final purified product gave a single band of Mr ~40

kDa on SDS-PAGE gels stained with Coomassie Blue with 8 µg protein loaded per lane.

Protein Concentration Assays.  Quantitative amino acid analysis of BSA and

FtsZ was performed by Dr. Ida Thorgersen at the Macromolecular Structure facility,

Duke University Medical Center.  BSA concentration was also checked by ultraviolet

spectroscopy.  These calibrated standards were used to calibrate the BCA colorimetric

assay (Smith et al., 1986).  BCA assays (Pierce) were performed on BSA, FN 7-10 (a

recombinant fibronectin fragment (Leahy et al., 1996)), and FtsZ standards of known
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concentration.  Each assay was performed in triplicate using the protocol supplied by the

manufacturer.  Absorbances were read at 562 nm on a Shimadzu UV-240

spectrophotometer.

Antibody Production.  Rabbits were inoculated with 200 mg of GST-FtsZ fusion

protein in 2 mL mixed with 2 mL of complete Freund's adjuvant.  One rabbit (FtsZd-

5434) was immunized with a protein band that was cut out from an SDS-PAGE gel (the

~2 mL of gel was equilibrated in 150 mM NaCl and emulsified with Freund's adjuvant).

Another rabbit (FtsZn-5435) was injected with soluble, native protein that had been

purified by ammonium sulfate precipitation and affinity chromatography on a glutathione

column.  Four boosts of 50 mg protein in 2 mL 150 mM NaCl plus 2 mL incomplete

Freund's adjuvant were given over ten weeks.  Sera were collected in SST tubes, spun to

remove cells, and frozen.

All bleeds for both native and denatured protein were screened against varying

concentrations of purified FtsZ.  Each bleed stained a single band at ~40 kDa on Western

blots.  Bleeds were also screened against total E. coli cell lysates.  Again, each bleed

stained a single band, of varying intensities, at ~40 kDa.

Bleed 4 of the FtsZn-5435 antiserum was chosen for further purification on an

FtsZ affinity column.  8 mg of FtsZ was coupled to CNBr-Sepharose 4B beads

(Pharmacia), which were then packed into a column with a bed volume of 1.5 mL.  5 mL



19

of antiserum from bleed 4 was run over this column at a flow rate of 1 mL/min.

Antibodies were eluted from the column with 0.2 M glycine/HCl pH 3.0.  Fractions were

collected, neutralized, and assayed by UV absorption and screening against purified FtsZ

and E. coli lysates.  The flowthrough did not react with FtsZ.  Fractions containing

antibodies against FtsZ were pooled to form the FtsZn-5435 polyclonal anti-FtsZ

antibody.  After pooling of fractions, a total of 1.44 mg of antibody was purified from 5

mL of antiserum.

Membrane Fractionation.  Membrane fractionation was performed by

sonication and centrifugation.  Cells were grown and harvested, resuspended at cell

densities of 2x109 cells/mL in 25 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 mM PMSF, and

sonicated on ice three times for three minutes each at 60% of maximum power.

Sonicates, which lost turbidity during sonication, were then centrifuged to separate

cytoplasm from membranes (45,000x g for 1 hour at 4 °C).  The cytoplasmic fraction was

removed and the membrane pellet was resuspended in a volume of 25 mM Tris-HCl pH

7.4 equal to the cytoplasmic fraction.  The cytoplasmic fraction and the resuspended

pellet were centrifuged again (45,000x g for 1 hour at 4 °C) to enhance separation.

Western Blotting.  Samples were separated on 12% SDS-PAGE gels, transferred

to Immobilon membrane (Millipore) and blocked with 5% skim milk/TTBS (100 mM

Tris pH 7.4, 150 mM NaCl, 0.1% Tween) overnight.  Primary incubation was with 0.23
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µg/mL FtsZn-5435 affinity purified polyclonal antibody in 0.25% gelatin/TTBS for 120

minutes.  Secondary incubation was with 2 µCi/blot 125I-labeled protein A (ICN) in

0.25% gelatin/TTBS for 45 minutes.  Blots were washed and placed on phosphoimager

screens (Hypercassette, Amersham) for periods ranging from 3 hours to 16 hours, then

scanned and digitized with a phosphoimager (Fujix Bas1000).  The intensity of lanes on

these blots was determined with the software program MacBas 1.0 (Fuji).

For quantitative Western blotting, blots were run in sets to ensure consistent

results.  Three identical blots containing a set of standards and a set of unknowns and a

blot containing two sets of standards were run concurrently.  The dual standards blot

allowed confirmation of consistency within blots, showing that all areas on the blot were

equally sensitive.  The multiple blots containing unknowns allowed confirmation of

consistency between blots.  Any set of blots where identical lanes on the dual standards

blot had intensities differing by more than 10% was discarded.  Similarly, in the case

where the unknowns blots gave intensities differing by more than 10%, they would be

discarded.  If two of the three unknowns blots agreed with each other, only the third was

discarded.  If all three blots disagreed, all three were discarded.

Western blots were also performed in the membrane fractionation experiments by

a slightly different protocol.  Samples were separated and blotted as described above.

Primary incubation was with either FtsZn-5435 affinity purified polyclonal antibody at
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various concentrations or with anti-GroEL polyclonal antibody (Sigma) at 1:10,000

dilution.  Secondary incubation was with goat anti-rabbit IgG coupled to horseradish

peroxidase (BioSource International).  Blots were developed with 3,3'-diaminobenzidine

solution (100 mM Tris-HCl pH 7.4, 2 mM 3,3'-diaminobenzidine, 1% H2O2, 4 mM

NiCl2).

Results

Protein Concentration Assays.  Quantitative amino acid analysis of one sample

of FtsZ provided a standard that could be used as a reference in colorimetric assays, but

we also wanted a reproducible secondary standard.  BSA is the most widely used

secondary standard, but it is important to recognize that different proteins give different

color production in colorimetric assays.  It was therefore essential to compare our

calibrated FtsZ standard to BSA.

We used the BCA assay from Pierce, and compared three proteins:  FtsZ, BSA

and FN7-10.  FN7-10 is a 40 kDa protein from the cell adhesion domain of fibronectin,

which is available to us in milligram quantities at a purity that permitted crystallization

(Leahy et al., 1996).  The absolute concentration of BSA was initially assumed to be 1.00

mg/mL for the standard supplied by Pierce with the BCA assay (and confirmed as

described below); the concentration of FN7-10 was calculated from its absorption at 278
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nm (Perkins, 1986; Gill and Von Hippel, 1989).  BSA and FN7-10 gave virtually

identical color development in the BCA assay, but FtsZ gave only 75% as much color

(Fig. 2-1).  Therefore, a correction factor of 1.33 (1/0.75) needs to be applied to color

values for FtsZ when compared to a BSA standard curve.

We also independently confirmed the concentration of BSA.  We checked the

1.00 mg/mL standard from Pierce by ultraviolet spectroscopy and found its absorption at

278 nm was 0.668, which exactly matches the classically determined extinction

coefficient (Foster and Sterman, 1956).  This value is 7% higher than the 0.621 extinction

coefficient calculated from the amino acid sequence, so we wanted to determine which

value was correct.  We calibrated a sample of BSA by quantitative amino acid analysis

and measured its ultraviolet spectrum. The extinction coefficient we determined was

0.666, confirming the classical experimental measurement.

We also calibrated the Bradford protein assay (Bradford, 1976), where the ratio of

color for FtsZ/BSA was 0.82.  The FN7-10 protein produced almost no color at all in the

Bradford assay, which serves to emphasize the variability of colorimetric protien

concentration assays.  Overall we found the Bradford assay to be much less reliable than

the BCA assay, both between different proteins and between separate assays of the same

protein.
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Quantitation of FtsZ.  We wanted to determine how many molecules of the FtsZ

protein were in the average E. coli cell.  Quantitative western blotting offered a simple

and accurate method of making this determination using a specific antibody to FtsZ.  By

comparing the radioactive intensity of bands from cell lysates of known cell density to

the intensity of bands of purified FtsZ of known concentration, the concentration of FtsZ

in the cell lysates, and hence the cells themselves, could be determined.

Purified FtsZ standards were used in a range from 160 ng/lane to 10 ng/lane.  This

range was shown to give a linear response after phosphoimager scanning and digitization.

Higher concentrations were overexposed, while lower concentrations were not resolved

reproducibly.  E. coli cell lysates were blotted at concentrations of 1.6-6.4x107 cells/lane,

which gave bands with intensities that fell within the range of the standards (Fig. 2-2).

The intensities of the FtsZ standards bands were plotted and a standard curve was

determined.  The FtsZ concentrations of the cell lysate lanes was extrapolated from this

curve, and the amount of FtsZ per cell was determined given the known cell

concentrations in each lane.

We averaged 12 quantitative blots over two separate experiments and two

different concentrations of cell lysate.  Data sets containing values more than three

standard deviations from the mean were excluded.  The average value was 14,800
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molecules of FtsZ per cell, with a standard deviation of 1,450 molecules per cell.  We

conclude that there are approximately 15,000 molecules of FtsZ in the average

logarithmic phase E. coli cell.

Quantitative Analysis of an Expression System.  As we purified FtsZ, it

became apparent that our expression system was producing very large amounts of

protein.  The expression construct was a pET-11b plasmid carrying FtsZ under the T7

promoter, with T7 RNA polymerase under the control of a lac promoter integrated into

the bacterial chromosome (Studier et al., 1990).  Using quantitative western blotting, the

level of induction in the expression system could be determined.  Cells were harvested

and lysed at time points after induction with IPTG, and the level of FtsZ in these lysates

was determined as described above.  Maximal induction was 3.1x106 FtsZ molecules per

cell, with a standard deviation of 1.80x105 molecules.  This level was reached after 120

minutes of induction (Fig. 2-3).

Localization of FtsZ.  Cytoplasmic and membrane fractions were blotted using

antibodies to FtsZ and GroEL.  GroEL is not a membrane-associated protein; hence we

used this as a marker for the cytoplasmic fraction to monitor the effectiveness of our

fractionation method.  All but a small fraction of the GroEL was found in the cytoplasmic

fraction, implying that the fractionation was effective.  Similarly, almost all of the FtsZ

was found in the cytoplasmic fraction (Fig. 2-4).  Increasing the concentration of anti-
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FtsZ antibody did reveal a faint band in the membrane fractions. We conclude that FtsZ is

almost entirely a cytoplasmic protein.

Discussion

Our quantitative western blotting gave a value of 15,000 molecules of FtsZ in the

average E. coli cell.  This result differs from previously published values of 5000

molecules per cell (Pla et al., 1991) and 20,000 molecules per cell (Dai and Lutkenhaus,

1992).  Neither previous study described their methods in enough detail to determine the

reason for this discrepancy.  Our study is the first to accurately calibrate the concentration

of FtsZ and to provide data from quantitative western blotting indicating an accuracy of

10%.

What sort of structure might 15,000 molecules of FtsZ form?  The dimensions of

one FtsZ subunit in a protofilament are 4.3 nm along the axis of the protofilament and 5.3

nm perpendicular to this axis (Erickson et al., 1996).  A dividing cell in balanced growth

has 2*ln2 times the amount of FtsZ in an average cell, or 20,800 molecules of FtsZ.  If

this amount of FtsZ formed one protofilament wrapped around the diameter of the cell in

a ring, it would encircle the cell approximately 30 times.  Very little is known about the

structure of the FtsZ ring.  FtsZ may polymerize in a conformation with dimensions

different from those in the protofilament.  However, this calculation shows that there is
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enough FtsZ in the cell to form a complex structure large enough to facilitate cell

division.

It is also useful to calculate the concentration of FtsZ in the cell.  The average E.

coli cell (strain B/r A, doubling time of 25 minutes) has a length of 3.6 µm (Donachie et

al., 1976) and a diameter of approximately 0.94 µm (Trueba and Woldringh, 1980).

These dimensions correspond well with our light microscopy observations (data not

shown).  Assuming that the bacterial cell is a cylinder capped by two hemispheres, the

average cell volume is calculated to be 2.28 µm3.  (Kubitschek et al (1986) gives the

volume of a newborn cell under similar conditions as 1.566 µm3.  An average cell under

logarithmic phase growth would have a volume of (1.566 mm3)/ln2, or 2.26 µm3, which

corresponds with our calculated volume.)  If there are 15,000 molecules of FtsZ in this

volume, the intracellular concentration of FtsZ is 10.9 µM, or 0.44 mg/mL.

Bacterial cells carrying expression plasmids for FtsZ produce large amounts of

FtsZ, up to 3.1x106 molecules per cell.  Overexpression of FtsZ at levels more than 12

times that of wild type results in filamentation (Ward and Lutkenhaus, 1985).  In our

experiments, after 120 minutes of induction, the average bacterial cell has filamented and

is 2.4 times as long as an uninduced cell.  Assuming that the diameter of the induced cell

is similar to that of the uninduced cell (which is supported by microscopy observations),
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the volume of a maximally induced cell is 5.776 µm3.  3.1x106 molecules of FtsZ in this

volume give an intracellular concentration of 890 µM, 36 mg/mL, or ~80 times the wild-

type concentration of FtsZ.

The level of induction observed in this system is much higher than is usually

observed using the pET vectors.  It is not understood why this particular construct is

induced so efficiently.  At 3.1x106 molecules of FtsZ per cell, and 4.5x108 cells per mL,

we expect to produce 93 mg of FtsZ per liter of culture.  Our laboratory has confirmed

that these amounts are actually produced by purifying 70 mg of FtsZ per liter of culture

(Lu and Erickson, 1998).

Previous work has disagreed as to whether FtsZ associates directly with the

membrane.  Voskuil et al (1994) found FtsZ associated with the membrane, and

RayChaudhuri & Park (1992) found a band of slightly retarded mobility in western blots

of membrane fractions using antibodies against FtsZ.  Contrary to these results, Pla et al

(1991) did not find FtsZ associated with the membrane.  Our results agree with Pla et al

on this issue.  We should note, however, that the sonication used to produce the fractions

is probably vigorous enough to disrupt most non-covalent protein-protein bonds.  Thus

FtsZ protofilaments, and perhaps attachments as a peripheral membrane protein, may be

disrupted.  We can conclude that no substantial fraction of FtsZ is attached to the
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membrane as an intrinsic or tightly bound peripheral membrane protein.  However, the

sonication may have disrupted a small fraction of attached subunits.

If FtsZ forms a ring that constricts the cell membrane during septation, it must

attach itself to the membrane in some fashion in order to act upon it.  It is possible that a

very small proportion of FtsZ is associated with the bacterial membrane.  ZipA, an

integral membrane protein found in E. coli that binds FtsZ (Hale and De Boer, 1997), is

an attractive candidate for a membrane anchor for the Z-ring.  However, no protein

homologous to ZipA has been found in the sequences of most prokaryotes, including

gram-positive bacteria and archaea.  There are several other transmembrane proteins

involved in bacterial cell division, including FtsI (Donachie, 1993) and FtsK (Begg et al.,

1995), which are both involved in peptidoglycan synthesis.  It is not known whether these

proteins bind FtsZ.  FtsZ is found in almost every prokaryotic lineage, and Z-rings have

been localized to the site of constriction in Bacillus subtilis (Levin and Losick, 1996) and

Haloferax volcanii (Wang and Lutkenhaus, 1996).  FtsK and FtsI are found in Bacillus

subtilis, but not in archaea such as Haloferax volcanii.  Archaea and mycoplasma lack a

transmembrane anchor for FtsZ that we can find by sequence homology (Erickson, 1997).

They may have evolved a totally divergent protein that serves as a membrane anchor, or

FtsZ may have a mechanism for direct attachment to the lipid bilayer.
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Chapter 3

In Vivo Analysis of ftsZ Mutants I

Introduction

Once it was accepted that FtsZ is the primary component of bacterial cell division

and that it acts as a structural member similar to eukaryotic cytoskeletal proteins, it

remained to determine the mechanism of action of FtsZ.  FtsZ is a homologue of

eukaryotic tubulins, yet it participates in cytokinesis, which is carried out by actin and

myosin in eukaryotes.  No motor protein has been discovered in prokaryotes.  The Z-ring

must generate a force and transduce that force to the cell membrane, and ultimately the

cell wall.  While the energy derived from GTP hydrolysis by FtsZ might be involved in

this process, we do not understand how that energy is transformed into contractile work.

The in vitro behavior of FtsZ has been investigated; specifically GTPase activity

and optimal conditions for GTPase activity have been studied and various in vitro

assembly forms have been visualized by electron microscopy.  Various groups have

attempted to draw conclusions on the in vivo assembly mechanism of FtsZ using this

biochemical information. (Romberg et al., 2001; Scheffers and Driessen, 2001; Scheffers

et al., 2002).  Likewise, there is a body of knowledge about the in vivo behavior of FtsZ,

especially concerning localization of the Z-ring.  The use of optical microscopy
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techniques such as immunofluorescence microscopy and gfp fusions have greatly aided

in this work (reviewed in (Margolin, 1998)).  However, the utility of optical techniques

breaks down at resolutions under ~200 nm.  In vitro work breaks down at a resolution of

higher than around 100 nm (a protofilament 20 subunits long).  The gap in our knowledge

between these two areas must be explored to determine how FtsZ carries out its function.

Mutations of ftsZ have provided valuable insights into its function.  Discovery of

the original temperature-sensitive mutation, ftsZ84, led to identification and

characterization of the ftsZ gene.  Cells containing ftsZ84 as their only source of FtsZ

grow and divide normally at 30°.  At 42°, the FtsZ84 protein does not form a ring, and

previously formed rings rapidly disassemble upon shifting to 42° (Addinall et al., 1997).

Cells grown at 42° elongate normally but fail to divide, producing filamentous cells

similar to those formed by an ftsZ null mutation (Addinall et al., 1996).  Other mutations

of ftsZ include mutations deficient in GTP hydrolysis and mutations that form aberrant Z-

rings (summarized in (Erickson and Stricker, 1998)).

To devise models that explain the function of the Z-ring, we need information on

its formation and the configuration of the FtsZ molecules in the ring.  Guided by the

atomic structure of FtsZ, our laboratory constructed more than a dozen new mutants of

ftsZ, which were designed to disrupt longitudinal contacts between FtsZ subunits in a

protofilament or lateral contacts between protofilaments.  These have been characterized
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for GTPase activity and assembly in vitro (Lu et al., 2001).  In the present study, we

performed complementation assays on these mutants to determine which of them could

support cell division and used immunofluorescence (IF) microscopy to investigate the

effects of these mutations on Z-ring formation and cell division in vivo.  Our

complementation system did not express all of the mutant alleles equally, complicating

analysis of our results.  However, in vivo Z-ring assembly shows some surprising

differences from in vitro assembly, and provides new insights into the structure of the Z-

ring.

Materials and Methods

Strains, plasmids and mutations.  To test the effects of various ftsZ mutations,

we used an E. coli complementation system generously provided by Dr. Joe Lutkenhaus

(University of Kansas).  This system is composed of a background strain, JFL101, and a

plasmid, pBS58.  JFL101 is derived from E. coli K-12 via OV2 (Lutkenhaus et al., 1980)

and has a temperature-sensitive allele of ftsZ (ftsZ84) at the genomic ftsZ locus.  pBS58 is

a very low copy plasmid, based on the pSC101 plasmid (Churchward et al., 1984), which

confers spectinomycin resistance.  It contains a 4.9 kbp E. coli genomic fragment that

spans from the middle of the envA open reading frame to the middle of the lpxC open

reading frame, and includes the complete open reading frames and most of the known
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promoters of the ftsQ, ftsA and ftsZ genes (Aldea et al., 1990; Bi and Lutkenhaus, 1990b;

Flärdh et al., 1997).  pBS58 supplies wild-type FtsQ, FtsA and FtsZ under endogenous

regulation, and can compensate for the ftsZ84 mutation in JFL101, allowing normal

division at 42° (Wang et al., 1997).

We created various point mutations in E. coli ftsZ using a PCR-based mutagenesis

strategy.  The mutants were originally created in the pET expression vector (Novagen)

for in vitro studies, and were then transferred into pBS58, replacing the wild-type ftsZ

with a mutated ftsZ. (For a full discussion of the construction of these mutants, see (Lu et

al., 2001).)  All mutants were sequenced to ensure proper mutation.  Using the pBS58

plasmid allowed us to maintain lethal mutants of ftsZ in JFL101, taking advantage of

compensation by the ftsZ84 gene of JFL101 at 30°, while observing the effects of these

mutants after shifting to 42°.  14 mutants constructed in this fashion were investigated in

this study.

Growth of cells and heat shock.  Cells containing a pBS58-derived plasmid with

either a wild-type or a mutant ftsZ allele were maintained on LB+Spc plates (LB medium,

1.5% bacto-agar, 100 µg/mL spectinomycin) or frozen as stocks at -80°.  These strains

were also grown as liquid cultures in LB medium+100 µg/mL spectinomycin at 30° in an

orbital shaker at 250 rpm. Cells not containing a pBS58-derived plasmid were grown

under similar conditions, omitting spectinomycin.



37

Heat shock of cells at 42° was performed in one of two ways depending on the

duration of heat shock.  If this duration was less than 15 min, then logarithmic phase

liquid culture at 30° was diluted 1:4 into prewarmed LB medium (with spectinomycin if

appropriate) at 42°.  This diluted culture was then incubated at 42° in a water bath for the

appropriate amount of time (Addinall et al., 1997).  If heat shock was to be carried out for

longer than 15 min, then logarithmic phase liquid culture was simply shifted from 30° to

42° in the orbital shaker.  In some experiments, cold shock was performed, shifting from

42° to 30°.  The methods used for this procedure were similar to those used when shifting

from 30° to 42°.

Complementation.  The ability of various mutants to complement the null

phenotype of ftsZ84 was tested by transforming JFL101 with pBS58 derivatives

containing each mutant and testing for growth and division at 42°, where JFL101 alone

does not divide.  Complementation tests were carried out in liquid culture.  Cultures were

grown at 30° to logarithmic phase (OD600=0.5), then diluted 1:10 in prewarmed medium

and grown at 42° overnight.  Noncomplementation was defined as one of two growth

characteristics during overnight growth at 42°.  For the majority of the

noncomplementing mutants, the culture grew to high density but the cells were all highly

filamentous (at least five times as long as the length of a wild-type cell, and often even

longer).  Another growth pattern that was considered noncomplementing was a failure of
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the overnight culture at 42° to grow past OD600=0.4.  This was only seen with the ftsZ-

E250K/D253K mutation.  A liquid culture assay for noncomplementation was used

instead of the more common solid agar plate assay because agar plate complementation

assays gave a high number of false complementation results when JFL101 alone was

tested as a control.  We believe this is related to FtsZ84’s ability to support division under

high salt conditions (Phoenix and Drapeau, 1988).  When grown in liquid culture, JFL101

without pBS58 consistently failed the complementation assay, as judged by the complete

filamentation of the cells grown at 42° (although the cultures did grow to high density).

Immunofluorescence microscopy.  The primary fixation method used in this

study was a glutaraldehyde/formaldehyde fixation adapted from Harry and colleagues

(Harry et al., 1995; Pogliano et al., 1995).  Cells were grown in liquid culture as

described above to middle logarithmic phase (OD600=0.4-0.5).  500 µL of culture was

mixed with 100 µL of fixation solution (1:1000 50% EM-grade glutaraldehyde (Electron

Microscopy Sciences):freshly made 16% paraformaldehyde in PBS (140 mM NaCl, 2

mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4)) and 20 µL of 1 M Na phosphate buffer, pH

7.4.  This was incubated for 15 min at room temperature and at least 30 min on ice.

Fixed cells could be left on ice for up to 4 hr without adverse effects.  Cultures grown at

42° were given a “warm fix” in which fixative and buffer were prewarmed to 42° before

addition of culture and the 15 min incubation was carried out at 42°.  Fixed cells were
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washed three times with PBST (PBS+0.05% Tween-20) and resuspended in GTE (25

mM Tris-HCl, 50 mM glucose, 10 mM EDTA, pH 8.0).  10 µL of this cell suspension

was dropped onto a well of a 12-well multiwell slide (ICN) that had been coated with

polylysine (200 µL of 1 mg/mL 100 kDa poly-L-lysine in H2O per well for 10 min, the

wells were aspirated, rinsed with 200 µL deionized H2O per well, aspirated and air dried).

The cells were allowed to adhere to the slide for 10-20 min, excess liquid was removed,

and the cells were permeabilized with 100 µL of 2 mg/mL lysozyme in GTE (freshly

made) on each well for 5 min at room temperature.  The slide was then washed three

times in PBST for 30 sec each and stained as discussed below.

As an alternate fixation method, we used a methanol/acetone fixation (Hiraga et

al., 1998).  In this method, cells were grown to middle logarithmic phase as described

above, then mixed 1:10 with 80% methanol and incubated for 1 hr at room temperature.

The cells were harvested by centrifuging at 1500 g for 10 min and resuspended in a

volume of 80% methanol equal to the original volume of culture.  10 µL of this

suspension was dropped onto a well of a polylysine-coated multiwell slide and air dried

for 20 min at room temperature.  Cells were permeabilized with 100 µL of 2 mg/mL

lysozyme in GTE (freshly made) on each well for 8 min at room temperature, and the

slide was washed three times in PBST for 30 sec each, then in 99% methanol for 1 min
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and 100% acetone for 1 min.  The slide was then air dried and stained as discussed

below.

Staining of samples was carried out using the same procedure regardless of

fixation method.  Samples were blocked using 50 µL of PBST+2 mg/mL BSA (heat

denatured at 85° for 3 min) per well for 15 min at room temperature.  This was removed

and 50 µL of  affinity-purified rabbit anti-EcFtsZ 5435 (Lu et al., 1998), diluted to a

concentration of 2.9 µg/mL in PBST+BSA, was applied to each well.  The slide was

covered with a 22x60 mm coverslip and incubated in a humid chamber in the dark for 1

hr at room temperature.  The slide was washed three times in PBST for 1 min, blocked

again as previously, and 50 µL of 2 µg/mL goat anti-rabbit IgG conjugated to Oregon

Green 500 (Molecular Probes) in PBST+BSA was added to each well.  The slide was

covered with a coverslip and incubated as before.  The slide was then washed three times

in PBST for 1 min.  If desired, the slide was stained with 0.5 µg/mL DAPI for 1 min and

again washed three times in PBST for 1 min.  The slide was then mounted in SlowFade

Light (Molecular Probes) according to the manufacturer’s directions, sealed with nail

polish and viewed.  Slides were stored at -20° in the dark.

Samples were viewed on a Zeiss Axiophot microscope equipped with an AttoArc

light source set at 100 W output. Plan-Neofluar oil immersion lenses (NA=1.30) were

used at 40X and 100X.  Oregon Green 500 was viewed using fluorescein filters.  Images
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were captured using a Star I cooled CCD camera (Photometrics) and IPLab 3.2

(Scanalytics) running on an Macintosh Quadra 950.  These images were manipulated

using Adobe Photoshop.

Quantitative western blotting.  Quantitative western blotting was performed

essentially as described previously (Lu et al., 1998), except that the amounts of FtsZ

present in unknown samples were compared to each other instead of to a known standard,

producing a relative value as opposed to an absolute value.  Briefly, samples were

prepared from various mutant strains by growing liquid cultures to late logarithmic phase,

fixing with NaN3, and harvesting culture volumes sufficient to give equal numbers of

cells, as determined by hemocytometer counting.  The cell pellets were resuspended in

SDS sample buffer, heated to 100° for 15 min, cooled on ice and sonicated to lyse the

cells and shear genomic DNA. Cell lysates were run on multiple SDS-PAGE gels at

concentrations within the linear portion of the quantitation standard curve (Lu et al.,

1998).  These gels were run, blotted and quantified as described previously (Lu et al.,

1998).  Values were averaged from the three different gels and compared to each other.

Results

Temperature sensitive phenotype of JFL101.  As a control for subsequent

experiments, we examined the behavior of the Z-ring of JFL101 at 30° and 42°.  All of
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the FtsZ in JFL101 is expressed from the ftsZ84 gene. JFL101 cells elongate and stop

dividing at 42°, and previous work has reported that a Z-ring composed completely of

FtsZ84 is very labile at 42°, disassembling within 1 minute.  This disassembly was

apparently so complete that the cells did not stain for FtsZ at all (Addinall et al., 1997).

Using the formaldehyde/glutaraldehyde fixation method and fixing cells at room

temperature, JFL101 cells grown at 30° looked normal (Fig. 3-1A).  These cells grew and

divided at a normal rate, and had the same morphology as wild-type cells such as

MC1000.  Approximately 70-80% of the cells showed a single bright band, and this band

was almost always at the center of the cell.  This compares favorably to staining patterns

seen in cultures of MC1000 or BL21 at 30° (data not shown), and is the classical Z-ring

staining pattern of wild-type cells.

The standard aldehyde fixation method produced unexpected results when applied

to JFL101 cells that had been heat shocked at 42°.  Addinall et al. (1997) reported

complete disassembly of JFL101 Z-rings within 1 minute of the shift to 42°.  We

confirmed this result using fixation at 42° C (following the advice of Dr. Joe Lutkenhaus;

initial experiments fixed at room temperature showed numerous rings, which apparently

can reassemble rapidly following the drop in temperature).  Within 1 minute after heat

shock, the majority of these cells had no Z-ring, and within 5-10 minutes, all cells had no

Z-rings.  After 90 minutes, the cells were visibly elongated and still had no Z-rings (Fig.
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3-1B-D).  These results support the hypothesis that the rings seen while using a room-

temperature fixation are artifacts due to reassembly of the Z-ring during the transfer to

fixative.

Addinall et al. (1997) reported that JFL101 cells that undergo heat shock not only

lost their Z-rings, but did not stain at all.  In our experiments, all cells showed a slightly

punctate intracellular fluorescence throughout the cell following heat shock and Z-ring

disassembly.  We believe that differences in fixation and permeabilization left FtsZ in the

cytoplasm of the cell in our protocol, while allowing it to escape in the protocol of

Addinall et al. (1997).  Our overall interpretation is in agreement with that of Addinall et

al.; upon heat shock, the Z-ring of JFL101 disassembles very quickly, preventing the cell

from dividing.

Rescue of the FtsZ84 phenotype by compensation with pBS58.  pBS58

provides a copy of the wild-type ftsZ gene, which can compensate for the inability of

FtsZ84 to form a Z-ring at 42° C.  JFL101/pBS58 cells grown at 30° had normal

morphology (Fig. 3-2A) and divided at approximately the same rate as JFL101 at 30°.

JFL101/pBS58 cells also divided normally and did not elongate when shifted to 42° (Fig.

3-2B); moreover the Z-ring appeared normal.  Complementation tests supported the

conclusion that pBS58-expressed wild-type FtsZ can form a ring and support cell division

independent of inactive FtsZ84.
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The addition of pBS58 to JFL101 cells was responsible for one difference in

staining compared to JFL101 cells without pBS58.  The cells seen in Fig. 3-2 did not

always have the single medial band seen in wild-type E. coli.  Rather, they had extra

staining, often in the middle of the cell or at the polar caps.  This staining was usually

diffuse and did not form structures, but occasionally rings other than the medial ring were

formed.

We hypothesized that this extra staining was due to overexpression of FtsZ from

pBS58, since this plasmid is present in multiple copies and carries many of the genomic

ftsZ promoters.  Quantitative western blotting showed that JFL101/pBS58 cells express

approximately fourfold the amount of FtsZ as JFL101 cells without pBS58 (Fig. 3-3, left

side).  This means that pBS58 is responsible for threefold the amount of FtsZ as that

produced by the genomic allele in JFL101.  This result is in reasonable agreement with

earlier estimates (Hu et al., 1999).  Since the upstream promoters of ftsQ, ftsA and ftsZ are

present on pBS58, it is reasonable to assume that ftsA and ftsQ are also overexpressed in

similar proportions, avoiding abnormal ratios of FtsZ to its accessory proteins, which can

cause abnormal phenotypes (Dai and Lutkenhaus, 1992).  pBS58 carries the pSC101

origin of replication, which limits the number of copies of the plasmid per cell to 3-5

(Churchward et al., 1984).  This number corresponds to the amount of overexpression of

FtsZ by pBS58.
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We also transformed a wild-type E. coli strain, MC1000, with pBS58 to further

confirm that the non-medial FtsZ staining seen in JFL101/pBS58 is due to overexpression

of FtsZ.  Immunofluorescence staining of untransformed MC1000 cells showed bright Z-

rings in approximately 90% of the cells (data not shown).  MC1000/pBS58 cells had

polar FtsZ staining and extra medial staining similar to that seen in JFL101/pBS58,

although not to the same extent (data not shown).  Quantitative western blotting showed

that untransformed MC1000 had approximately the same levels as FtsZ as did

untransformed JFL101, while pBS58 increased the amount of FtsZ in MC1000 cells to

two- to threefold over that in untransformed MC1000 cells (Fig. 3-3, left side). The

overexpression of FtsZ from pBS58 resulted in similar ectopic FtsZ staining at several

areas in both strains.

Effects of various mutations on growth and Z-ring formation.  We used the

JFL101/pBS58 complementation system to investigate the effects of 14 ftsZ mutants on

cell growth and Z-ring formation.  These mutations were introduced into the ftsZ gene of

pBS58 and introduced into JFL101, producing a variety of mutant strains derived from

JFL101/pBS58.  These strains are termed JFL(mutation) for JFL101/pBS58(ftsZ-

mutation); for example, the strain containing pBS58(ftsZ-A70T) is referred to as

JFL(A70T).  The locations of these mutations on the FtsZ molecule are shown in Fig. 3-

4.
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Each of the mutations in this study was tested for its effects on growth and

division, and the formation of Z-rings was observed in each strain by

immunofluorescence microscopy.  The results of these experiments are summarized in

Table 3-1.  We also performed quantitative western blotting on these strains to determine

if there were differences in expression in the various alleles.  Complementing mutations

were able to complement ftsZ84 at the restrictive temperature and formed Z-rings,

although these Z-rings were sometimes aberrant.  Complementing mutants contained

high levels of FtsZ similar to that of JFL101/pBS58, indicating that the mutant ftsZ allele

was expressed normally.  Noncomplementing alleles did not complement ftsZ84.  We

found that each of the noncomplementing alleles contained low levels of FtsZ similar to

that of JFL101 without pBS58, indicating that the mutant ftsZ allele was not being

expressed normally.  For some of the mutant strains, addition of the mutant ftsZ allele

affected the cell, meaning that some expression must be occurring.  Other

noncomplementing mutants showed no effect from the mutant ftsZ allele.

Complementing mutations.  Of the 14 mutant strains investigated, five were

able to complement the ftsZ84 mutation at 42°.  Three of these strains (JFL(D158A),

JFL(D187A) and JFL(D269A)) grew and divided normally and formed normal Z-rings

with ectopic staining.  These strains appeared identical to JFL101/pBS58 carrying wild-
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type ftsZ, and we considered them to be silent.  We found that two other complementing

mutations caused formation of aberrant Z-rings.  JFL(D299A) cells grew normally at 30°

and continued to grow and divide when shifted to 42°, but their Z-rings were often tight

two-turn helices in the middle of the cell (Fig. 3-5A, arrows).  These helices could appear

as double bands due to the narrow depth of field at high magnification.  When the plane

of focus was moved through the cell, the two bands appeared to be connected in a helical

fashion.  Some JFL(D299A) cells contained a loose helix that spanned the cell (Fig. 3-

5B, arrowhead).  Not all cells showed these phenotypes.  These phenotypes were not

temperature-dependent, occuring at both 30° and 42° with equal frequency.  Identical

results were obtained with room-temperature and warm fixation.

A more extreme example of aberrant Z-ring formation was seen in the ftsZ-A70T

mutation.  ftsZ-A70T (ftsZ1) was previously described (Bi and Lutkenhaus, 1990a) as a

mutant conferring resistance to SulA.  JFL(A70T) cells grew slowly at 30°, and growth

slowed further at 42°.  The cells were able to grow and divide at both 30° and 42°, but

many cells had multiple close-packed Z-rings that resolved as helices (Fig. 3-5C-F).

These bands could be limited to the middle of the cell or stretch through the cell, but they

always originated from the middle of the cell, suggesting that the A70T mutation did not

result in a localization defect but in a lack of structural integrity of the Z-ring.  Most cells

were morphologically normal at 30°, but a few cells had elongated to 2-4 times normal
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length.  More elongated cells were seen at 42°, and these cells, often filled with bright

multiple bands, were presumed to be unable to divide (Fig. 3-5F).  However, enough cells

preserved the ability to divide at 42° to maintain a viable culture, and the cells were not

excessively filamentous.  Warm fixation of the cells showed the same structures as room

temperature fixation.

Noncomplementing mutations contacting the GTP molecule.  Four non-

complementing mutations involving contact with the GTP molecule were studied in vitro

(Lu et al., 2001), and two are characterized here in vivo.  D209A is on the bottom of the

FtsZ subunit, opposite the GTP binding pocket, and it apparently contacts the GTP

molecule bound by the subunit below it in the protofilament (Nogales et al., 1998a).  The

presence of FtsZ-D209A had a strongly deleterious effect on the cell.  JFL(D209A)

cultures grew slowly at 30° and contained two subpopulations of cells.  Some of the cells

appeared normal, being of normal length and having a single medial Z-ring.  However,

the rest of the cells in the culture (50%-80% of the cells) were longer than normal and

often filamentous (Fig. 3-6A).  Z-rings were rare in these cells.  If a Z-ring was present, it

was often at the pole of the cell.  Rare cells had more than one Z-ring, usually on opposite

ends of the cell.

At 42°, JFL(D209A) cultures were not viable.  All of the cells elongated and grew

into filaments, and all Z-rings disassembled and disappeared (Fig. 3-6B).  This was seen
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even at the intermediate temperature of 37°.  Many of the longest cells stained dimly,

which we interpret to mean that the cells were broken and had leaked much of their FtsZ.

The triple mutation T65A/G105S/E138D has a similar phenotype.  This mutant

was accidentally constructed during mutagenesis and contains the same G105S mutation

as ftsZ84.  Two other highly conserved residues are also mutated, T65A and E138D. The

G105 and the E138 of the triple mutant are in the GTP-binding pocket and directly

contact the GTP molecule.  E138 is completely conserved across all bacterial and

archaeal species.  The multiple mutations in this construct make phenotypic interpretation

difficult, but we note that it was much more severe than G105S (ftsZ84) alone.  At 30°,

cells containing these mutations grew very slowly, separating into a mixed population of

dividing cells and filamentous cells.  The filamentous cells almost never contained a Z-

ring or any other sort of FtsZ structure.  Shifting to 42° resulted in complete Z-ring

disassembly, filamentation and some breakage, and eventual cessation of growth.

Noncomplementing mutations on the lateral faces of the protein.  The

remainder of the mutations investigated in this study are all located on the lateral faces of

the FtsZ molecule as the molecule sits in the protofilament.  The original rationale for

constructing these mutants was to block the packing of protofilaments into sheets, but in

vitro assembly was surprisingly unaffected by any of them (Lu et al., 2001).  Despite this,

none of the lateral mutants were able to complement JFL101 and none of them were
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expressed normally.  We decided to investigate these mutants further to see what effects

they had on Z-ring formation.  We especially wanted to determine if the lateral mutations

blocked the formation of the Z-ring, or if the Z-ring could form but was blocked in a later

step in division.  Furthermore, an effect on Z-ring formation indicate that expression was

occurring.

Four of these lateral mutants had a very similar phenotype, consistent with a

protein not being expressed or lacking in activity.  JFL(D86K), JFL(E238A), JFL(S245F)

and JFL(E250A) all grew normally at 30°, and the cells were short and contained a single

medial Z-ring (Fig. 3-7A).  Upon shifting to 42°, these rings disassembled very quickly

and the cells elongated over time into filaments (Fig. 3-7B).  In short, this group of

mutants has the same phenotype as JFL101 at both 30° and 42°.  These mutants also

express FtsZ at levels similar to that of JFL101.  The cells stain at the same intensity as

JFL101 cells, compared to the brighter staining seen in JFL101/pBS58 cells.  The lack of

expression, or very low expression, of the mutant ftsZ alleles means that we cannot make

any conclusions about the functional abilities of these mutant proteins.  They might be

completely nonfunctional, they might be very toxic to the cells, or they might be

functional proteins that are not expressed for some other reason.

Two of the noncomplementing lateral mutants in this study had a more obvious

phenotype, despite showing low levels of expression.  JFL(D96A) grew slowly at 30°,
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producing cells that were up to three times longer than JFL101 cells.  When viewed under

phase-contrast optics, the surface of these cells was rough and the cell poles were more

squared off compared to the rounded poles normally seen on wild-type cells.  These cells

were also more contorted than other elongated strains.  DH5α cells containing

pBS59(ftsZ-D96A) also grew very slowly, indicating a dominant negative interaction.

Immunofluorescence staining of cells grown at 30° C showed a variety of structures,

including some cells with normal Z-rings, a few cells with tilted Z-rings that looked like

slanted bands or open ovals, and a number of cells with partial rings or arcs (Fig. 3-8A).

Many cells had multiple FtsZ structures, and a few had helical structures running through

part of the cell.  Distinct punctate staining was often seen in cells with all types of Z-

rings.

At 42° these cells stopped dividing and elongated into filaments.  Z-rings

disassembled quickly, and were replaced by a punctate distribution (Fig. 3-8B).  These

punctae were larger, and much more regular in size and spacing, than the heterogeneous

and random distribution of stain in JFL101.  Imaging at different focal levels indicated

that the punctae were localized to the periphery of the cell.  A number of cells, usually

longer than other cells in the sample, stained at a dimmer intensity.  We believe that these

cells have broken and leaked FtsZ, and that this breaking of cells before complete

filamentation might be related to the cell wall defects seen in this strain.
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FtsZ-D166K/F268V has an even more serious effect on Z-ring formation. We

believe that the mutation of D166, which is highly conserved across species, is the

important mutation in this strain; since F268C is benign (George et al., 1975), we expect

F268V to have little effect (Lu et al., 2001).  JFL(D166K/F268V) cells grew very slowly

at 30°, forming short cells that occasionally had a rough surface similar to that of

JFL(D96A).  Some of these cells had normal Z-rings, but others showed a variety of

defects that appeared to stem from improper orientation of the Z-ring to the cell

membrane or cell wall.  In a number of these cells, the ring seemed to have detached

from the membrane and appeared as a band tilted relative to the cell or as an open oval or

circle (Fig. 3-8C-D).  Occasionally a ring at the pole of the cell was seen.  A more severe

phenotype was seen where the ring had not only detached from the cell but also

unraveled into a twist or spiral similar to those in JFL(A70T) or JFL(D299A).

Shifting these cells to 42° had several results.  Z-rings and other aberrant

structures disassembled quickly, and the cells stained in an even background pattern

similar to that seen in JFL101.  Aberrant FtsZ structures disappeared more quickly than

normal Z-rings; twists and open rings were no longer seen after five minutes of heat

shock, though a fraction of the cells showed apparently normal rings (Fig. 3-8E).  All Z-

rings disappeared after ten minutes of heat shock.
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JFL(D166K/F268V) cells elongated extremely slowly at 42°, doubling in cell

length after 240 minutes.  An unexpected result of heat shock was the occasional

branching seen in these cells at 42° (Fig. 3-8F-G).  This branching was never seen at 30°.

Branching usually occurred at the pole of the cell, though the branches could elongate to

form a cell shaped like a trefoil.  Branching was rare, ranging in frequency from ~0.2%

after 30 minutes at 42° to ~1% after 240 minutes at 42°.

Branching in E. coli can be caused by defects in cell wall formation or nutritional

deficiencies (Gullbrand et al., 1999).  The extremely slow elongation of these cells at 42°

raised the possibility that FtsZ(D166K/F268V) might have some toxic effect.  When

JFL(D166K/F268V) cells that had been grown at 42° were shifted to 30°, multiple evenly

spaced Z-rings were formed within five minutes (Fig. 3-8H).  As growth at 30°

continued, abnormal rings appeared that were similar to those seen in the original cells

grown at 30°.  Normal rings appeared more quickly than aberrant rings.  After 30 minutes

of growth at 30°, the majority of the new Z-rings had carried out division.  Most of the

cells present were short and contained a single medial Z-ring, and most of the longer cells

present had aberrant Z-rings that presumably had not been able to carry out division.  Z-

rings did not form at branch junctions, though elongated branches developed medial Z-

rings.  Cells that had branches maintained those branches after division, though longer

branches would shorten by splitting off daughter cells.  The quick recovery of these cells
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from heat shock suggests that branching was not due to some persistent toxic effect of

FtsZ(D166K/F268V) at 42°.  Moreover, DH5α cells carrying pBS58(ftsZ-

D166K/F268V) grew normally ,in contrast to DH5α carrying pBS58(ftsZ-D209A) or

pBS58(ftsZ-D96A), which grew slowly; this is further evidence that FtsZ(D166K/F268V)

is not inherently toxic.

The final mutation investigated in this study was a double mutation,

E250K/D253K.  This double mutation, substituting large positively charged lysine

residues for two neighboring large negatively charged residues, would have a high

probability of disrupting any interactions involving this area of the FtsZ molecule (Lu et

al., 2001).  JFL(E250K/D253K) cells had normal cell morphology but grew very slowly

at 30°.  Surprisingly, when cells were stained for FtsZ, the resulting fluorescence was so

dim that it was not visible to the eye.  The use of a cooled CCD camera and long

exposure times showed that approximately half of the cells had a concentration of FtsZ at

the middle of the cell, but resolution of any other details was impossible (data not

shown).  DAPI staining of fixed cells also gave no visible fluorescence.  Cells that had

been shifted to 42° stopped elongating and never divided.  Fixation and staining of cells

shifted to 42° for FtsZ or DNA (using DAPI) showed no detectable staining.

To investigate the possibility that this lack of staining was caused by the fixation

process rather than a low level of FtsZ or DNA, we added DAPI directly to growing
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cultures and viewed these cells.  Cells grown at 30° had nucleoids that appeared normal,

but heat shock resulted in a loss of DAPI staining culminating in a lack of visible staining

after 30 minutes at 42°.  In addition we discovered that centifugation at 1000x g of

unfixed cells grown at 30° caused lysis of the cells.  We concluded that these cells were

extremely fragile, and that the fixation process allowed the majority of the contents of the

cell, including FtsZ and DNA, to leak out.  This resulted in very dim staining.  Shifting

these cells to 42° exacerbated the problem, producing a toxic reaction that blocked further

growth and affected cell integrity to an extent that DNA could escape without the

disturbance of fixation.  Because of this cellular fragility, we could not determine the

level of expression in this mutant by quantitative western blotting.

Comparison of bacterial IF microscopy fixation methods.  The

immunofluorescence studies presented in this paper were carried out using a

formaldehyde/glutaraldehyde fixation protocol adapted from that of Harry et al. (1995;

1995).  Similar protocols have been developed by Addinall et al. (1996), and the majority

of bacterial immunofluorescence work has been carried out using these fixatives.

However, Hiraga et al. (1998) have developed a methanol/acetone fixation protocol for

use with bacteria. We adapted this protocol for multiwell slides and used it to fix and

stain several of our mutation-carrying strains.
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We found one major difference between these fixation protocols.  The

methanol/acetone fixation gave a deceptive appearance in cells with disassembled Z-

rings.  In cells at 30° with normal Z-rings, the staining pattern was essentially the same

with both fixations, a band at the middle of the cell (Fig. 3-9A).  This band was fairly

sharp, although it appeared more diffuse than the bands seen with the aldehyde fixation.

However, at 42°, where the aldehyde fixation showed a heterogeneous distribution of

punctate staining, the methanol-acetone fixation gave the appearance of still-intact

multiple Z-rings (Fig. 3-9B).  This staining pattern was also seen in a number of mutant

strains that did not contain rings when fixed by the aldehyde fixation protocol (data not

shown). We hypothesized that these diffuse ring-like spots were actually soluble FtsZ

concentrated into discrete foci by exclusion from the nucleoids. Overlay images of FtsZ

and DAPI-stained nucleoids confirmed that FtsZ and the nucleoids occupied separate

compartments when fixed with methanol and acetone (data not shown).  Nucleoid

exclusion has been seen in other localization studies (Shellman and Pettijohn, 1991).  It is

also possible that the methanol fixation may lead to disassembly of the Z-ring, so that

FtsZ localization at 30° is primarily determined by nucleoid exclusion rather than

assembly.  However, this possibility seems unlikely given the previous use of methanol-

acetone fixation to visualize Z-rings (Hiraga et al., 1998).



68

A significant difference in the two fixation procedures may be that aldehyde

fixation allows unassembled protein to escape from the cell, so that only assembled FtsZ

is stained, while methanol fixation traps and stains unassembled protein.  The

methanol/acetone fixation appeared to be gentler to fixed cells.  Lysozyme

permeabilization had to be carried out for a longer duration using this method compared

to aldehyde fixation.  In addition, cells fixed using the methanol/acetone fixation

appeared more similar to unfixed cells than did aldehyde-fixed cells when viewed using

DIC optics (data not shown).  This was especially apparent when viewing strains such as

JFL101(D96A) or JFL(D166K/F268V).  This gentler fixation is consistent with our

conclusion that the soluble FtsZ remains trapped in the cell.  For our purposes, the

aldehyde fixation is preferable because it releases unassembled FtsZ, allowing clear

visualization of FtsZ structures.

Discussion

All of the mutant strains in this study carried a pBS58-derived plasmid with either

a wild-type or mutant ftsZ allele, and therefore had a larger than normal pool of FtsZ in

the cell. A minority of FtsZ molecules (~25% in the case of wild-type ftsZ) were

expressed from the genomic ftsZ84 allele, with the remainder of the FtsZ molecules being

expressed from the pBS58 plasmid.  This overexpression is an unavoidable consequence
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of using this complementation system to maintain and assay these mutant strains.  It is

possible that this increase in the amount of FtsZ could have an effect on cell growth.  For

example, D212G (ftsZ2) can complement JFL101 when placed on pBS58, but cannot

support cell division at the genomic locus (Bi and Lutkenhaus, 1992).  However, we note

that pBS58 containing wild-type ftsZ does not affect cell growth rate or morphology,

despite some level of ectopic staining.  This is likely due to the presence of increased

FtsA, which can compensate for increased FtsZ levels (Bi and Lutkenhaus, 1992).

The complementation system used in this study was designed to allow simple

maintenance of noncomplementing alleles.  However, because the mutated alleles are

under the control of the native promoters, they are constitutively expressed.  Because

FtsZ acts in a multimeric fashion, dominant negative alleles are possible.  Any allele that

has a dominant negative phenotype will not be able to be cloned.  If these alleles were

dominant negative, then the only way they could be cloned into a constitutively-

expressed site is by undergoing a second-site reversion.  The ftsZ gene of the pBS58

plasmids used in this study were sequenced and showed no additional mutations, but

second-site reversion in the regions upstream of the ftsZ gene could repress FtsZ

expression.

There are two possibilities why the noncomplementing alleles alleles might not

complement.  The mutant protein might not be functional for division, or there might not
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be enough expressed to carry out its function, or both.  In several cases, the mutant allele

causes aberrant Z-ring formation or loss of cellular integrity.  This implies that some

level of mutant ftsZ expression is occurring.  In other cases, no effect is seen upon

addition of the mutant ftsZ allele, and we cannot make any conclusions as to these alleles’

effects on cell division.  Strains containing abnormally-expressed alleles all contain FtsZ

at levels near that of untransformed JFL101.  Using this system, it is impossible to

distinguish between FtsZ84 from the genomic allele and mutant FtsZ from pBS58.  This

is complicated by the fact that both alleles are under the control of the native promoters,

and are therefore equally regulated.

The Z-ring assembled from FtsZ84 alone appears to disassemble completely

within 1-5 min when the temperature is shifted from 30° to 42°.  When the genomic

FtsZ84 is complemented with wild-type FtsZ on pBS58, we would expect the Z-ring

assembled at 30° to contain 3 wild-type molecules for each FtsZ84 molecule.  When the

temperature is raised to 42° this chimeric ring appears to remain assembled, but there are

really two possibilities.  One is that the wild-type FtsZ stabilizes the ring structure and

prevents its disassembly, even though bonds are weakened at the FtsZ84 subunits.

However, we cannot exclude a second possibility, that the polymer breaks at every

temperature sensitive FtsZ84 bond; these fragments then disassemble further into

subunits; and then the ring is reassembled from the wild type FtsZ only, excluding the
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FtsZ84.  The rapid reassembly of Z-rings containing only FtsZ84 when the temperature is

lowered to 30° is consistent with this possibility.

Complementing mutations.  Three of the mutations studied (JFL(D158A),

JFL(D187A), and JFL(D269A)) appeared to be silent mutations.  While the aspartate

residues mutated in these strains are highly conserved among bacterial species, they are

apparently not crucial for functional division.  It is possible that mutation to alanine is not

sufficient to cause an effect.  It is also possible that there is a subtle defect in these strains

that is beyond our capability to detect.  For example, the unravelling of the Z-ring seen in

JFL101(D299A), which was not considered silent, is a rather subtle defect, and it is

possible that further analysis would uncover effects of the silent mutations as well.

However, growth rate, cell morphology and Z-ring formation (at the level of resolution of

the light microscope) are not affected.

Two other complementing mutations, ftsZ-A70T and ftsZ-D299A, caused spiral

Z-ring phenotypes at 30˚ that were differentiated mainly by their severity.  Spiral Z-rings

similar to the ones described in these strains have been seen with other FtsZ alleles,

namely ftsZ26 (Addinall and Lutkenhaus, 1996b), which has been visualized as a spiral

by immunofluorescence and shown to guide septum formation into a helical groove.  In

addition, an FtsZ-gfp expression construct produced some spirals (Ma et al., 1996).

These observations suggest that the structure of the Z-ring is actually a helix rather than a
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closed circle.  This is consistent with the structure of FtsZ tubes, which show that the

curved conformation has a distinct helical pitch in addition to the curvature (Lu et al.,

2000).  In wild type cells the pitch of the helix might be too small to resolve in the light

microscope, but a variety of mutants may enhance the pitch so the helix is resolved.  At

least some of these visibly helical Z-rings appear to be competent to complete division,

suggesting that the functional Z-ring is basically helical in structure.  This would also

imply that the functional unit of the Z-ring could be a short segment, and does not require

the full circular assembly.

Noncomplementing mutations contacting GTP.  Two of the mutations in this

study, ftsZ-D209A and ftsZ-T65A/G105S/E138D, contact the bound GTP molecule, and

both had greatly reduced GTPase activities (below 10% of wild type (Lu et al., 2001)).

In vivo, both mutations failed to support division independently of FtsZ84.  Even at 30°

these two mutations exerted a partial dominant negative effect, causing a subpopulation

of cells to elongate and cease division.  We do not understand why some cells with these

mutations are able to maintain the ability to divide and others cells cannot.  It may have

to do with differing levels of mutant FtsZ expression.  The ftsZ-D212G mutation (ftsZ2),

which is located very close to D209 on the synergy loop and probably contacts the GTP

molecule, also resulted in a heterogeneous distribution of cell morphologies at the

permissive temperature when expressed on a plasmid similar to  pBS58 (Bi and
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Lutkenhaus, 1992).  In that case, however, the cells did not elongate into filaments.

Instead, some cells underwent polar division, forming shorter than normal cells and

minicells, while other cells appeared normal or slightly longer than normal.

Noncomplementing lateral mutations.  A number of mutations in this study

mapped to the sides of the FtsZ molecule and are candidates for involvement in

protofilament-protofilament binding (Lu et al., 2001).  All of these lateral mutants failed

to complement ftsZ84.  However, none of these mutants were expressed normally.  Four

strains, each containing one of four of these mutations, showed no difference from the

background strain.  Two other lateral mutations caused aberrant Z-rings at 30°, meaning

that they must be expressed at some level and incorporated into the Z-ring.  They are

located on either side of the FtsZ protofilament, with D166K/F268V on the right side of

the protofilament and D96A on the left side (Lu et al., 2001).  Both of these mutations

caused formation of aberrant rings that were often tilted relative to the division plane and

occasionally appeared to be partially unraveled.  While these mutations formed aberrant

rings, not all of the rings in this mutants was nonfunctional.  Some fraction of the rings

formed were able to carry out division at the permissive temperature despite the presence

of the mutant FtsZ, as shown by the absence of filaments.

It is interesting to note that of all of the lateral mutants studied, the mutations that

affected in vitro assembly also caused slowing of cell growth and visible aberrations in
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the Z-ring in vivo.  FtsZ-D96A and FtsZ-D166K/F268V, as well as FtsZ-E250K/D253K,

all showed normal assembly of straight protofilaments and sheets, but were blocked in

the formation of tubes (Lu et al., 2001).  ftsZ-D96A and ftsZ-D166K/F268V also caused

aberrant Z-ring formation in vivo.  Although not all of the mutants that had abnormal

phenotypes in vivo assembled abnormally in vitro, this correlation between abnormal in

vitro assembly and aberrant ring formation encourages us to believe that the various in

vitro assembly forms observed by a number of laboratories offer some information as to

the in vivo function of FtsZ.

ftsZ-D96A and ftsZ-D166K/F268V caused grossly aberrant Z-rings at 30°, while

ftsZ-E250K/D253K appeared to form a normal Z-ring, although this observation was

compromised by the extreme fragility of these cells and poor visibility of Z-rings.  These

three strains did have one property in common—a defect in cell wall integrity, ranging

from mild to severe. JFL(D96A) cells are rough, contorted and oddly shaped, and their

ends appeared to be truncated instead of having the normal hemispheric caps. In addition,

JFL(D96A) cells that elongated during heat shock tended to break at shorter lengths than

other elongated cell strains such as JFL(D209A). ftsZ-D166K/F268V caused branching in

heat-shocked cells.  This has been seen in other ftsZ mutants, in particular ftsZ26 (Bi and

Lutkenhaus, 1992).  However, FtsZ26 forms spiral Z-rings that are often orientated

orthogonally to the division plane, and it is not difficult to envision how the action of
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such a ring could promote branching.  In contrast, FtsZ(D166K/F268V) was never

observed forming any structure at a branch junction, implying that it is not directly

responsible for the branching seen in these cells.  Whether branching is strictly due to a

cell wall defect or an effect from some other metabolic pathway is not known, but the cell

wall must be affected for branching to occur.  In addition, many Z-rings in cells

containing FtsZ(D166K/F268V) appear to be unable to properly anchor their Z-ring.

This could be a problem in the attachment of the Z-ring to the membrane or to the cell

wall.

ftsZ-E250K/D253K causes the worst cell wall defect, leading to severe lysis,

which is not surprising considering the molecular severity of the mutation.  Another

mutation, ftsZ261, has a cold-sensitive lytic phenotype, growing normally at 42° but

lysing at 30° (Bi and Lutkenhaus, 1992).  In the case of ftsZ261, division is directly

involved in lysis;  bulges in the cell wall appear at the division site and progress to cell

lysis.  This localized bulging is not seen in JFL(E250K/D253K). The effect on the cell

wall in JFL(E250K/D253K) could be due to a toxic effect of the mutant FtsZ protein, or

it could point to interactions between the altered residues and the molecular machinery

that forms the cell wall.  The FtsZ-ring is believed to contact and pull in the inner

membrane, and this is presumed to guide septum peptidoglycan formation.  The area of
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the FtsZ molecule that contains these mutations might bind to proteins involved in a

pathway that leads to the formation of the cell wall.

The complementation system used in this study had several flaws which resulted

in a lack of expression of some mutant alleles.  This made it impossible to determine

whether the mutant protein was functional for cell division.  Nonetheless, we were able to

draw a number of conclusions from this study.  The following chapter describes a

subsequent study investigating many of these mutants using an improved

complementation system.  This later complementation system corrects many of the

problems encountered in this study.
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Chapter 4

In Vivo Analysis of ftsZ Mutants II

Introduction

In the previous chapter, we constructed a number of site-directed mutants of ftsZ

in an attempt to elucidate the assembly state of FtsZ in the Z-ring.  Mutated proteins were

tested in vitro for GTPase activity and the ability to assemble into several structures, and

the mutants were examined in vivo for the ability to complement ftsZ84, a temperature

sensitive ftsZ allele. Although many of the mutated alleles did not complement this

temperature-sensitive background, several factors inherent in the complementation

system made these results difficult to interpret.  The complementation vector included an

E. coli genomic fragment that contained ftsZ and its native promoters.  Mutated FtsZ

should be constitutively expressed, but we found that most of the non-complementing

ftsZ alleles were not expressed or were expressed at very low levels, possibly due to

second-site reversions selected for by constitutive expression of toxic FtsZ protein.

Furthermore, there was always a mix of FtsZ in the cells from the genomic ftsZ84 and the

plasmid-borne mutated ftsZ allele.  Growing the cultures at the restrictive temperature

inactivates FtsZ84 but does not remove it from the cells, which complicates interpretation

of our results.
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An ideal complementation vector would allow both repression and controlled

expression of the mutated allele.  We developed a complementation vector for E. coli ftsZ

(pJSB2) that expresses mutated ftsZ alleles under the control of the pBAD promoter.

Expression of the mutated alleles can be repressed by the addition of glucose or induced

by the addition of arabinose.  We combined our complementation vector with an ftsZ null

strain (JKD7-1) to create a complementation system that avoids the problems inherent in

our earlier work. This null strain is maintained by the addition of a rescue plasmid

(pKD3) containing a functional ftsZ allele (Dai and Lutkenhaus, 1991).  pKD3 is itself

temperature-sensitive for replication (Armstrong et al., 1984).  We were able to test the

effects of mutated ftsZ alleles in the absence of other FtsZ species by creating a series of

strains that contain both pKD3 and our complementation vector containing a mutated ftsZ

allele.  When these strains are grown at the restrictive temperature, pKD3 fails to

replicate and the mutated ftsZ allele is the only ftsZ allele in the cell.  This strategy has

been used successfully in other complementation studies (Wang et al., 1991; Ma and

Margolin, 1999; Pichoff and Lutkenhaus, 2002).  The complementation system was used

to characterize a collection of ftsZ mutants, including testing them for division

competence and dominant negative behavior, as well as immunofluorescence microscopy

of Z-rings composed of mutant FtsZ protein.
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Materials and Methods

Construction of the complementation system.  The complementation vector,

pJSB2, was constructed from pBAD18 (Guzman et al., 1995) in two steps. The

multicloning site of pBAD18 was removed by digestion with NheI-SalI and replaced by

two partially complementary oligonucleotides,

5’–CTAGCGGAGTCGACCCGGGTACC-3’ and

5’–TCGAGGTACCCGGGTGCACTCCG-3’.  When ligated into the digested vector,

these oligonucleotides provided a blunt SmaI site (underlined) in proximity to a Shine-

Dalgarno sequence.  The Shine-Dalgarno sequence (bold) is slightly altered from the

consensus sequence of AGGAGG (Shine and Dalgarno, 1974), reducing its efficiency

and allowing high levels of induction without correspondingly high levels of expression.

This vector was named pJSB1 and the alteration was confirmed by sequencing.

pJSB2 was constructed from pJSB1 by inserting a cat cassette into the bla gene.

The cassette was constructed by PCR amplification of the cat gene and upstream

promoters from pBCSK+ (Stratagene) using primers

(5’–ACTCATAGCGTAAGAGGTTCCAACTTTCA-3’ and

5’–AACGAAGCCAGAAGGGCCACCAATAACTGCCTTAAAAAAA-3’) that

appended half of a ScaI site and a stop codon to the 5’ end of the PCR product and a BglI

site to the 3’end (restriction enzyme sites underlined).  This PCR product was digested
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with BglI and ligated into ScaI-BglI–digested pJSB1, replacing the middle of the bla

gene with the cat cassette and truncating the bla gene.

Transferring ftsZ mutants to pJSB2.  ftsZ mutant alleles were originally

constructed by QuikChange site-directed mutagenesis (Stratagene) in pET11b-ftsZ (Lu et

al., 2001).  The mutant alleles were transferred to pJSB2 by excising them from pET11b-

ftsZ mutant plasmids with NdeI-BamHI, filling in the restriction site overhangs with

Klenow fragment (NEB), and ligating into SmaI-digested pJSB2. The promoter region

and ftsZ gene of each plasmid was sequenced to confirm proper mutation and orientation.

These plasmids were termed pJSB100-117 (Table 4-1), and were transformed into JKD7-

1/pKD3 to form strains JSN100-117 (Table 4-2).

Growth of JSN strains.  Cells were grown in a variety of LB-based media.

Repression medium was LB containing 34 µg/ml chloramphenicol (selecting for pJSB2-

derived plasmid containing the mutant ftsZ), 100 µg/ml ampicillin (selecting for the

pKD3 rescue plasmid containing wild-type ftsZ) and 0.2% w/v glucose (suppressing

expression of the mutant ftsZ allele).  Cells were usually grown at 30° in repression

medium to retain pKD3.  To test the effects of mutated ftsZ alleles, cells were grown in

induction medium (LB containing 34 µg/ml chloramphenicol and varying concentrations

of arabinose) at 42°.  This eliminated the pKD3 rescue plasmid, making arabinose-

induced expression of the pJSB-based ftsZ allele necessary for cell division.
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Complementation tests.  Plate complementation assays were performed by

growing JSN strains containing mutant ftsZ alleles in repression medium overnight at

30°.  Equal volumes of diluted overnight culture were then plated on either repression

plates or induction plates containing a range of arabinose from 0-0.5%.  Repression plates

were grown at 30° to determine the number of colony-forming units in the plated volume,

and induction plates were grown at 42°.  Colonies on induction plates were counted, and

these values were normalized to the number of colonies on the repression plate.  A

mutation was considered complementing when induction plates containing 0.05-0.5%

arabinose contained 80% as many colonies as the repression plate.  Noncomplementing

mutations produced no colonies on any of the induction plates.  There were no

intermediate cases.

Dominant negative assays were performed similarly, except that induction plates

were grown at 30° to retain pKD3 and its wild-type ftsZ expression.  Mutants that showed

dominant negative behavior had abnormal colonies on induction plates containing 0.05-

0.5% arabinose.

Liquid complementation assays were performed by growing JSN strains at 30° to

OD600=0.5 in repression medium, then diluting these cultures 1:1000 in induction medium

containing 0.05% arabinose and growing at 42° overnight.  Noncomplementation was

defined as either a failure of the induced culture to grow past OD600=0.5 or growth of
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cells with unusual morphologies (usually filamentous).  In the case of JSN107

(D166K/F268V), the induced culture grew to a slightly higher density, but the cells were

filamentous; this was interpreted as a failure to complement.

Quantitation of  ftsZ expression. JSN strains were grown at 30° overnight in

repression medium, then diluted 1:100 in induction medium and grown at 42° to

OD600=0.5-0.7.  They were then treated with NaN3 to 0.02% and harvested by

centrifugation.  The cell pellet was frozen and thawed, resuspended in SDS sample buffer

without ß-mercaptoethanol, sonicated at low power three times for 10 s, incubated at 95°

for 10 min, sonicated again as previously, then split into two equal aliquots. ß-

Mercaptoethanol was added to one aliquot to 5% in preparation for quantitative western

blotting, and an equal volume of dH20 was added to the other aliquot in preparation for

protein quantitation.  Total bacterial protein was estimated relative to a BSA standard by

the BCA assay (Pierce).  Quantitative western blotting was performed using 125I-labeled

secondary antibody and a phosphoimager as described in (Lu et al., 1998; Lu et al.,

2001).  Western blots were also prepared with a secondary antibody of goat anti-rabbit

IgG conjugated to horseradish peroxidase (BioSource International, Camarillo, CA) and

developed using 3,3’-diaminobenzidine (100 mM Tris-HCl pH 7.4, 2 mM 3,3’-

diaminobenzidine, 4 mM NiCl2, 1% H2O2).  These showed levels of expression

equivalent to the quantitative western blots.



85

Immunofluorescence microscopy.  The fixation method used was adapted from

several sources (Harry et al., 1995; Pogliano et al., 1995; Addinall et al., 1996).  JSN

strains were grown in repression medium at 30° overnight, then diluted 1:1000 in

induction medium containing 0.05% arabinose and grown at 42° to OD600=0.4-0.6.  These

samples were fixed in culture by addition of paraformaldehyde (freshly dissolved in PBS

(140 mM NaCl, 2 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4), final concentration 2.6%

w/v), EM-grade glutaraldehyde (Electron Microscopy Sciences, final concentration

0.008% v/v) and Na3PO4 (final concentration of 32.25 mM).  This was incubated for 15

min at 42° and 30 min on ice.  Fixed cells were washed three times with PBST

(PBS+0.05% Tween-20) and resuspended in GTE (25 mM Tris-HCl, 50 mM glucose, 10

mM EDTA, pH 8.0).  20 µL of this cell suspension was dropped onto a well of a 12-well

multiwell slide (ICN) that had been coated with polylysine.  The cells were allowed to

adhere to the slide for 10 min, excess liquid was removed, and the cells were

permeabilized with 100 µL/well of 2 mg/mL lysozyme (freshly dissolved in GTE) for 5

min at room temperature.  The slide was then washed three times in PBST for 30 sec

each.

Samples were blocked using 50 µL of PBST+2 mg/mL BSA (heat denatured at

85° for 3 min) per well for 15 min at room temperature.  This was removed and 50 µL of

affinity-purified rabbit anti-EcFtsZ 5435  (Lu et al., 1998), diluted to a concentration of
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3.1 µg/mL in PBST+BSA, was applied to each well.  The slide was covered with a 22x60

mm coverslip and incubated in a humid chamber in the dark for 1 hr at room temperature.

The slide was washed three times in PBST for 1 min, blocked again as previously, and 50

µL of 2 µg/mL goat anti-rabbit IgG conjugated to Alexa 488 (Molecular Probes) in

PBST+BSA was added to each well.  The slide was covered with a coverslip and

incubated as previously.  The slide was then washed three times in PBST for 1 min,

mounted in SlowFade Light (Molecular Probes) according to the manufacturer’s

directions, and sealed with nail polish.

Samples were viewed on a Zeiss Axiophot microscope equipped with an Hg arc

lamp. Plan-Neofluar oil immersion lenses (NA=1.30) were used at 40X and 100X in

conjunction with a 2X optivar.  Alexa 488 was visualized using FITC filters.  Images

were captured using a Star I cooled CCD camera (Photometrics) and IPLab 3.2 software

(Scanalytics) and manipulated using Adobe Photoshop.

Results

Rescue of ftsZ null by pJSB100.  We constructed pJSB2, a pBAD-based

complementation vector inducible by arabinose, and inserted mutated alleles of ftsZ into

the expression site.  The resulting pJSB plasmids were transformed into JKD7-1/pKD3

cells, forming a collection of JSN strains.  Each JSN strain had three ftsZ alleles—a



87

genomic null, a wild-type allele under native promoters in pKD3, which is temperature

sensitive for replication, and a mutant allele under the pBAD promoter.  In repression

medium at 30°, the mutant allele was not expressed and the ftsZ allele on pKD3 rescued

the null allele; in induction medium at 42°, pKD3 was lost in the majority of cells and

growth required complementation by the arabinose-induced mutant ftsZ allele on the

pJSB plasmid.

To test pJSB2 as a complementation vector, we inserted wild-type E. coli ftsZ into

the expression site to create pJSB100 and transformed this into JKD7-1/pKD3 cells to

form JSN100.  We then tested JSN100 for the ability to grow at 42° given a range of

levels of arabinose to induce wild-type ftsZ expression from pJSB100.  Since pKD3

cannot replicate at 42°, any colonies formed would have been rescued by pJSB100.

While JKD7-1/pKD3 (without a complementation plasmid) and JKD7-1/pKD3/pJSB2

(without ftsZ) did not grow at 42°, JSN100 was able to grow when arabinose was present

at levels greater than 0.01% (Fig. 4-1).  We also quantitated the levels of FtsZ present in

JSN100 grown at 30° by quantitative western blotting (Fig. 4-1).  Complementation of

the null allele by pJSB100 at 42° only occured at arabinose levels that doubled FtsZ

levels at 30°.  Since there is no pKD3-based FtsZ expression at 42°, we conclude that

complementation occurs when pJSB-based arabinose-induced expression is sufficient to
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supply normal levels of FtsZ.  It was a somewhat fortuitous result that our construct

produced approximately the same level of FtsZ as the pKD3 plasmid when fully induced.

Testing ftsZ mutants for complementation.  We inserted seventeen ftsZ mutant

alleles into pJSB2 and transformed JKD7-1/pKD3 cells with these plasmids.  Each was

then tested for their ability to complement the null allele of JKD7-1 at 42° in our plate

complementation assay.  The results of these experiments are summarized in Table 4-3.

Each of the complementing mutants gave a complementation curve similar to that of

wild-type ftsZ in that colonies started to appear at 0.005% arabinose and the number of

colonies plateaued around 0.05% arabinose (Fig. 4-2).  An exception was G105S,

discussed below.  None of the noncomplementing mutants showed any ability to form

colonies at 42° at any level of arabinose induction.  Liquid complementation assays gave

identical results.

Many of these mutations were previously tested for their ability to complement

ftsZ84, a temperature-sensitive allele of ftsZ (Lu et al., 2001).  The majority of the

mutations behaved similarly in both complementation tests, but there were three

exceptions. Plasmids expressing ftsZ-D86K, ftsZ-E238A, and ftsZ-E250A all failed to

complement ftsZ84 in the previous study, but complemented the null ftsZ in this study.

We tested whether these alleles could complement the ftsZ84 allele by expression from

pJSB2 by transforming JFL101 cells with pJSB103 (ftsZ-D86K), pJSB112 (ftsZ-E238A),
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or pJSB114 (ftsZ-E250A) and testing the resulting strains in our plate complementation

assay.  Low NaCl medium (1% tryptone, 0.5% yeast extract, 0.05% NaCl, 1.5% agar)

was used to avoid salt rescue of ftsZ84 (Phoenix and Drapeau, 1988).  ftsZ-E238A and

ftsZ-E250A rescued JFL101, confirming that they are functional mutations.  However,

ftsZ-D86K did not rescue JFL101, despite its ability to complement the null allele.  Since

D86 is located on the left side of the FtsZ molecule, while S105 is located in the GTP

binding pocket, it is unlikely that the mutant residues interact directly.  The interaction

causing the failure of complementation is unknown.

Two mutants in our collection had previously been shown to have temperature-

sensitive phenotypes.  FtsZ-G105S (FtsZ84) is functional at 30°, but does not form a Z-

ring at 42° (Addinall et al., 1997), despite having no difference in in vitro activity

between the two temperatures.  However, this defect can be compensated for by

overexpression of FtsZ-G105S (Powell and Court, 1998).  In our study, ftsZ-G105S

complemented the null ftsZ allele at 42°, but it required higher levels of induction to

achieve complementation (Fig. 4-2).

FtsZ-D212G (FtsZ2) did not complement the null ftsZ allele in our study.  FtsZ-

D212G has been shown to be temperature-sensitive (Bi and Lutkenhaus, 1992), meaning

that ftsZ-D212G should complement the null ftsZ allele at 30° in our system.  To test this

possibility, it was necessary to cure JSN110 of the pKD3 plasmid to force pJSB110 (ftsZ-
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D212G) to complement the null allele.  We attempted to cure JSN110 by serially

subculturing the strain in induction medium containing 0.05% arabinose, a level

sufficient to induce complementation of other complementing mutants.  Induction

medium does not contain ampicillin, so if pJSB110 can complement the null allele, pKD3

is not necessary for survival.  After 8-10 subculturings, colonies were grown at 30° on

induction plates, and a number of these colonies were subcultured into repression

medium (containing ampicillin) at 30° or induction medium at 42°.  Growth in the first

medium indicates the continued presence of pKD3, while growth in the second medium

indicates a reversion in pJSB110.  Out of ~20 colonies thus subcloned, 2 were found that

did not grow in either medium, confirming the loss of pKD3 and thus the ability of ftsZ-

D212G to complement the null at 30°.  These strains were unstable, however, and were

lost.

Since ftsZ is an essential gene and presumably acts in a multimeric fashion, it is

possible that mutants might exist that have dominant negative phenotypes.  Indeed, the

lack of expression of several ftsZ mutants in our previous work (Lu et al., 2001)

suggested that these mutants might have such phenotypes.  We tested each

noncomplementing mutant for dominant negative behavior by growing the corresponding

JSN strain on induction plates containing various concentrations of arabinose at 30° to

retain the wild-type ftsZ allele on pKD3.  Most of the alleles tested did not interfere with
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colony formation, even at high levels of induction, indicating that they do not have

dominant negative behavior (Table 4-3).  However, two strains grew into abnormal

colonies under high levels of induction.  JSN101 (ftsZ-D45A) colonies were very small at

high levels of induction, compared to JSN101 colonies grown at lower levels of induction

(Fig. 4-3A).  JSN115 (ftsZ-E250K/D253K) colonies grown on high levels of arabinose

(sufficient to result in complementation of the null allele by wild-type ftsZ) were often

translucent and flat, sometimes with a high ridge around the perimeter or normal-

appearing subcolonies in the middle of a flat colony (Fig. 4-3B).  Both of these mutants

have partial dominant negative phenotypes.

Quantitation of mutant ftsZ expression.  To ensure that the mutant ftsZ alleles

were being expressed and that noncomplementation results were due to a specific effect

of the mutated FtsZ and not lack of FtsZ, we prepared cell lysates of JSN strains

containing noncomplementing mutations, as well as several strains containing

complementing mutations, that were grown in induction medium containing 0.05%

arabinose.  This level of expression resulted in complementation of the null allele by all

complementing mutants.  Western blotting of the lysates showed that all of the mutant

alleles were expressed at a level similar to that of wild-type ftsZ under the pBAD

promoter, except for ftsZ-D166K/F268V and ftsZ-S245F (Fig. 4-4).  This confirmed that
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most of the mutant alleles were being expressed as expected.  We cannot explain why the

two exceptions were not expressed normally (see below for discussion).

Immunofluorescence microscopy of mutant ftsZ strains.  We wanted to

examine Z ring formation of these mutants to see if abnormal rings or morphologically

normal but nonfunctional rings were formed.  The complementation system used in this

study offers the advantage that wild-type FtsZ can be eliminated by growing strains at

42°. We performed immunofluorescence (IF) microscopy on each of our ftsZ mutant-

containing strains under conditions that ensured that the only FtsZ in the cell was

expressed from the pBAD-controlled allele and that sufficient FtsZ was present to

support cell division if that FtsZ was division-competent.

JSN100 (wild-type ftsZ) grew normally, and IF microscopy showed cells of

normal morphology.  Most of the cells had normal Z-rings as well (a single bright band,

located at the median of the cell), although a few (<5%) of the Z rings appeared as double

bands (Fig. 4-5A).  Focusing though the specimen plane showed that these double bands

were actually helices of 0.5-1 µm pitch running one circumference around the cell.  Cells

containing these helical Z-rings were not elongated and occasionally showed division

furrows, suggesting that the helical Z-rings could carry out cell division.  We hypothesize

that these helices are due to overproduction of FtsZ, as this effect has been seen in other
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strains with higher than normal FtsZ levels (J. Stricker, personal observation, (Ma et al.,

1996)).

A number of mutations produced Z rings that were very similar to or

indistinguishable from wild type under the conditions used (Fig. 4-5B-C).  All of these

mutations complemented the null ftsZ allele (see Table 4-3 for a summary of results).

Except for JSN105, all of these strains had normal cell morphology.  JSN105 carries the

ftsZ-G105S allele, discussed above.  The cells are longer than wild type cells, but the

rings are bright, well-formed bands, and most cells have the correct number of rings at

the correct locations (Fig. 4-5C).

A second group of mutants were those that formed spiral Z-rings at high

frequency.  These further separated into two groups—those that complemented the null

allele (ftsZ-D299A, ftsZ-A70T, ftsZ-D86K, and ftsZ-E250A) and those that did not (ftsZ-

D212A and ftsZ-D212G).  In the first group, there was a range of severity of the defect in

Z-ring formation.  JSN117 (ftsZ-D299A) formed two-turn FtsZ spirals at the middle of

the cells that were similar to those seen in wild type cells (Fig. 4-5D), though at higher

frequency (~20% of the cells).  JSN102 (ftsZ-A70T) formed similar spirals in 30-40% of

the cells.  JSN103 (ftsZ-D86K) formed more extensive spirals that were found in the

majority of the cells.  These spirals were often 3-4 turns long and could extend through

the length of the cell, although they appeared to have a similar pitch to those described
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above (Fig. 4-5E).  JSN114 (ftsZ-E250A) had extensive FtsZ spirals in nearly every cell

(Fig. 4-5F).  These often extended through the length of the cell and occasional cells with

separated spirals could be seen.  These spirals also appeared to be related to the less

extensive ones described above, with a regular pitch of 0.5-1 µm.  All four of these

mutants were able to complement the null allele and had normal cell morphologies,

despite these defects in Z-ring formation.  Also, all four strains localized their Z-ring (or

Z-spiral) to the median of the cell, even if it subsequently extended away from this site.

All four strains had doubling times under induction conditions close to that of wild type

E. coli.

Two other mutants (ftsZ-D212A and ftsZ-D212G) formed aberrant spirals that

were qualitatively different than those discussed above (Fig. 4-6A).  These spirals often

appeared thicker and brighter, and did not always have a regular pitch.  Some spirals also

appeared to have partially released from the cell membrane.  Occasionally, spiral

structures would double back upon themselves.  These structures were often localized

incorrectly, although this may have been due to their tearing free of the membrane during

cell growth or during sample preparation.  These two strains were not able to divide,

suggesting that these more deformed spirals were not functional.

Several noncomplementing mutations did not form FtsZ structures.  JSN109 (ftsZ-

D209A) grew into filaments that were filled with undifferentiated FtsZ staining when
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viewed by IF microscopy (Fig. 4-6B).  JSN104 (ftsZ-D96A) usually failed to form FtsZ

structures, although very rarely, cells with a hint of helical structure of very wide pitch

were seen.  Both JSN107 (ftsZ-D166K/F268V) and JSN113 (ftsZ-S245F), which only

showed low levels of expression from the pBAD-controlled ftsZ allele, grew into long

filaments, with occasional cells of normal length in the JSN107 culture.  Both strains

stained very dimly by IF microscopy, with fluorescence appearing in punctate dots that

often associated with the membrane (Fig.4- 6C).  It appears that a low level of mutated

FtsZ was expressed by these cells.

Two of the mutations we studied had partial dominant negative phenotypes.  We

have not performed IF microscopy of the cells under the dominant negative conditions,

but these had the most severe phenotypes when tested for complementation.  Under

induction conditions, JSN101 (ftsZ-D45A) grew into slightly elongated cells that often

had pointed ends and a single bleb in the cell.  The bleb was usually in the middle of the

cell on one side, and the cell often bent at the bleb.  IF microscopy showed a diffuse

distribution with no organized FtsZ structures in these cells (Fig. 4-6D).  The blebs were

often brighter than the rest of the cell, although this may have been due to their greater

dimensions relative to the rest of the cell.

The other dominant negative mutation, ftsZ-E250K/D253K, caused the most

aberrant defect in FtsZ structure formation.  IF microscopy of JSN115 cells containing
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this mutation showed elongated cells that were sometimes swollen and contorted.  Many

of these cells were filled with a meshwork of FtsZ filaments that ran longitudinally

through the cell (Fig. 4-6E-G).  Occasionally, these filaments had some helical character.

Discussion

In terms of the assembly of Z-rings, we might expect ftsZ mutants to fall into four

classes:  (a) assembly of Z-rings of normal morphology and function; (b) assembly of Z-

rings of normal morphology which fail to function; (c) assembly of Z-rings of aberrant

structure; and (d) failure to assemble Z-rings.  We did not find any mutants that

assembled normal Z-rings that failed to function, but examples of the other classes were

found (Table 4-3).

Five of our 17 mutants showed apparently normal assembly and function.  These

mutations are of highly conserved amino acids, so we expect them to have some role in

cell division.  The only effects seen are slightly longer cells.  In vitro, the only effect seen

was altered GTPase activity (Table 4-3).  This does not appear to have an effect on the

cells’ ability to form Z-rings and divide.  ftsZ-G105S is known to have further defects in

vivo, but these are alleviated by overexpression.  It is possible that the other mutations

discussed here could also have defects that are too subtle to be seen under our growth

conditions.
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We did not find any mutants that formed nonfunctional Z-rings.  This class of

mutants would be particularly interesting if they indicated sites essential for the

constriction mechanism of the Z-ring.  Mutation of the conserved C-terminal peptide of

FtsZ has been shown to result in the formation of regularly spaced concentrations of FtsZ

that cannot function and may not assemble into Z-rings (Sun and Margolin, 1998; Pichoff

and Lutkenhaus, 2001).  This portion of FtsZ has been shown to be responsible for

binding FtsA and ZipA (Wang et al., 1997; Ma and Margolin, 1999).  It would appear

that binding of these accessory proteins is necessary for stabilization and constriction of

the Z ring.  However, truncation of the C-terminal peptide results in failure to form Z-

rings, indicating that blocking the binding of both FtsA and ZipA, but not either alone,

destabilizes the Z-ring (Pichoff and Lutkenhaus, 2001).  While fluorescent spots are seen,

these are qualitatively different than the fluorescence seen from normal Z-rings.  Normal

Z-rings appear as bright sharp bands, while the spots seen without FtsA and ZipA are

much more diffuse,  This residual concentration may be due to nucleoid exclusion

(Shellman and Pettijohn, 1991), rather than any functional localization.  None of our

mutations are in this area of FtsZ, and we did not find any other mutations that resulted in

similar phenotypes.

Seven of our mutants fell into the third class, forming aberrant Z-rings or FtsZ

structures.  Most of these mutants formed spiral Z-rings, although ftsZ-E250K/D253K
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formed longitudinal filaments.  These spirals fell over a range of severity, from

occasional mild spirals that did not visibly interfere with cell division to wider, more

extensive spirals that did block cell division.  It is interesting that mutations that result in

FtsZ spirals were found in several areas of the FtsZ molecule (Fig. 4-7).  Originally, the

mutants in this study were selected due to their location, either in contact with the bound

nucleotide or on the lateral surfaces of the molecule.  Mutations that form spirals were

found in the synergy loop in contact with bound nucleotide, in some areas on lateral

surfaces (although not in others), and in unrelated areas of the FtsZ molecule.  Spiral Z-

rings have also been seen in the ftsZ26 mutant (Bi and Lutkenhaus, 1992; Addinall and

Lutkenhaus, 1996b).  Overexpression of FtsZ at levels insufficient to block cell division

can also cause formation of spiral Z-rings, as can expression of an ftsZ-gfp construct at

levels above one-third of the total FtsZ pool (Ma et al., 1996).  It would seem that the Z-

ring can adopt a spiral form under a variety of stresses, and that this spiral form can often

carry out cell division, even to the point of forming spiral septa (Addinall and

Lutkenhaus, 1996b).

Why does the Z-ring form a spiral?  One possibility is that the wild-type Z-ring is

composed of linear FtsZ substructures that have a helical pitch.  This would result in a

spiral superstructure that is restricted along the helical axis, appearing as a band by

optical microscopy.  This restriction could be due to crosslinks between linear
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substructures or to localization constraints preventing the ring from unraveling. Under

normal circumstances, this structure is held together; however, a Z-ring formed from

mutant subunits may not be properly assembled.  The improper incorporation of mutated

subunits may cause tension in the ring, resulting in the release of the normal constraints

along the helical axis and the formation of a looser spiral visible by optical microscopy.

Alternately, if the localization constraints on the Z-ring are loosened, the ring might

unravel through the cell.  It is interesting to note that many of the functional spirals seen

in this study had a regular pitch, perhaps implying that this amount of loosening of the

spiral is sufficient to release the helical tension on the ring without disrupting cell

division.  Mutations with more severe phenotypes (such as ftsZ-D212A and ftsZ-D212G)

result in spirals of wider pitch that are unable to function.

One structural feature common to the rings, spirals and the more severe filaments

is that they are linear filamentous structures with a thickness less than the resolution of

the light microscope (~0.5 µm).  We have recently concluded that the Z-ring has an

average of about six protofilaments in its thickness.  The aberrant filamentous structures

show a brightness similar to or less than that of normal Z-rings, so they are also only a

few protofilaments thick.  These structures suggest that there is a strong tendency for the

protofilaments to associate into filamentous structures.  The actual shape may be affected
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by the structure of the protofilaments themselves, and by associated proteins and

attachments to the membrane.

The ftsZ-E250K/D253K mutation has a novel phenotype.  JSN115 colonies

somewhat resembled those formed by mycoplasma or E. coli L forms.  Both of these

organisms lack cell walls and have a consequent defect in cell integrity.  JFL101 cells

transformed with a plasmid expressing ftsZ-E250K/D253K from the native ftsZ

promoters (Lu et al., 2001) became very weak, often lysing while being centrifuged at

1000x g (J. Stricker, unpublished observation).  While the JSN115 cells used in the

present study did not show this cell fragility, the abnormal colony morphology was

consistent with fragility.

Three of our mutants could not form Z rings or any filamentous structures, and

appeared diffusely distributed in the cytoplasm.  Each of these mutants was able to

assemble in vitro, although they did demonstrate a tendency to form curved polymers

(FtsZ-D45A and FtsZ-D209A) or a block in the curved conformation (FtsZ-D96A).  It is

likely that they also assemble in vivo, and may even form higher order assemblies of

protofilaments.  The apparent diffuse distribution in the cytoplasm is consistent with

polymerization where the polymers fail to cluster into elongated filamentous structures.

We note that the defects in assembly in vitro were most obvious for polymers assembled
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in DEAE-dextran.  These results may indicate that the assembly pathways seen in vitro

using DEAE-dextran are important in vivo.

A fifth class of mutants was seen in this study.  These mutants did not express

mutated FtsZ at the same levels as the rest of the mutants.  Most of the mutated alleles

that we examined were expressed at similar levels from the pBAD promoter.  This is as

expected, since they are all expressed under similar conditions and share the same initial

sequence. We do not understand why ftsZ-D166K/F268V and ftsZ-S245F were not

expressed at the expected levels.  We do know that some amount of the mutant protein

was expressed, as IF microscopy of strains containing only these alleles showed a dim

punctate staining.  One possibility is that the protein is expressed normally but is unstable

and is quickly degraded.  However, these proteins were previously expressed from a pET

construct in another strain without problems (Lu et al., 2001).  It is also possible that the

pJSB107 and pJSB113 constructs used here were defective.  However, sequencing of the

ftsZ region and 200 base pairs upstream did not reveal any defect.  In any case, these

alleles’ inability to complement the null must be provisionally seen as a function of this

lack of expression.  We cannot draw conclusions on the functions of FtsZ-D166K/F268V

and FtsZ-S245F without further study.

The complementation system used in this study combines a temperature-sensitive

null strain background with a complementation vector that allows repression and
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controllable expression of the mutated alleles.  This system is similar to those used in

several previous studies (Wang et al., 1991; Ma and Margolin, 1999; Pichoff and

Lutkenhaus, 2002).  Wang et al. (2001) used a Caulobacter-based system that was similar

in several respects, although it put the mutated ftsZ alleles under the control of their

native promoter.

One disadvantage of using the pBAD promoter to control expression of mutated

ftsZ alleles is that the pBAD promoter has been shown to behave in an autocatalytic

fashion. Increased induction causes expression of components of the arabinose

transporter pathway, which in turn increases the arabinose levels in the cell, which

increases induction and so creates a feedback loop (Siegele and Hu, 1997).  This happens

randomly from cell to cell in a population, but it is a nonreversible process.  This is

consistent with our observation that increasing the concentration of arabinose increased

the number of colonies, not the colony size.  Presumably once a cell has switched on in

arabinose, its progeny remain on and form a colony of normal size.  We saw cells in

several cultures that appeared to be expressing more FtsZ than their neighbors.  An

example of this was the cells containing wild-type ftsZ that formed FtsZ spirals. In

several of the strains that formed spiral Z-rings, we also saw cells that were longer and

significantly brighter than their neighbors and had more extensive spiral FtsZ structures.
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While these cells were uncommon, they do point to a subpopulation in the culture that is

differentially induced by arabinose.

The other major disadvantage inherent in our system is its use of a temperature

shift to induce the null phenotype.  This has the consequence that temperature-sensitive

ftsZ mutations are not distinguishable from nonfunctional mutations.  Given prior

knowledge of the temperature-sensitive phenotype of ftsZ-D212G, we were able to

demonstrate that phenotype in our system by curing the strain of the rescue plasmid.  It is

possible that other noncomplementing alleles in our study might be temperature-

sensitive.

Characterization of mutations is an important tool for determining the function

and mechanism of proteins.  The mutations examined here may aid in elucidating the

mechanism of action of the Z-ring.
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Chapter 5

Dynamic Behavior of the Escherichia coli Z-Ring

Introduction

It is difficult to directly investigate the substructure of the Z-ring in vivo.  Optical

microscopy techniques can show its location or gross defects in its formation, but higher

resolution studies are impossible.  Electron microscopy of the Z-ring, such as thin-

sectioning transmission electron microscopy or freeze-etch techniques, have failed to

visualize the Z-ring.  In the last two chapters, we used mutants to attempt to link in vitro

assembly defects with defects in Z-ring formation.  Here, we use an optical microscopy

technique, fluorescence recovery after photobleaching (FRAP), to investigate the

dynamic behavior of the ring.  Given information about the dynamic behavior of the ring,

we can create better models of its substructure.

While the substructure of the Z-ring is not known, in vitro studies suggest that it is

based on protofilaments, perhaps associated into multistranded structures. FtsZ

polymerizes into single protofilaments under many in vitro solution conditions. Under

other conditions, the protofilaments associate side-by-side to form ribbons or sheets

(Erickson et al., 1996; Yu and Margolin, 1997; Löwe and Amos, 1999). An assembly

mixture of single protofilaments hydrolyzes GTP at a rate of 5 molecules per FtsZ per
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min (Lu et al., 1998) in physiological buffer conditions (pH 7.5, 350 mM KCl (Cayley et

al., 1991)). There is no evidence that FtsZ undergoes microtubule-like dynamic

instability. A model of isodesmic assembly has been proposed in which each GTP

hydrolysis event results in fragmentation of the protofilament, followed by nucleotide

exchange and reannealing (Romberg et al., 2001). In this model the GTPase activity

would reflect very rapid fragmentation/reannealing dynamics, in which every subunit is

turned over, in the sense of breaking and reforming an interface, 5 times a minute at

steady state.

In rapidly dividing E. coli cells, the Z-ring forms in the center of the cell about

one to five minutes after division, remains for 15 minutes, and then quickly constricts to

divide the cell (Ma et al., 1996; Sun and Margolin, 1998; Den Blaauwen et al., 1999).

Although the Z-ring appears static when observed by fluorescence of FtsZ-gfp, it could

be exchanging subunits with a cytoplasmic pool. In an attempt to directly investigate the

assembly dynamics of FtsZ, we performed fluorescence recovery after photobleaching on

Z-rings containing a small proportion of FtsZ-gfp.

Materials and Methods

Strains and plasmids. MC1000 (Casadaban and Cohen, 1980) was used as a wild

type strain. JFL101 (ftsZ84(ts), supplied by J. Lutkenhaus, University of Kansas Medical
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Center (Lutkenhaus et al., 1980)) grows normally at 30˚, but its Z-rings disassemble and

it grows into filaments at 42˚. PB103(λCH50) (zipA-gfp, supplied by P. de Boer, Case

Western Reserve University, OH (Hale and De Boer, 1997)) carries a stable phage

containing zipA-gfp under control of the lac promoter. LMG64 (ftsI(ts), supplied by D. S.

Weiss, Harvard Medical School (Guzman et al., 1997)), grows normally at 30˚, but grows

into filaments with multiple Z-rings at 42˚.

pBZG is based on the pBAD plasmid (Guzman et al., 1995) and expresses a

fusion protein consisting of E. coli FtsZ, a HIIH linker, mut2 gfp and a 6xHis C-terminal

tag under the control of the pBAD promoter. The junctions of this plasmid were

confirmed by sequencing. pBZ84G was derived from pBZG by mutating the ftsZ to

ftsZ84 (G105S) using the QuickChange kit (Stratagene), following manufacturer’s

directions and confirming the mutation by sequencing.

Growth and induction. All strains were grown in MOPS+ medium

(supplemented with amino acids, vitamins and nucleic acids as in Neidhardt et al. (1974))

to avoid the background fluorescence associated with casamino acids. Ampicillin was

added to growth media for transformed strains at a concentration of 100 µg/mL. 0.2% of

either glucose or glycerol was added as a carbon source to repress or allow, respectively,

expression of FtsZ-gfp. MC1000/pBZG or LMG64/pBZG were grown in MOPS+

containing 0.2% glucose at 37˚. For microscopy and FRAP, overnight cultures were
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diluted into MOPS+ medium containing 0.2% glycerol and grown at 37˚ to A600=0.5, then

induced by addition of arabinose to 0.00005% and grown at 37˚ for 45 minutes before

being transferred back into fresh MOPS+ medium with glycerol and no arabinose

(repressing further FtsZ-gfp expression) for viewing.

JFL101/pBZ84G was grown in MOPS+ containing 0.2% glucose at 30˚. For

microscopy and FRAP, overnight cultures were diluted into MOPS+ containing 0.2%

glycerol and 0.00001% arabinose and grown at 30˚ to A600=0.5 (approximately 15 hours),

then transferred to fresh MOPS+ containing 0.2% glycerol and no arabinose for viewing.

Induction in JFL101/pBZ84G was less reproducible than induction in MC1000/pBZG,

necessitating longer growth with lower concentrations of arabinose. The doubling time of

JFL101/pBZ84G did not change upon induction, and cells with normal Z-rings were

common. PB103(λCH50) was grown and induced as in Hale and De Boer (1997).

Microscopy and FRAP. Image acquisition and FRAP measurements were

performed on a Nikon TE300 fluorescence microscope system with a temperature-

controlled stage as described in (Maddox et al., 2000). Briefly, cells were suspended in

MOPS+ medium with glycerol and attached to polylysine-coated coverslips, and then

imaged through a 100x/1.4 N.A. Plan Apochromat objective lens using an Orca cooled

CCD camera (Hamamatsu Photonics, Bridgewater, NJ). All observations were performed

at 30° C. Exposures were controlled by Metamorph software (Universal Imaging
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Corporation, West Chester, PA). Photobleaching was achieved by focusing an argon ion

laser to a diffraction-limited spot on the specimen for an exposure of ~25 msec. Wide-

field fluorescent images of the cells were acquired before and after photobleaching by

custom time-lapse recording of digital images with 12-bit gray levels. Images of

MC1000/pBZG cells and PB103(λCH50) cells were obtained every 10-15 seconds for 2

minutes, after which the time lapse interval was increased to 2 minutes. Images of

JFL101/pBZ84G cells were obtained with a time lapse interval of 2-3 minutes.

Measurements of integrated fluorescence in regions of the cell as well as calculation of

the half-time and percent fluorescence recovery in the 0.5 µm wide photobleached region

of rings were performed as described by (Maddox et al., 2000).

Results

E. coli MC1000 cells were transformed with pBZG, an inducible plasmid

expressing FtsZ-gfp, and induced such that Z-rings were visible by fluorescence

microscopy (Fig. 5-1, first panel). The morphology of these rings was similar to that of Z-

rings visualized by immunofluorescence microscopy, and cell growth and division were

unaffected. Western blot analysis showed that less than 25% of the total FtsZ in the cell

was FtsZ-gfp (data not shown).
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Analysis of the distribution of FtsZ-gfp in the cells by integrating fluorescence

over the ring and the cytoplasm showed that only ~30% of the FtsZ in the cell is

incorporated into the Z-ring. The remainder of the FtsZ is diffused throughout the cell,

presumably as free cytoplasmic subunits or small assemblies. This means that at any

given time there is a large soluble pool of FtsZ available to exchange into the ring. It also

means that the Z-ring is on average only 6-7 protofilaments thick (see (Lu et al., 1998)

for this calculation), perhaps explaining why the Z-ring has never been seen by thin-

section electron microscopy.

To investigate whether exchange occurs between the Z-ring and the cytoplasmic

pool, we performed FRAP analysis on the gfp-labeled Z-rings. FRAP uses a focused laser

beam to photobleach a portion of a fluorescent structure and measures the recovery of

fluorescent signal in the photobleached area due to exchange of subunits from outside of

the photobleached area. Z-rings recovered fluorescence very quickly (Fig. 5-1), with a

mean halftime of recovery of 31.7 ± 3.4 seconds (mean ± sem, n = 13) at 30˚. Z-rings that

were entirely photobleached did not fully recover fluorescence, due to the lower pool of

fluorescent subunits available after bleaching. However, Z-rings that had been only

partially bleached usually recovered fluorescence to nearly pre-photobleaching levels.

We also performed FRAP on LMG64/pBZG cells (Weiss et al., 1997), which are

ftsI(ts) and cannot divide at the the restrictive temperature, but can still elongate. These
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cells contain multiple fluorescent Z-rings and a larger total pool of available FtsZ-gfp

subunits. When a single Z-ring was repeatedly bleached, it recovered fully with the same

~30 second half life as in the wild type cells (data not shown).

Following photobleaching, fluorescence always reappeared in structures identical

to those seen before photobleaching, even in the case of rare aberrant FtsZ structures such

as helices or punctate rings. To rule out the possibility that recovery of fluorescence was

due to recovery of gfp fluorophores, we fixed cells with 4% paraformaldehyde and

measured their FRAP recovery rate. The Z-rings appeared normal, but showed no

recovery of fluorescence into the photobleached area, whether at the Z-ring or in the

cytoplasm, after 20 minutes (data not shown). This result demonstrates that recovery of

fluorescence was dependent on exchange of fluorescent FtsZ subunits from the

cytoplasmic pool. The photobleaching procedure was not harmful to the cells or the rings;

completely photobleached cells grew and divided on the slide in a manner similar to that

of adjacent unbleached cells (data not shown).

We considered the possibility that the dynamic behavior of the Z-ring is required

for its initial assembly and localization, but that during constriction the Z-ring becomes a

stable scaffold for a force-generating mechanism. However, we found no relationship

between cell length (used as a marker for progress into the cell cycle in the logarithmic

phase cells being analyzed) and halftime of recovery (data not shown). FRAP analysis of
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cells with visible division furrows (Fig. 5-2) showed a halftime of recovery of 35.6 ± 14.2

seconds (mean ± sem, n=10). This rate of recovery is similar to that of nondividing cells,

indicating that the Z-ring is dynamic during constriction. Intriguingly, some dividing

cells had ~60% of their FtsZ incorporated into the Z-ring, twice the proportion in the Z-

ring of nondividing cells; however, this increase in incorporation into the Z-ring was not

consistently observed.

The dynamics and exchange of subunits in the microtubule cytoskeleton are

coupled to GTP hydrolysis. FtsZ hydrolyzes GTP at a rate of 5 min-1 in vitro (Lu et al.,

1998), a rate similar to the exchange in vivo. We tested the possible coupling of FtsZ

exchange to GTP hydrolysis using an E. coli strain (JFL101) that has the mutant ftsZ84

allele at the genomic locus (Lutkenhaus et al., 1980). This mutant FtsZ has ~10% of the

GTPase activity of wild-type FtsZ when measured in vitro (de Boer et al., 1992;

RayChaudhuri and Park, 1992). In spite of this greatly reduced GTPase, cells carrying

ftsZ84 appear to divide normally at 30°, with the same cell cycle timing as wild type

cells. We inserted the ftsZ84 mutation (G105S) into our ftsZ-gfp plasmid to create

pBZ84G and transformed JFL101 cells with this mutated plasmid. Thus, both the

genomic and the gfp-labeled FtsZ carried the ftsZ84 mutation. Although FtsZ84-gfp

induction in JFL101/pBZ84G was less reproducible, we found conditions in which many
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of the cells contained a single bright medial ring of normal appearance, and we

performed FRAP analysis on these rings.

Quantitative fluorescence analysis showed that in these ftsZ84 cells, the Z-rings

contained ~65% of the FtsZ in the cell, a proportion twice as high as found for wild-type

FtsZ. In our FRAP studies, Z-rings consisting of FtsZ84 recovered much more slowly

than wild-type Z-rings (Figs. 5-3, 5-4). The halftime of recovery was 284.0 ± 19.5

seconds (mean ± sem, n = 12) at 30˚ C, approximately 9 times longer than that of wild-

type rings. This corresponds very closely to the difference in in vitro GTPase rate, and

suggests that the turnover of FtsZ in vivo is tightly coupled to GTP hydrolysis. This may

also explain the high proportion of FtsZ84 associated with the ring. If turnover and

release from the ring are coupled to GTP hydrolysis, but incorporation into the ring is

not, then FtsZ that has a slower rate of hydrolysis might accumulate in the ring.

In E. coli, the transmembrane protein ZipA, an essential component of the

division machinery, binds FtsZ and may serve as a membrane tether (Hale and De Boer,

1997). If the ZipA ring were stable, then it might act as a scaffold for FtsZ accumulation.

Even if it were connected to the Z-ring only through its attachment to FtsZ, its turnover

and exchange might be slowed because it is confined to the membrane. We used a zipA-

gfp strain, PB103(λCH50), to determine the assembly dynamics of ZipA in the Z-ring.

Approximately 30% of the ZipA in the cell was incorporated into a medial ring, a
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proportion similar to that seen with FtsZ. The ZipA ring appeared to be as dynamic as

FtsZ (Fig. 5-5), with a recovery halftime of 27.9 ± 6.0 seconds (mean ± sem, n=9). It is

possible that the entire division machinery undergoes a similar dynamic exchange.

Discussion

The quick recovery of fluorescence that we observe implies that the Z-ring is an

extremely dynamic structure, continually exchanging subunits with a cytoplasmic pool.

The halftime of recovery seen with FtsZ is roughly comparable to the most dynamic

cytoskeletal structures. Spindle microtubule arrays show a half-time of recovery of ~10-

20 seconds (Salmon et al., 1984; Saxton et al., 1984), while other, more stable structures

recover much more slowly, such as interphase microtubule arrays (halftime of recovery

of 200 seconds (Saxton et al., 1984)), actin stress fibers (halftime of recovery of 500

seconds (Wang, 1987)) or vimentin (halftime of recovery of 10-15 minutes (Vikstrom et

al., 1992)).  Yeast metaphase mitotic spindles show a halftime of recovery of

approximately 1 minute, similar to that seen here (Maddox et al., 2000).

Two previous studies have already demonstrated rapid dynamics of assembly

during the periods of active assembly or disassembly of the Z-ring. Sun and Margolin

(1998) found that FtsZ rings assembled in daughter cells very soon after the parental Z-

ring constricted and disassembled. Significantly, it took only ~1-3 min for the new rings
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to go from very dim to full brightness. Our work now extends this picture of rapid initial

assembly to show that once the ring has reached its steady state, it continues to exchange

subunits and remodel at least as fast as the initial assembly. This exchange presumably

also occurs as the ring is initially assembled. In the second study, Addinall et al. (1997)

found that Z-rings of FtsZ84 disassembled completely in 1 min when shifted to 42° C.

This is much faster than the ~5 min half-time for remodeling we observed at 30° C. We

suggest below that remodeling within the ring may be much faster than exchange with the

cytoplasmic pool, so this rapid disassembly may indicate the total rate of fragmentation

when reannealing is blocked. When shifted from 42° back to 30° C the Z-rings

reassembled over a period of 5 min, which is similar to the remodeling rate we observed.

In any study using gfp-labeled proteins, it is possible that labeled protein may

behave differently from unlabeled. Previous studies have concluded that FtsZ-gfp co-

assembles with the endogeneous FtsZ to label the Z-ring, is at least partially functional,

and causes no aberrations when expressed at less than 30% of the normal level (Ma et al.,

1996; Sun and Margolin, 1998). It is possible that a decreased activity of FtsZ-gfp is the

reason that only 30% of FtsZ-gfp was in the Z-ring. However, the fact that 65% of

FtsZ84-gfp localizes to the Z-ring suggests that this is not the case. Although it is difficult

to prove conclusively, we think it is likely that the localization and dynamics of FtsZ-gfp

reflects that of the native FtsZ.
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If FtsZ in vivo is hydrolyzing GTP at the rate of 5 molecules per min per FtsZ

(the rate measured in vitro for physiological conditions (Lu et al., 1998)), the 15,000

molecules in an average E. coli cell would be consuming 1,250 molecules of GTP per

sec. This may seem to be a significant energetic burden to recycle subunits into the Z-

ring, but it is actually an insignificant fraction of the cell’s metabolism. Actively growing

E. coli have been measured to consume 6.2 x 106 molecules of O2 per sec, which would

produce 3.7 x 107 high energy phosphates per sec (calculated assuming 3 phosphates per

oxygen atom (Imlay and Fridovich, 1991)). Thus the 5 GTPs hydrolyzed per min per

FtsZ represent only 1/30,000 of the active cell's metabolism.

While little is known about the structure and assembly of the Z-ring in vivo, much

has been learned about FtsZ polymers from in vitro assembly studies. Depending on

assembly conditions, FtsZ can assemble into single protofilaments or small bundles and

sheets of protofilaments. If FtsZ assembly is cooperative, like microtubules, one would

postulate an association of FtsZ subunits onto the ends of multi-filament bundles. In

contrast to this, Romberg et al. (2001)have described a theory of isodesmic assembly in

which FtsZ subunits assemble into protofilaments one subunit wide. Assembly can occur

by addition of single subunits or by annealing of filaments, and fragmentation can occur

at any binding interface. In this model, all subunits in a protofilament are postulated to

have bound GTP, and hydrolysis to GDP results in rapid fragmentation at that interface.
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The filament is able to reanneal following exchange of GDP for GTP. If the Z-ring is

constructed from these isodesmic protofilaments, then we would expect to see a

correlation between the GTPase activity of FtsZ and Z-ring stability.

Fig. 5-6 presents two models for FtsZ distribution in the bacterium and Z-ring

structure. The top model is based on cooperative assembly. Protofilament bundles are

localized to the Z-ring, and FtsZ in the cytoplasm is monomeric. The rapid dynamics of

the ring would be best explained by a mechanism similar to dynamic instability, in which

whole segments of the polymers disassemble into monomers and are replaced by new

segments assembled from monomers. The bottom model is based on the isodesmic

assembly hypothesis. At the 11 µM concentration of FtsZ obtained in vivo (Lu et al.,

1998), the model predicts that virtually all the FtsZ in the cell will be assembled into

protofilaments with an average length of ~80 subunits (protofilaments averaging 25

subunits have been observed in vitro at a 10-fold lower FtsZ concentration (Romberg et

al., 2001)). This suggests that the pool of cytoplasmic FtsZ may consist of protofilaments

rather than single subunits. 15,000 molecules of FtsZ would give ~180 protofilaments of

80 subunits. (More precisely, there would be a distribution around this length.) 30%, or

~56 protofilaments, would be concentrated in the Z-ring, with the remainder distributed

throughout the cytoplasm. In this model the assembly dynamics of the Z-ring would

involve the exchange of short pieces of protofilaments, released following GTP
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hydrolysis and fragmentation, rather than of single subunits. In either model there are

likely to be events where FtsZ is released from the Z-ring but reassociates within the ring,

rather than diffusing to the cytoplasm. These internal remodeling events are likely to

exceed those resulting in net exchange, which implies that the total assembly dynamics of

the Z-ring are faster than the exchange measured by FRAP.

The isodesmic assembly model also postulates a pathway for protofilament

fragmentation that is independent of GTP hydrolysis. In the model developed from in

vitro studies (Romberg et al., 2001), this would occur at a rate of 0.9 per minute.

However, the comparative dynamics of wild-type FtsZ and FtsZ84 suggest that the

dynamics of the Z-ring are dominated by the GTPase-dependent mechanism, and that the

hydrolysis-independent pathway does not play a major role in subunit turnover.

The remarkably dynamic nature of the Z-ring at first seems enigmatic for its role

as a scaffold or for generating a constriction force. In eukaryotes the actin filaments

provide a stable scaffold upon which myosin motors operate to generate the force of

constriction. Whatever the mechanism for force generation in the Z-ring, it must be able

to operate with the constant turnover of its scaffold. But we should also consider the

possibility that the rapid turnover may be more than an obstacle for force generation.

Fragmentation and annealing might be part of the mechanism for generating the force for

constriction. For example, if a mechanism existed for sequestering FtsZ in the cytoplasm
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at the time of constriction, protofilament pieces might be removed from the ring more

quickly than they are replaced. Reannealing of the remaining filaments could only occur

when they move closer together, and this might lead to a circumferential constriction that

could power cell division.
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Chapter 6

Other Work

This chapter includes two projects that were initiated but did not progress to

completion.  In one case, information from other lines of inquiry made the project less

attractive; in the other case the project appeared to be outside the purview of my studies.

However, enough work was completed to make documentation worthwhile.

L-Forms

L-forms are stable mutant strains that lack cell walls.  In some bacterial species

such as Proteus, the organisms can lose their cell wall under certain environmental

conditions.  Other species, especially gram positive strains such as Bacillus, are easily

converted into protoplasts by enzymatic removal of their cell wall.  These protoplasts can

then be used in transforming a strain by introducing DNA by chemical treatment or

protoplast fusion and allowing the cell wall to be rebuilt (Hopwood, 1981; Akamatsu and

Taguchi, 2001).  Gram negative cells such as E. coli can be converted into spheroplasts

by removing the cell wall, but these cells are unstable and will regrow their cell wall

(Birdsell and Cota-Robles, 1967; Witholt et al., 1976).
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True L-forms do not have a cell wall and divide to form daughter cells without a

cell wall.  An E. coli L-form strain (NC7) was isolated by Onoda et al. (1987).  The

genetic defect in this strain has not been identified.  The strain must be grown in rich

medium with additional NaCl to counter the internal osmotic pressure of the cells, and

the culture cannot be agitated due to the fragility of the cells.  We obtained this strain

with the goals of investigating FtsZ function in cells without cell walls and isolating

intact Z-rings into stabilization buffer.

L-forms of Proteus have been transformed and used for protein production

(Klessen et al., 1989), but Proteus L-forms are more sturdy than the L-forms we

obtained, which could not be centrifuged above 1000x g without lysing.  The

transformation protocol used for Proteus used PEG to introduce DNA into the cells, and

similar techniques have been used to transform Mycoplasma (King and Dybvig, 1991;

Voelker and Dybvig, 1996; Minion and Kapke, 1998), which also lack cell walls.  We

attempted to adapt these protocols to transform E. coli L-forms with an FtsZ-gfp

construct that conferred resistance to chloramphenicol.  L-forms grown to OD600 = 0.3

were mixed with an equal volume of PEG-8000 in sucrose solution.  PEG-8000 was

present in varying concentration from 10-40% (w/v) and sucrose was also present in

varying concentration from 10-40% (w/v).  This was sometimes supplemented with 1-10

mM Ca, which has been reported to aid in transformation (King and Dybvig, 1991).
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Cells were incubated on ice or at 25º for 30 minutes, and some were heat shocked at 42º

for 2 minutes.  They were then diluted 1:10 in fresh NaPY medium (1% peptone, 0.5%

yeast extract, 0.34 M NaCl, 0.2% glucose, 100 U/mL penicillin-G (Onoda and Oshima,

1988)) and grown for 2 hours at 32º before addition of chloramphenicol to 34 µg/mL to

select for transformed cells.  Cultures were grown at 32º and monitored for an increase in

turbidity.

This strategy was unsuccessful.  There was a range of concentrations of PEG-

8000 and sucrose where the cells were able to survive the process (measured by growth

without chloramphenicol), but successful transformation was never observed.  There

were at least three possible problems.  The plasmid may have been deleterious to the cell

or it may have been too large to transform efficiently.  For proof of principle

experiments, a cloning vector that only coded for antibiotic resistance would be a better

choice.  There may not have been enough cells to overcome low transformation

efficiency.  This would be overcome by developing medium capable of supporting higher

cell densities.  Finally, PEG-mediated transformation might not work.  An alternative

strategy would be to transform L-forms using electroporation in osmotic stabilizer.

To continue working with these cells, it became important to grow them to higher

density than was possible in NaPY medium.  MOPS buffer (25 mM at pH 7.2) was added

to counter acidification of the medium due to growth of L-forms.  MOPS is commonly
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used as a buffer in bacterial growth media (Neidhardt et al., 1974).  Additional carbon

source (glucose to 0.5%) was also added.  Finally, 1 mM CaCl2 was added, as the

presence of Ca ions has been observed to aid in maintaining L-forms (Onoda and

Oshima, 1988; Onoda et al., 2000).  This medium was termed LMB medium (1%

peptone, 0.5% yeast extract, 2% NaCl, 0.5% glucose, 1 mM CaCl2, 25 mM MOPS, 100

U/mL penicillin-G, pH 7.2).  LMB medium supported L-form growth with a 150 minute

doubling time to a cell density 50 times higher than cultures grown in NaPY (at 32˚ with

no agitation or aeration).  This is within two orders of magnitude of the cell density of

wild type E. coli in LB medium.  L-forms are generally larger than wild type cells,

meaning that the difference between growth limits is even smaller than measured by cell

density.  Addition of oxygen to the cultures might allow growth to higher cell density and

with shorter doubling times; however agitation or bubbling air through the culture lysed

the cells.  One unwanted effect of LMB medium was that the cells grew into a

compressed morphology (Fig. 6-1A-B).  It was not determined if this effect was solely

due to the slightly increased osmolarity or if it was an effect specific to the added

reagents.  Reducing the amount of NaCl in LMB medium to exactly match the osmolarity

of NaPY would answer this question.

We wanted to investigate the role of FtsZ in L-form division.  L-forms appear to

divide by budding, although their fragility makes other mechanisms conceivable.
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Logarithmic phase L-forms were examined by IF microscopy using anti-FtsZ antibodies.

Our standard aldehyde fixation protocol was used, omitting permeabilization of the cell

wall with lysozyme.  Most cells did not contain Z-rings, even at constricted sites.  Some

constrictions appeared to be enriched for FtsZ, although this did not always form the

sharp band characteristic of Z-rings in wild type cells (Fig. 6-1C). Other cells appeared to

have partial FtsZ arcs, and some appeared to have Z-rings.  Without a method of

transforming L-forms, it is impossible to determine what role FtsZ plays in their division.

Originally, we planned to isolate Z-rings from L-forms into an FtsZ stabilization

buffer.  The discovery that the Z-ring was constantly being remodeled suggested that this

project would be unsuccessful (in L-forms or in other strains), making the study of L-

forms less attractive for our purposes.

A Spherical Mutant Strain

One of the JFL101/pBS58-based strains constructed in Chapter 3 had an unusual

cell morphology.  These cells grew as spheres of the same diameter as wild type cells

(Fig. 6-2A-B, leftmost panels).  The spheres were often clumped together, and were not

affected by temperature shifts as would be expected with a strain based on JFL101.  The

spherical strain, termed Sph for its phenotype, was resistant to spectinomycin, as

expected of a strain containing a pBS58-derived plasmid.  DAPI staining showed that the
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cells divided by sequential orthogonal planes and FtsZ structures were not observed (Fig.

6-2A-B, right panels).

Sph colonies were gray-white and flatter than wild-type colonies or JFL101

colonies.  We attempted to purify the plasmid from this strain, but got very low yields of

DNA.  The cells lysed easily and formed a fine flaky gray precipitate duing alkaline lysis

minipreps, as opposed to the viscous tan-white precipitate formed by wild type E. coli.

Harvesting of plasmid DNA from 100 mL of culture produced sufficient DNA to

visualize a band at ~15 kb (Fig. 6-3).  This suggested that the plasmid was not pBS58-

derived, as pBS58 is only 9.8 kb long.  On the other hand, the plasmid may not have been

exactly 15 kb in length, as a measurement of linearized plasmid was not possible.  We

named this plasmid pSph.  Purification of pSph was complicated by the presence of

genomic DNA released during cell lysis.  We were not able to purify enough DNA to

analyze it by restriction enzyme digestion or purify it enough to sequence it.  Attempts to

identify the pSph plasmid by PCR amplification of DNA sequences found on pBS58 did

not produce a PCR product.

Upon excision of the 15 kb band and extraction of the DNA, the product could

transform DH5α cells.  DH5α/pSph cells were spectinomycin-resistant and formed flat

white colonies, but the cells were not spherical.  They occasionally formed chains of 3-4

cells that appeared to be loosely attached to each other (Fig. 6-3C).  DNA purified from
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DH5α/pSph cells also ran at 15 kb on agarose gels and was able to transform JFL101

cells into spheres.  To demonstrate that this plasmid was responsible for this

transformation, we treated extracted DNA with DNAse I or proteinase K, then extracted

the DNA by phenol/chloroform precipitation and used it to transform JFL101 cells.  Cells

transformed with DNAse I-treated DNA were not resistant to spectinomycin and did not

grow as spheres, while cells transformed with the proteinase K-treated extract were

resistant to spectinomycin and did grow as spheres.

We were able to show that the factor responsible for transforming JFL101 cells

into spheres was DNA-based and likely plasmid-borne, but we could not analyze the

plasmid further until we could purify enough to analyze.  The specific effect of pSph on

JFL101 is intriguing.  We wanted to transform OV2, the parent strain of JFL101

(Donachie et al., 1976; Lutkenhaus et al., 1980), but were unable to obtain this strain.

Our hypothesis is that pSph contains an ftsZ gene that is mutated such that it interferes

with cell shape determination, perhaps by interfering with the RodA protein.  Many rodA

mutants grow as spheres (Begg and Donachie, 1985).  Since this plasmid came from a

collection of ftsZ mutants, this seems to be a parsimonious hypothesis.  It is also possible

that this plasmid is something else entirely.  In any case, this project was not pursued.
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