
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Timing of FtsQ midcell localisation and its interaction with other cell division
proteins

Vinkenvleugel, T.M.F.

Publication date
2006
Document Version
Final published version

Link to publication

Citation for published version (APA):
Vinkenvleugel, T. M. F. (2006). Timing of FtsQ midcell localisation and its interaction with
other cell division proteins. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/timing-of-ftsq-midcell-localisation-and-its-interaction-with-other-cell-division-proteins(3bdeb816-828e-4056-80af-b76d3d5a519c).html


Timing of FtsQ midcell localisation and its

interaction with other cell division proteins

Thessa Marleen Floor Vinkenvleugel



ISBN-10: 90-9020428-8
ISBN-13: 978-90-9020428-4
Printed by Printpartners Ipskamp B.V., Enschede
Ph.D thesis, University of Amsterdam
Copyright 2006 Thessa Vinkenvleugel, Amsterdam



Timing of FtsQ midcell localisation and its

interaction with other cell division proteins

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam

op gezag van de Rector Magnificus

prof. mr. P.F. van der Heijden

ten overstaan van een door het college voor promoties ingestelde commissie, in

het openbaar te verdedigen in de Aula der Universiteit

op vrijdag 10 maart 2006, te 12.00 uur

door

Thessa Marleen Floor Vinkenvleugel

geboren te Amsterdam



Promotiecommissie:

Promotor prof. dr. N. Nanninga

Co-promotor dr. T. den Blaauwen

Overige leden prof. dr. A. Driessen
prof. dr. S. de Vries
prof. dr. K. Hellingwerf
prof. dr. J. Tommassen
dr. J. Luirink
dr. M. Nguyen-Distèche

Faculteit der Natuurwetenschappen, Wiskunde en Informatica

The research described in this thesis was carried out at the Swammerdam
Institute for Life Sciences, Section Molecular Cytology, University of Amsterdam,
Kruislaan 316, 1098 SM, Amsterdam, The Netherlands.



Het zijn niet de dingen zelf die de mensen beroeren, het

is de manier waarop ze erover denken.

Epictetus (50 na Chr. tot ca. 120 na Chr.)





Contents

Abbreviations   8

Chapter 1 Introduction  11

Chapter 2 Methodology  31

Chapter 3 Timing of FtsQ localisation to midcell  47

Chapter 4 FtsQ amino acid residues 237 and 251-259 are essential  59
for the recruitment of FtsL and FtsB to the divisome of
Escherichia coli. Residues 251-259 are, in addition,
essential for the stability of FtsQ

Chapter 5 Mutational analysis of cell division protein FtsQ of  87
Escherichia coli identifies residues involved in lysis
and involved in upstream and downstream protein
interactions

Chapter 6 Is the Hydrophobic moment plot of a cell division protein a 115
valuable tool to predict putative interaction sites?

Chapter 7 General Discussion 131

References 143

Summary 157

Samenvatting in het Nederlands 161

Nawoord 165



Abbreviations

a.a. amino acid(s)
ATP adenosine triphosphate
bp base pair(s)
CFP Cyan Fluorescent Protein
DNA Deoxyribonucleic Acid
FA Formaraldehyde
FRAP Fluorescence Recovery After Photobleaching
GA Glutaraldehyde
GB1 Glucose minimal medium
GFP Green Fluorescent Protein
GTP guanosine triphosphate
KDa kilo Dalton
nm nanometer
OD450nm Optical Density at 450 nm
OD600nm Optical Density at 600 nm
O/N over night
PBS Phosphate Buffered Saline
PCR Polymerase Chain Reaction
SDS-PAGE Sodium Dodecyl Sulfate-Poly Acrylamide Gel

Electroforese
TY Trypton Yeast
Ts Temperature sensitive
wt wild type
YFP Yellow Fluorescent Protein







11

CHAPTER 1

General introduction



Chapter 1

12

Cell division, it seems so simple. A cell doubles in size and by either building
a central septum across the middle of the cell or by invaginating the cell
envelope, two identical parts are separated, creating two new daughters.
However, to ensure that the daughter cells are genetically identical, the
replication and segregation of the genome and the synthesis of the new cell
poles have to be properly coordinated in time and space. Many fundamental
questions about this process can be posed, like: "When does a cell "decide"
to divide?" or "How does the cell determine its midcell position?" Because cell
division is the basis of life, many scientists are fascinated by this process and
the mechanisms behind it. The most common organism in cell division
research is Escherichia coli, a rod-shaped Gram-negative bacterium. In the
last decades, the application of new experimental approaches has had a
significant impact on this field of research. It has led to more insight in the cell
division process. In the first chapter of this thesis, the composition of the cell
envelope and cell cycle of E. coli will be presented and the presently known
cell division proteins will be introduced. One of these cell division proteins has
been studied in this thesis.

Introducing Escherichia coli: morphology and cell cycle

Morphology
The cell envelope of E. coli consists of three layers, the cytoplasmic
membrane, the peptidoglycan layer in the periplasmic space and the outer
membrane (Fig. 1). The cytoplasmic membrane acts as a hydrophobic barrier
and consists of a phospholipid bilayer with integral membrane proteins (42).

The peptidoglycan layer is a single macromolecule, surrounding the
entire cell. It gives the cell its rigidity and maintains its shape. The
peptidoglycan layer is composed of the sugars N-acetylglucosamine (Glc-
Nac) and N-acetyl muramic acid (Mur-Nac) and peptides consisting of L-
alanine, D-glutamic acid, meso-diaminopimelic acid (DAP) and D-alanine. The
sugars are linked by b1-4 glucosidic bonds, forming linear sugar chains. The
muramic acid residues contain a side chain at their carboxyl group, which is a
pentapeptide consisting of the monomers mentioned above (149). A
crossbridge between two of these pentapeptides, each attached to a muramic
acid residue, connects the sugar chains. Dimeric peptide-cross-bridges
connecting two sugar chains, but also trimeric and tetrameric cross-bridges
that link together three or four glycan chains exist (94).

The peptidoglycan is most probably monolayered (141 and references
therein). Glycan chains are most likely assorted in parallel horizontal layers
and they tend to be arranged more or less perpendicular to the long axis of
the cell (139 and references therein). A new model was proposed in which the
glycan strands are situated perpendicular to the cytoplasmic membrane (57,
58). However, according to Vollmer and Höltje (2004) this model is not in
agreement with the observed length distribution of the peptidoglycan strands
and the measured thickness of the sacculus (193). A schematic view of the
composition of the peptidoglycan layer is presented in Fig. 1.
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Fig 1: Schematic representation of the composition of the peptidoglycan layer of E.
col i . G is N-acetylglucosamine; M is N-acetylmuramic acid. CM is cytoplasmic
membrane, PG is peptidoglycan layer, Lpp is lipoproteins, OM is outer membrane
and LPS is lipopolysaccharide. The electron microscopic image of a plasmolysed E.
coli cell, of which a fragment is shown, was made by Nanne Nanninga (142).

No strong attachment of the peptidoglycan layer to the cytoplasmic membrane
exists (148), but it is firmly attached to the outer membrane by covalent bonds
between lipoproteins and the peptidoglycan (144). Strong interactions are also
present between the peptidoglycan layer and other outer membrane proteins,
such as porins and outer membrane protein A (OmpA) (116).

The outer membrane acts as a permeability barrier, protects the cell
against harmful external antibacterial agents and at the same time, it prevents
the release of periplasmic components (116). It is composed of a lipid bilayer,
which contains pores or channels that allow passage of small hydrophilic
molecules across the outer membrane (144). It is an asymmetric lipid bilayer,
wherein the inner leaflet is mainly composed of phospholipids and the outer
leaflet is mainly composed of lipopolysaccharides (LPS, Fig. 1) (147, 174).

Cell cycle
E. coli cells elongate and when the cell has reached a critical mass (59),
additionally DNA replication is initiated. During replication, the DNA is
segregated to the future daughter cells. Subsequently, the cell envelope
invaginates at midcell, the cell divides symmetrically and in each newly born
daughter cell, at least one copy of the genome will be present (53).

According to the Cooper-Helmstetter model (38), one round of DNA
replication, termed the C period, lasts a constant period of 40 min and the
time between termination of DNA replication and cell division, called the D



Chapter 1

14

period, lasts a constant period of 20 min at 37˚C. These numbers apply to E.
coli B/r cells growing with doubling times between 20 and 60 minutes. At slow
growth, when the mass doubling time exceeds C + D, a so-called B period at
the beginning of the cell cycle is observed, which appears to be a pause in
DNA synthesis. However, the presence or absence of a B period depends on
the strain as well. At fast growth, with doubling times shorter than 40 minutes,
"multifork" DNA replication takes place. Thus, division and replication cycles
do not necessarily coincide. During the D period the DNA segregation has to
be completed and the three layers of the cell envelope have to invaginate until
eventually the cell divides. This latter process is generated by the cell division
proteins.

Cell division: cell division proteins and their characteristics

Discovery of the cell division proteins
Numerous proteins are involved in the coordination and execution of cell
division. In Escherichia coli, the cell division proteins FtsZ, (FtsA, ZipA, ZapA),
FtsEX, FtsK, (FtsQ, FtsL/B), FtsW, FtsI, FtsN and AmiC localise to midcell in
this specific interdependent order (see below) (14, 31, 34, 173, 197, 199),
where they most likely form a complex called divisome (141). The essential
so-called Fts proteins, were identified in screens for mutants, that block cell
division at restrictive temperature (i.e. above 37˚C) and which resulted in long
filamentous cells, but are still able to replicate and segregate their DNA.
Understandably, fts stands for filamentation temperature sensitive.

The non-Fts-proteins were discovered differently. ZipA, the FtsZ
interacting protein, was found in a biochemical screen for proteins that directly
interact with FtsZ. The Z-ring associated protein, ZapA was first discovered in
Bacillus subtilis in a search for proteins that, when overproduced, promote Z-
ring formation. It appeared to be widely conserved among bacterial species
and an orthologue of ZapA was found in E. coli as well, where it like in B.
subtilis, exhibited a similar pattern of subcelluar localisation (85). It was shown
not to be essential (108). AmiC was identified as a periplasmic component of
the divisome. First it was observed that Ami- cells form chains, which was an
indication that amidases contributed to the septal cleavage of daughter cells
(94, 95, 98). Second, AmiC fused to green fluorescent protein (GFP) was
found to localise to midcell in constricting cells (14). Additionally, the recently
described murein hydrolase EnvC, is involved in cell division and was also
found to localise to the division site, but its place in the localisation
dependency hierarchy is not known (15).

The localisation interdependency of the cell division proteins
The localisation interdependency of the cell division proteins has been
determined by fluorescence microscopy using GFP-fusions of the proteins or
antibodies directed against them. A schematic representation of the
localisation dependency hierarchy is shown in Fig. 2. Until now FtsZ appears
to be the first protein to arrive at the future division site; the localisation of
FtsA, ZipA and ZapA is dependent on the presence of FtsZ (85, 90, 118).
FtsA and ZipA are recruited to the FtsZ-ring independently of each other (90).
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In cells depleted of FtsK, the proteins FtsZ, FtsA, and ZipA were able
to localise, indicating that FtsK could be the fifth protein in the localisation
dependency hierarchy (34), until GFP-FtsX was shown to localise in filaments
depleted of FtsK, but not in filaments depleted of FtsZ, ZipA or ZapA.
Furthermore, the localisation of FtsK, FtsQ and FtsI was markedly reduced in
cells depleted of FtsEX (173). In conclusion, FtsEX most likely localises as the
fifth protein in the row after FtsA, ZipA and ZapA, but before FtsK, FtsQ and
FtsI, which positioned FtsK as the sixth localising protein. FtsQ, FtsL and FtsI
required FtsK, but not FtsL for localisation (34), whereas the FtsL and FtsB
needed FtsQ for localisation (30) thus, FtsQ was positioned after FtsK.

It was shown that FtsL did not require FtsI for its localisation, and FtsL,
FtsB and FtsQ can from a complex prior to their localisation (30).
Furthermore, FtsI localisation was dependent on the presence of FtsQ, FtsL
as well as FtsW at midcell (131, 199), therefore the FtsL/FtsB complex was
positioned after FtsQ, followed by FtsW and FtsI. Localisation of FtsN
required FtsQ, FtsL, FtsI and FtsW, whereas in cells depleted of FtsN, FtsL,
FtsQ and FtsI were able to localise normally (3, 131). This positioned FtsN
most likely after FtsI. AmiC is the last one of the presently known division
proteins to localise to the divisome, because it is dependent on the presence
of FtsN (14). For reviews on the localisation dependency hierarchy of the cell
division proteins in E. coli, see Buddelmeijer and Beckwith (2002) (29) and
Goehring and Beckwith (2005) (80).

Fig. 2. Interdependency of divisomal subunit localisation. FtsZ localises first at
midcell, subsequently FtsA, ZipA, and ZapA are dependent on the presence of the Z-
ring for localisation. FtsEX requires FtsZ, FtsA and ZipA but not FtsK or other
downstream proteins for localisation. FtsK is dependent on FtsA and ZipA and all
proteins downstream are dependent on the localisation of FtsK and so on. For the
proteins depicted in grey some evidence exists that they are involved in
peptidoglycan synthesis.

Timing of the localisation of the cell division proteins to midcell
The localisation dependency hierarchy reflects required relationships, but
does not necessarily reflect a temporal order. Moreover, evidence suggests
that the assembly of cell division proteins at the site of division is organised in
two distinct steps (see Chapter 3, (1, 81, 131)). In the "first step",
approximately coincident with termination of DNA replication (53), the tubulin
homologue FtsZ polymerises in a ring-like structure (FtsZ-ring) at midcell
underneath the cytoplasmic membrane (see for reviews (122) and (166)).
Approximately simultaneously, its associated proteins FtsA, ZipA and ZapA
assemble at midcell (1, 53, 169). After a pause of about one fifth of the mass
doubling time, this seems to be followed by the assembly of the “second step”
proteins FtsK (T. den Blaauwen and J. Lutkenhaus, personal communication)
up to FtsN (1).
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The localisation dependency of FtsQ on the localisation of FtsK can be
by-passed by a ZapA-FtsQ fusion protein (81). In cells depleted of FtsK or
FtsA, the localisation of ZapA-FtsQ allows the localisation of FtsL and FtsI,
but not of FtsN (81). Furthermore, ZapA-FtsQ was able to recruit FtsK in the
absence of FtsA. However, the “premature” localisation of downstream
proteins in the absence of FtsK or FtsA does not restore normal cell division
(81). Nevertheless, these results suggest that the FtsZ-ring plus associated
proteins and FtsK up to AmiC might not only localise with a time delay of
about one fifth of a generation time (1), but might form more or less separated
complexes (81). It is not yet known whether the other cell division proteins,
FtsEX (173) and the recently discovered murein hydrolase EnvC (15) are
involved in the first or in the second step of the cell division process. The cell
division proteins are thus assumed to assemble in one or possibly two large
cell division complexes. However, the exact role of the individual cell division
proteins during the cell division process is not clear.

Interactions of cell division proteins
Recently, the potential interactions between the cell division proteins have
been studied by several techniques. It has been shown that FtsL and FtsB
require each other for localisation (31), suggesting an interaction between the
two proteins. Furthermore, FtsL and FtsB could be co-precipitated with FtsQ,
indicating that the FtsL/FtsB complex interacts with FtsQ (30). Many other
potential interactions of cell division proteins both with themselves and usually
with multiple other cell division proteins have been found in different bacterial
two-hybrid approaches (56, 110). In general, interactions were found between
the group of proteins FtsZ, ZipA and FtsA, and between the group of proteins
FtsI, FtsA, FtsQ, and FtsN. FtsK mainly showed interaction with FtsZ, FtsQ
and/or FtsL. FtsW was found to interact with FtsL, FtsN and FtsI. The
interaction of FtsL with FtsB was confirmed as well. An overview of the
interactions found in the bacterial two-hybrid screens of Karimova et al. (2005)
(110) and Di Lallo et al. (2003) (56) is presented in table 1.

Additionally, Karimova et al. (2005) tested interactions of the Fts-
proteins with a small polypeptide, YmgF, which was found in a screen of their
library as an interacting partner of FtsL (110). This poypeptide interacted with
FtsI, FtsN and FtsQ as well. Most likely YmgF has no function in cell division,
because it is not recruited to the division site (110). Since it is a membrane-
bound protein (110), it can be envisioned to possibly interact with the Fts
proteins mentioned above during their insertion in the cytoplasmic membrane,
before they enter the divisome.

Some reticence should be exercised regarding the significance of
these interaction data, because the interactions were dependent on
overexpression of the hybrid proteins, which could result in spurious
interactions. The experiments were performed in vivo, where these proteins
have the possibility to be incorporated in the divisome and thus a "wild type
protein" could have interconnected the two hybrid proteins.
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Table 1. Overview of interactions between cell division proteins, found in bacterial
two-hybrid screens.

Z A ZA X K Q L B W I N YF

Z + + +
A + + + + +
ZA
X + +
K
Q + + + + + +
L + + + +
B +
W + + +
I + + +/- +
N + + + +
YF + + +

+ indicates an interaction. +/-indicates that in the two-hybrid screen of Di Lallo et al.
(2003) (56) an interaction was found, whereas in de two-hybrid screen of Karimova et
al. (2005) (110) only a weak signal could be detected. Z is FtsZ, A is FtsA, ZA is
ZipA, X is FtsX, K is FtsK, Q is FtsQ, L is FtsL, B is FtsB, W is FtsW, I is FtsI, N is
FtsN and YF is YmgF.

FtsZ and associated proteins
FtsZ
FtsZ is well-conserved among different bacterial and plant species (125). It is
a 40.3 kDa cytosolic protein (155) consisting of 383 amino acids (Fig. 3).
There seems to be a disagreement about the abundancy of FtsZ per cell.
Amounts of about 2000, 3200, 5000 and 15000 molecules per cell have been
reported (113, 121, 155, 169). Presumably, these numbers are related to
growth conditions, though a relationship has not been explicitly established.
FtsZ is a structural tubulin homologue (66, 120) and it polymerises in a ring-
like structure (FtsZ-ring) underneath the cytoplasmic membrane (19). The
polymerisation of FtsZ is dependent on the binding and hydrolysis of GTP (46,
135, 137, 160). In vitro FtsZ can self-assemble into linear oligomers, but when
promoting agents, like Ca2+ or other multivalent cations, were added, sheets,
bundles, curved filaments and minirings were observed as well (67, 208).
Furthermore, the FtsZ-ring is extremely dynamic. With GFP-FtsZ and
fluorescence recovery after photobleaching (FRAP) experiments, the halftime
for replacement of the FtsZ subunits in the FtsZ-ring was shown to be 30 sec.
(182). In FRAP experiments under different experimental conditions this
halftime seems to be even shorter, about 9 sec. (7).

The localisation of FtsZ into a ring-like structure, its homology to tubulin
and the fact that improper FtsZ function in combination with the deficiency of
minor peptidoglycan modifying enzymes causes a loss of the structural
integrity of the cell (190), suggest that the protein forms a kind of cytoskeletal
structure. Nevertheless, the precise function of FtsZ is unknown. It has been
proposed that FtsZ might generate the contractile force during constriction
(67), but up to now no evidence has been found to support this idea. At least,
the FtsZ-ring serves as a framework for the assembly of other cell division
proteins (125). Despite the fact that FtsZ is required for the localisation of all
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other cell division proteins, the FtsZ-ring is not sufficiently stable to support
cytokinesis without the assistance of stabilising proteins. Up to now FtsA,
ZipA and ZapA are known to interact with FtsZ to enhance the stability of the
FtsZ-ring (85, 153, 159), although they are not necessary for ring-formation
itself. It was found that the C-terminus of FtsZ is involved in the interaction
with ZipA and FtsA 91, 92, 123). Recently it was postulated that FtsEX might
be involved in the assembly or stability of the FtsZ-ring as well (173).

Fig. 3. Schematic representation of the FtsZ-ring and its associated proteins FtsA,
ZipA, ZapA and FtsEX. The bars represent the outer membrane (OM) and the
cytoplasmic membrane (CM).

Proteins that stabilise the FtsZ-ring: FtsA, ZipA, ZapA and FtsEX
FtsA is an essential cell division protein, which is present only in the
cytoplasm (Fig. 3). It is widely conserved among bacterial species (125) and
has been shown to dimerise (69, 206), but up to now no evidence has been
found that it is able to polymerise in a ring-like structure. In fact, the latter
does not seem very likely, because, in contrast to FtsZ, FtsA has a low copy
number of about 200 molecules per cell (194).

As a member of the ATP-ase superfamily, like actin and HSP70 (21), it
can bind ATP, but mutants lacking the ATP binding site are still viable (172).
This suggests that ATP binding is not essential for the (besides stabilising the
FtsZ-ring) still unknown function of FtsA. However, the ratio FtsA:FtsZ is very
important. It should be in the order of 1:100, if this is not the case, for instance
by overproducing FtsA, the septation process will be inactivated (43, 55). It
was suggested that FtsA interacts with polymerised FtsZ in the ring, but only
with a small number of the FtsZ monomers (explaining the importance of the
ratio between them) (68, 125). Furthermore, the most likely function for FtsA
would then be to limit the number of assembly sites for subsequent proteins of
the protein machinery necessary for division, because these proteins are most
likely less abundant in the cell than FtsA (125). FtsA might be important in
linking FtsZ to integral membrane division proteins, like FtsI and FtsN (3, 199)
and recently it has been found that the subdomain 1C of FtsA can recruit at
least these two proteins independently of FtsZ-rings (39). Furthermore, it has
been reported that the same subdomain of FtsA is important for the
recruitment of FtsQ as well. The recruitment of FtsK was not investigated in
these experiments (162).
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ZipA is a predicted integral inner-membrane protein with a N-terminal
membrane anchor connected by an unstructured flexible polypeptide to the C-
terminal cytoplasmic FtsZ-binding domain (134, 146) (Fig. 3.). The protein is
estimated to be present in about 100-1000 copies per cell. Therefore, it was
proposed that ZipA could stabilise the FtsZ-ring by anchoring it to the
cytoplasmic membrane (89). Overproduction of ZipA can inactivate cell
division, whereas the division inhibition can be overcome by elevating the
levels of FtsZ (89). Similar effects have been observed with FtsA (43). Since
FtsA and ZipA are recruited by the same C-terminal domain of FtsZ,
overexpression of ZipA (or FtsA) is harmful to the cell, most likely because it
competes with FtsA (or ZipA) for accessible FtsZ sites and thereby prevents
recruitment of FtsA (or ZipA) (125). Unlike FtsZ and FtsA, ZipA is not very well
conserved. Although it is essential in E. coli (89), it is only found in g-
proteobacteria (125).

ZapA is a relatively small cytosolic protein of 11.6 kDa (Fig. 3)
conserved in a wide variety of bacteria. Nevertheless, it seems not to be
essential for division under normal growth conditions (85). Using X-ray
crystallography, it was shown that Pseudomonas aeruginosa ZapA is a dimer,
although tetrameric structures were also observed at high concentration in
solution (119). It was shown as well that ZapA binds FtsZ with an approximate
1:1 molar stoichiometry and that this interaction dramatically enhanced FtsZ
polymerisation, bundling of polymers, and it increased the stability of the
single or multimeric filaments (119).

At first ftsE and ftsX were classified as cell division genes, but since
they did not filament at non-permissive temperatures in minimal medium (185)
and because of their homology to ABC transporters (FtsE is the ATP-binding
cassette component, while FtsX is the membrane component) (Fig. 3) (79)
they were not regarded as essential cell division genes. However, in 2004
Schmidt et al. (2004) found that both FtsE and FtsX localised to the division
site and that the localisation of FtsEX was required for localisation of FtsK and
of its downstream proteins. Furthermore, in the absence of salt (NaCl) in the
medium, cells depleted of FtsEX stopped dividing, before any change in
growth-rate was observed. Therefore, it was concluded that FtsEX is directly
involved in the cell division process (173).

FtsK, FtsQ, FtsL/B and FtsW
FtsK
FtsK is one of the largest proteins in E. coli (ca.147 kDa). It is predicted to be
an integral membrane protein with several N-terminal membrane-spanning
segments and a large C-terminal cytoplasmic domain (12) (Fig. 4). The C-
terminal domain of this protein is an ATP-ase, also called the ATP-ase motor
domain (170), which is involved in chromosome separation (179). It is similar
to SpoIIIE, a protein responsible for correct chromosome partitioning during
Bacillus subtilis sporulation (12, 176). It was speculated that the C-terminal
domain of FtsK might "pump" the DNA through a closing septum (8). In
experiments with an active oligomeric C-terminal truncation of FtsK, FtsK50C, it
was found that FtsK50C could spontaneously reverse its DNA translocation
direction (170). This was confirmed by Pease et al. (2005) (151), who stated
that FtsK is a bi-directional motor that changes the translocation direction in
response to short asymmetric directing DNA sequences.
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XerCD, two site-specific recombinases, act at an 28 bp recombination
site in the replication terminus region of the E. coli chromosome, called dif, to
remove the cross-over introduced by DNA-dimer formation. Thereby they
convert the DNA-dimer to two monomers ((180) and references therein). It
seems that FtsK promotes Xer recombination reactions, required to resolve
chromosome dimers at the dif site, before segregation (8, 106). Massey et al.
(2004) suggested that FtsK needs to interact with the tyrosine recombinase
XerD to activate the latter by ATP hydrolysis (130). Consistent with its role in
DNA dynamics FtsK is induced upon SOS-mediated DNA damage (197).
Recently it has been proposed that FtsK, in addition to DNA-dimer resolution,
might be involved in other late events of chromosome processing, like
reducing the size of a DNA-loop protruding through the closing septum or to
provide the force to drive the loop back to its appropriate nucleoid (41).

The N-terminal domain of FtsK is mainly involved in cell division. Only
the first approximately 200 amino acids of the FtsK protein (the N-terminal
membrane domain) are required for cell division, and deletion of the
remainder of the protein is not lethal (62) although up to 30% of the cells,
expressing the first 290 amino acids of the FtsK protein formed filaments with
abnormal DNA distribution (117). Most likely, because in this experiment the
C-terminus was missing and thus its "dimer-resolution" abilities were lost
(117, 130). For its recruitment to the Z-ring, 15% of the N-terminal part is
sufficient (207). Temperature sensitive (Ts) mutations in ftsK (ftsK44 and
ftsK3531) could be suppressed if the dacA gene coding for penincillin binding
protein 5 (PBP5), a carboxypeptidase involved in peptidoglycan synthesis,
was deleted. This could indicate that FtsK is directly involved in the
completion of cell division and that it might be a peptidoglycan-modifying
enzyme (12). The ftsK44 and ftsK3531 Ts mutations were suppressed as well
when FtsN was overproduced. Additionally, this FtsN overproduction could
allow growth and division in FtsK mutants with deletions of 54% and 90% of
the ftsK gene, in which almost the entire N-terminal membrane-spanning
domain was deleted. However, these mutants with extra FtsN present did
show many filaments and chains (62). Overproduction of FtsK itself results in
cell division inhibition, most likely because it obstructs the assembly of FtsZ-
rings (62).

FtsQ
FtsQ is an essential bitopic membrane protein of 31.5 kDa (163, 32), with a
low abundancy of approximately 25-50 copies per cell (32). The bitopic
membrane protein is proposed to have a small cytoplasmic domain of 25
amino acids, a single transmembrane segment of about 25 amino acids and
large periplasmic domain of about 226 amino acids (32) (Fig. 4).

It has been reported that FtsQ is inserted cotranslationally into the
cytoplasmic membrane, via interactions with the inner membrane translocase
components SecY, SecA and YidC (175, 187, 189). Because FtsQ foci were
found close to the nucleoid, it was suggested that FtsQ was even inserted by
cotranscriptional-cotranslational insertion (28, 141). It is generally accepted
that the periplasmic domain of FtsQ is necessary and sufficient for localisation
and functioning of the protein (28, 36, 88).
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Fig. 4. Schematic representation of the cell division proteins FtsK, FtsQ, FtsL/B, FtsI,
FtsN, AmiC and EnvC. L is FtsL and B is FtsB. The bars represent the outer
membrane (OM) and the cytoplasmic membrane (CM).

However, Guzman et al. (1997) (88) claimed that the cytoplasmic domain is
necessary for proper FtsQ activity as well. Supporting these findings, recently
Karimova et al. (2005), used FtsQ truncates in the bacterial two-hybrid system
to show that possibly the first 18 amino acids of FtsQ, which are in the
cytoplasmic domain, were needed to interact with FtsA (110).

The C-terminus, which is in the periplasm, is reported to be essential
for dimerisation (110) and for the interaction with FtsL (33). Deletion of the last
10 amino acids of FtsQ seems to reduce its ability to dimerise, but has no
effect on its function or its ability to interact with other cell division proteins.
Deletion of the last 30 amino acids abolished dimerisation completely (110)
(but see also Chapter 4). However, they did not determine the expression
levels of the proteins used for the their interaction assay. Using a random
mutagenesis procedure, Chen et al. (33) isolated two striking FtsQ mutants,
ftsQ2 (Y248stop, D249G) and ftsQ65 (I207F, Q232R, V244D, L259S) that
were able to localise but that were not functional. The mutations of ftsQ65
were required to be present together to yield the non-functional phenotype.
Both the ftsQ2 and the ftsQ65 mutant appeared not to be able to recruit FtsL
but both mutant proteins had a very reduced expression level or stability. In
conclusion, the C-terminus of FtsQ could be involved in FtsQ’s association
with itself and possibly with FtsL and/or other cell divison proteins, though not
for recognition of the division site.

Dai and Lutkenhaus (1992) (43) have suggested a functional
interaction between FtsQ and FtsZ, because inactivation of FtsQ affected
FtsZ ring formation or its stability. Furthermore, an interaction between FtsQ
and FtsI was implied, because overproduction of FtsQ in an ftsI mutant
produces constrictions that suggested that the filamentation was due to a
decreased FtsI activity (43). However, no direct interaction between FtsI and
FtsQ was found in two different in vitro binding assays (27). FtsQ and FtsI
possibly also interact with FtsN, since this protein is not able to localise in
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temperature sensitive strains of either FtsQ or FtsI at the restrictive
temperature (3). However, in our lab it was observed that FtsN is able to
localise to midcell independent of FtsI and FtsQ (den Blaauwen, personal
communication).

The function of the FtsQ protein in E. coli is still completely unknown,
but many possibilities have been suggested. Homologues of the FtsQ protein
have been found in spirochetes, Gram-positive and Gram-negative (DivIB)
bacteria (124). The Gram-positive bacteria Bacillus subtilis and Streptococcus
pneumoniae contain a putative FtsQ homologue (DivIB) in significantly higher
numbers (approximately 5000 copies and 200 copies, respectively) than the
FtsQ numbers present in E. coli (145, 168). Because Gram-positive bacteria
have a thicker peptidoglycan layer than E. coli they probably need more of the
proteins that are required for its synthesis (111). In addition, until now, no
FtsQ homologues have been found in bacteria lacking a peptidoglycan layer
(20, 73, 126). This suggests that FtsQ as well as DivIB could be involved in
peptidoglycan synthesis. Furthermore, FtsQ from Caulobacter crescentus
does have conserved motifs that are found in peptidoglycan binding proteins
(129).

Dopazo et al. (1992) found that high-level overexpression of the FtsQ
protein from E. coli with a deleted transmembrane section in an FtsQ+
background caused the formation of inclusion bodies, a moderate inhibition of
cell division and lysis. Therefore, they concluded that FtsQ, either directly or
mediated by another protein, might have a sacculus-modifying role. An
excess of FtsQ could then both change the morphology of the cell and
weaken the cell envelope (60). Another possibility could be that these FtsQ
mutants might titrate other essential proteins away from the complex active in
the septation process (60). FtsQ could also be an indirect helper of
peptidoglycan synthesis. It is most likely not a peptidoglycan synthesising
protein itself, because it contains none of the very conserved peptidoglycan-
synthesis boxes. Buddelmeijer (1997) did find two of the three conserved
motifs of penicilloyl serine transferases in the FtsQ protein sequence, which
however did not have a very high homology (27).

It was shown that during initiation of constriction DAP is incorporated
into the peptidoglycan (201). Furthermore, the inhibition of FtsI, or the
Penicillin Binding Proteins 1A, 1B and PBP2 (involved in peptidoglycan
assembly) did not prevent the intitiation of division (139). Therefore, Nanninga
(1991) postulated a hypothetical protein, called PIPS (penicillin insensitive
peptidoglycan synthesising protein), which might be involved in a penicillin-
insensitive peptidoglycan-synthesising activity during intitiation of constriction.
He suggested that FtsQ possibly coordinates PIPS with the cell division
protein FtsZ (139).

The abundance, stability and localisation of the C. crescentus FtsQ and
FtsA homologues varied in the different stages of cell division. FtsQ and FtsA
are co-transcribed from their Pqa promoter, which is not activated when DNA
replication is inhibited. The proteins were most abundant when they were
required, and at the end of the cell cycle, FtsQ and FtsA are degraded. This
was regulated by redundant mechanisms of cell cycle transcription and
protein degradation. For instance, the degradation of the proteins at the end
of the cell cycle could indicate the establishment of a checkpoint that couples
cell division to DNA-replication. This might be an indication for a function in
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coordinating cell division with the DNA-replication cycle (129). In E. coli, the
concentration of FtsQ during the cell cycle was not investigated, but it has
been found that the concentration (amount relative to total cell mass) of FtsA,
FtsZ and ZipA stays constant during one whole cell cycle (169).

Another indication of a link between cell division and proper
chromosome segregation involves the work of Real et al. (2005) in B. subtilis.
(161). They found that their divIB80 allele, which was solely under control of
its weak sA promoter and thus reduced the accumulation of DivIB (homologue
of FtsQ), caused a deficiency in organisation and segregation of the
chromosome during sporulation, although it did not significantly interfere with
cell division. Apparently, the low expression was enough to support cell
division. The divIB80 allele caused a static association of Soj with the
nucleoid(s). Soj is a transcriptional regulator that represses promoters for
several key sporulation loci that are normally activated by the phosphorylated
form of the master regulator for entry in sporulation, Spo0A. In wt cells, Soj
oscillates between the nucleoids via the cell pole under control of Spo0J. The
static association of Soj with the nucleoid, which occurs in Spo0J- cells as
well, most likely represses early sporulation (Spo0A-dependent) gene
expression and thus stops sporulation before the formation of the asymmetric
division septum ((161), and references therein). The sporulation defect can be
overcome by deletion of the soj-spo0J locus or by expression of divIB from
plasmid under control of the Pspac promoter, without induction (161).

FtsL/B
FtsL and FtsB (previously named YgbQ) form a complex, probably by forming
a coiled coil structure, whereby FtsB stabilises FtsL (31). This FtsL/FtsB
complex can associate with FtsQ before its localisation (30). Additionally,
such a complex of DivIB (FtsQ), DivIC (most probable an FtsB homologue)
and FtsL seems to exist in Streptococcus pneumoniae (145) and an
interaction between FtsL and DivIC (68)) has been found in B. subtilis as well
(177). Both FtsL (121 a.a.) and FtsB (103 a.a.) are relatively small proteins,
that consist of a short amino terminal domain facing the cytoplasm, a
transmembrane segment and a periplasmic coiled coil leucine zipper-like
domain (31, 76, 87, 186) (Fig. 4). For FtsL it has been shown that most likely,
the periplasmic and cytoplasmic domains are essential for function. (76, 88).
Up to now, the function of FtsL and FtsB is completely unknown, but for FtsL it
was suggested that it might have a role in ongoing septum synthesis, since a
null mutation caused long nonseptate filaments and cell lysis and point
mutations caused either cell lysis or cell division inhibition (26, 87, 186).
Buddelmeijer et al. (2002) postulated a possible function for a multimeric
FtsL/B complex in a membrane fusion event at the cell septum. They based
their hypothesis on the fact that in eukaryotic cells coiled-coil structures are
formed between pairs of partner proteins that are involved in membrane
fusion events ((31), and references therein).

FtsW
FtsW is a member of the SEDS family (for "shape, elongation, division and
sporulation") and one of the essential proteins for cell division in Escherichia
coli (25, 105). Its topology model postulates of 10 transmembrane segments
(see Fig. 2, Chapter 6) in the cytoplasmic membrane. Both the N- and C-
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terminus are in the cytoplasm (115). SEDS proteins are usually encoded by a
gene, which is located close to a gene encoding a class B PBP. In E. coli the
ftsW gene lies in the same operon as the ftsI gene (25, 107). A study of genes
encoding for cell division proteins across a range of species showed a perfect
presence-absence correlation between FtsW and FtsI (and/or homologues)
(125). This could suggest that FtsW and FtsI function are closely connected
(68).

Although the function of FtsW is unknown, several speculations have
been made. First, it was postulated that FtsW could have a role in the
establishment of a stable FtsZ-ring at midcell (112). Second, it was proposed
that FtsW might translocate the lipid-linked peptidoglycan precursor through
the cytoplasmic membrane (97). Finally, the protein could serve to integrate
signals between cytoplasmic components (FtsZ and FtsA) and periplasmic
components (FtsQ) of the cell division protein machinery (125).

Proteins involved in septal peptidoglycan synthesis: FtsI, FtsN, AmiC
and EnvC
FtsI (PBP3)
FtsI (PBP3) is a member of the class B high molecular weight (HMW)
penicillin binding proteins (PBP's) in E. coli, which are transpeptidases (2, 84).
Penicillin binding means that b-lactam antibiotics are able to inhibit the
protein's activity. Cephalexin and aztreonam preferentially inhibit FtsI activity
(143) and references therein) and are the only known antibiotics that are
directly targeted to the cell division machinery, because up to now FtsI is the
only penicillin binding protein, which seems essential for cell division and not
for elongation (22, 125). It is a bitopic transmembrane protein, which is
present in approximately 100 copies per cell (61, 200) and consists of two
modules in the periplasm. The N-terminal module is the Non Catalytic Module
(NCM) and the C-terminal module is the Acyl serine Transferase Module
(ATM) (Fig. 4 and Fig. 2, Chapter 6). It appears that the transmembrane helix
is sufficient to target FtsI to the division site and it might contain a site
important in protein-protein interaction for the recruitment of this protein (203).
The ATM is involved in peptidoglycan crosslinking, the function of the NCM is
unknown, but it was suggested to be important in the regulation of the ATM
activity. For this regulatory function, interaction with presumably other
divisome proteins could be important (2, 63, 143). Several amino acids
involved in the recruitment of FtsN have been identified in the NCM and close
to the membrane spanning sequence (202). Other possibilities are that the
NCM acts as an intramolecular chaperone, to help the ATM in proper folding
or that the NCM is a binding site for general peptidoglycan-metabolising
enzymes, possibly to stabilise FtsI (83, 154).

FtsN, AmiC and EnvC
Although FtsN is poorly conserved among bacterial species, it is quite an
abundant cell division protein, present in approximately 1000 molecules per
cell in minimal medium up to 3000-6000 copies per cell in rich medium (1,
188). It was found that overproduction of FtsN suppressed mutations in ftsA,
ftsI, ftsQ and ftsK (44, 62). This suppressor function could be related to
growth conditions, since in our lab no suppression of Ts mutations in FtsQ
and FtsI were found, when the cells were grown in minimal medium (T. den
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Blaauwen, personal communication). Therefore, the exact nature of this
suppressor activity remains to be elucidated.

FtsN is a 36 kDa essential bitopic membrane protein with a short
cytoplasmic amino terminus, a single membrane-spanning domain and a
large periplasmic carboxy terminal domain (45). Only the periplasmic domain
is essential for its function (3, 45). Recently, it was found that the periplasmic
part of FtsN consists of a region close to the membrane that is partially folded
into three helices, followed by an extended glutamine-rich linker and that the
last 77 C-terminal residues form a babbab-folded globular domain (Fig. 4).
This domain has considerable sequence homology to a peptidoglycan-binding
domain (205) and was found to contribute to the specific recognition and
binding of long (>25 disaccharide units) glycan strands during cell division, but
is not required for cell division itself (188). However, the periplasmic region
close to the membrane anchor is essential for cell division (188).

In connection with the above findings, some suggestions were given for
the function of the different periplasmic regions of FtsN. The partially folded
helices might be involved in protein-protein interactions with other cell division
proteins and the entire flexible region (including the helices) connecting the
transmembrane part with the babbab-folded globular domain could enable
this extreme C-terminal region to reach the peptidoglycan. In this way, FtsN
could function as a bridge between the peptidoglycan layer and the divisome,
thereby possibly stabilising the septal region (188, 205). Furthermore, the
peptidoglycan-bound C-terminal babbab-folded globular domain of FtsN could
function as the receptor for the amidase AmiC, which is recruited to the
division site by FtsN (14, 188). Then again, AmiC seems to be functional in
the absence of the glycan binding site of FtsN (188).

AmiC is a periplasmic enzyme (amidase) (Fig. 4), which was
suggested to have a role in cell separation, because it localises specificially to
the division site. The N-terminal domain of AmiC, not important for its amidase
activity, was required and sufficient for its recruitment to midcell (14). Because
of its specific localisation pattern and since Ami- cells (deleted for all three E.
coli amidases) form chain-like structures, it is thought to assist in the cleavage
of peptidoglycan during septation 14, 94, 95, 98).

Recently, another periplasmic protein which was targeted to the
division site was discovered, EnvC (15) (Fig. 4). It most likely consists of an
N-terminal domain of about 200 a.a. and a C-terminal domain of
approximately 100 a.a. The N-terminal domain is predicted to form two or
three coiled coil structures and the C-terminus shows homology to the M37
family of metallo-endopeptidases (11, 93, 104). Supporting a function for this
protein in cell division was the observation that EnvC- cells showed severe
division defects (15, 93, 165). Evidence was presented showing that EnvC
has murein hydrolase activity, indicating that, like AmiC it could function
directly in peptidoglycan cleavage during septation (15).



Chapter 1

26

Regulation of cell division

Composition and gene-regulation of the dcw cluster, containing the ftsQ
gene
In E. coli most of the division and cell wall (dcw) genes are concentrated in a
cluster located at the 2 min region of the E. coli chromosome. Transcription in
the dcw cluster proceeds in the same direction as the progress of the
replication fork along the chromosome (191). A schematic view of the
organisation of the dcw cluster in E. coli is presented in Fig. 5. Part of the dcw
cluster is the ftsQAZ operon, which codes for the cell division proteins FtsQ,
FtsA and FtsZ.

In this operon (Fig. 5), the gene regulation is very complex and no
transcription termination signals are present. The last base pair of the
termination codon of ftsQ overlaps with the first base pair of the initiation
codon of ftsA (163). Transcription initiated upstream of the proximal ftsQ gene
can transcribe through to the distal ftsZ gene (43 and references therein).
Although ftsQ, ftsA and ftsZ are to a large extent transcribed as a polycistronic
mRNA (71), the concentrations of the gene products in the cell are different
(43 and references therein). It was determined that FtsQ is present in about
25-50 copies per cell (32), FtsA is present in approximately 200 copies per
cell (194) and FtsZ has an abundancy of at least 2000 copies per cell (113).
This variation is due to the variable translation of the different segments of
mRNA (136). Furthermore, at least six promoters upstream of ftsZ in the
proximal ddlB, ftsQ and ftsA genes, apart from being a factor to the
expression of their "own gene", all contribute to ftsZ expression (Fig. 5 and
see below). This might be a reason as well why FtsZ is present in much more
copies per cell than FtsQ or FtsA (43 and references therein).

ftsL pbpB murE murF mraY murD ftsW murG murC ddIB ftsQ ftsZftsA

fts QAZ operon

p2 p1 p2p4 p3

ftsQ ftsZ

Fig 5. Genes located at the 2 min region of the E. coli chromosome map. ftsL: cell
division protein FtsL, pbpB: penicillin binding protein 3, or FtsI, murE: mDAP adding
enzyme, murF: D-Ala-D-Ala adding enzyme, mraY: synthesis of the murein precursor
lipid I, murD: D-Glu adding enzyme, ftsW: cell division protein FtsW, murG: UDP-N-
acetylglucosamine:N-acetylmuramyl-(pentapeptide) pyrophosphoryl-undecaprenol N-
acetylglucosamine transferase, murC: L-Ala adding enzyme, ddIB: D-Ala:D-Ala
ligase, ftsQ: cell division protein FtsQ, ftsA: cell division protein FtsA, ftsZ: cell
division protein FtsZ (24, 27, 65, 132). The ftsQ and ftsZ promoters are indicated by
little triangles. The ftsQ1p (p1) promoter is the gearbox promoter.

The contribution of the six promoters to the final yield of FtsZ has been
determined. Less than 5% is contributed by the ftsZ2p promoter, 37% of the
transcription is derived from the ftsZ4p and ftsZ3p promoters. The remaining
yield was derived from the ftsA and ftsQ promoters. The location of the
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promoter (ftsAp) for the ftsA gene in the dcw cluster is unknown, but it is
suggested to be present inside the ftsQ gene. This promoter is weak, it only
counts for 12% of the total transcription from the ftsQAZ region (71).
Approximately 46% of the transcription is derived from two promoters for the
ftsQ gene, ftsQ1p and ftsQ2p (191).

Two promoters for the ftsQ gene, ftsQ1p and ftsQ2p, are inside the
proximal ddIB gene (Fig. 5), but expression of ftsQ is not dependent on
expression of ddIB. ftsQ1p is a so-called gearbox promoter (5), which means
that its expression is inversely correlated to the growth rate of the cell, so the
final yield (amount of gene product) is constant per cell and per cell cycle at
any growth rate (192). The ftsQ1p is recognised by RNA polymerase sigma
factors sS and sD and depends on the latter for growth rate regulation. sS is a
sigma factor that is involved in the expression of stationary phase-specific
genes (10, 72, 191). The ftsQ2p promoter is a housekeeper promoter, which
is transcribed by RNA polymerase containing sD (191).

SdiA (Suppressor of division inhibition) is a member of the quorum-
sensing LuxR family of transcriptional regulators and has been shown to
positively regulate cell division by specific trans-activation of transcription of
the ftsQAZ region, acting on the ftsQ2p promoter (75, 178, 191, 198). Among
other regulatory mechanisms, f tsQ1p is stimulated by induction of
transcription of the rpoS gene, coding for a ss factor or by the ss factor itself
(178). Sitnikov et al. proposed a model (Fig. 6) for this regulation of
transcription of the ftsQAZ region in E. coli. They suggest that at low cell
densities there is a basal level of transcription from the ftsQ1p and 2 p
promoters. Upon reaching a quorum, when the concentration of the proposed
freely diffusible factors inside the cell reaches some threshold, SdiA and sS

respond by induction of ftsQA transcription from the ftsQ2p and ftsQ1p
promoters, respectively. This induction could be either, the result of direct
interactions of SdiA and ss with the ftsQA promoters or be mediated through
activation of other stimulatory factors. However, other regulatory factors or
mechanisms must be present, because cell division is not affected when the
SdiA gene is deleted (178).

Fig 6. Model for regulation of ftsQA. See text for details. Positions of the ftsQ1p and
ftsQ2p promoters are shown. indicates the inverted repeat, which might be the
binding site for SdiA.. This illustration is based on a scheme from Sitnikov et al., 1996
(178).
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Where is the division site?

FtsZ is the first cell division protein that localises to the future division site
where it polymerises into the FtsZ-ring and initiates cell division. It is generally
accepted that two systems are involved in the proper placement of the FtsZ-
ring in the middle of an E. coli cell, Nucleoid occlusion and the Min-system.

Nucleoid occlusion
The concept of "Nucleoid occlusion" (NO) has been based on the observation
that cell division is inhibited near the nucleoid, in cells where DNA segregation
is impaired (204). Another observation was that peptidoglycan synthesis was
increased in nucleoid-free parts of dnaX(Ts) mutant cells and reduced in parts
occupied by the nucleoid (138). This has led to the idea that the determination
of the division site resides on the DNA segregation, whereby the non-
segregated DNA could form a barrier for assembly of the FtsZ-ring. Although
it was reported that FtsZ-rings could form on top of the nucleoid, these rings
were found at sites with DNA concentrations lower than in wild type situations
(37, 68, 86, 184). This could indicate that it is not the presence of the nucleoid
itself, but the concentration of the DNA at midcell that is involved in blocking
the assembly of the FtsZ-ring. Recently, it has been found that the specific
structure and organisation of the nucleoid might be important in optimal NO
activity (183). Recently, the first NO-factor, SlmA, was identified in a screen
for synthetic lethal mutations in cells with a defective Min-system (see below)
(16). SlmA is a DNA-associated division inhibitor that can bind FtsZ polymers
directly and that is most likely involved in preventing the assembly of the FtsZ-
ring on parts of the membrane close to the nucleoid (16). Besides Nucleoid
Occlusion, the Min-system is involved in determining the division site as well.

The Min-system
Mutations in the proteins encoded by the minicell locus (minB), MinC, MinD
and MinE, resulted in aberrant divisions at the cell poles, forming DNA-less
minicells (47). MinC is a cytosolic protein and acts as an FtsZ inhibitor, by
binding to and disrupting FtsZ polymers (102, 152). MinD is a membrane-
bound ATP-ase, which recruits MinC to the membrane (48). MinC and MinD
most likely form a complex (MinCD) with a polymerised structure at the
membrane with MinD in the ATP-bound form. This structure inhibits FtsZ
polymerisation near the membrane (18). MinE oscillates within a narrow band
around the cell centre, preventing localisation of the MinCD complex at
midcell. The inhibitory effect of MinE resides in the induction of a
conformational change in MinD and resulting in the release of MinC (103).
Additionally, by stimulating ATP-hydrolysis MinD is released from the
membrane (99). Thus, MinE prevents the inhibitory effect of the MinCD
complex on FtsZ polymerisation at midcell, leaving the opportunity for FtsZ to
form the FtsZ-ring at the cell centre. After the MinCD complex is released
from the membrane by MinE, it binds to the membrane in the MinE-free zone
in the other half of the cell (101). As a result, the MinCD complex oscillates
between the two cell poles, with a frequency of approximately 20 s intervals
(100, 157, 158).
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Outline of this thesis

To come to a better understanding of cell division in E. coli, we investigated
the functional role of FtsQ in this process. In this thesis, the results of that
quest are described. In chapter two the preparations for the journey are
illustrated and the methodology is explained. The first goal was to determine
the timing of FtsQ localisation at midcell. It is shown in chapter three that
FtsQ arrives quite late in the cell cycle, with a gap of about one fifth of the
generation time after the assembly of the FtsZ-ring at midcell. The second
step, presented in chapter four, was to take a closer look at the C-terminus
of FtsQ. Did it contain functional domains or specific important amino acids
and what happens if the C-terminus is extended? The periplasmic moiety of
FtsQ was shown to function as a single domain. Furthermore, amino acid
residues 237 and 251-259 of FtsQ appeared to be essential for the
recruitment of FtsL and FtsB to the division site. In the fifth chapter
interesting amino acids, because they were conserved or because they were
putative interaction residues, of the other part of the periplasmic domain of
FtsQ were examined. Amino acid residues were identified involved in lysis,
and in upstream and downstream protein interactions. The method, based on
the hydrophobic moment plot of FtsQ, to find the putative interaction residues,
is discussed and the results of predicted interaction residues of FtsQ, FtsW
and FtsI are compared in chapter six. In the last chapter, the results of the
work described in this thesis are reviewed and discussed in a general context.
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CHAPTER 2

Methodology

Abstract

To reveal the function of FtsQ a series of mutants was made. Either
conserved residues or residues that were predicted to be involved in the
interaction with other cell division proteins, were mutated by site-directed
mutagenesis. In addition, a series of C-terminal truncations and extensions
were made to identify possible parts with different functions in the protein.
These mutated FtsQ proteins were characterised with respect to their ability to
localise as GFP fusions and their ability to complement the ftsQ1 (Ts)
(LMC531) mutation at the restrictive temperature. In wild type E. coli cells,
FtsQ is present in only 25-50 copies per cell. Therefore, the expression level
of the mutants was decreased to a more physiological level by a down
mutation in the pTrc promoter and by insertion of the mutants in a single copy
in the E. coli chromosome. The cells, expressing the mutant FtsQ proteins,
were grown to steady state in which the age distribution remains constant.
The equation of the age distribution was used to calculate the average
percentage of the mass doubling time in which the cells constricted or showed
GFP-FtsQ fluorescence at midcell. This allowed the comparison of the effects
of different GFP-FtsQ-mutant proteins and the GFP-FtsQ(wt) protein,
expressed in various genetic backgrounds.
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Introduction

FtsQ is one of the Fts proteins, with unknown function, involved in cell division
in Escherichia coli. To elucidate the function of FtsQ in the cell division
process and to refine amino acid regions of FtsQ, important for its localisation
to the middle of the cell and important for its interaction with other proteins,
several mutated FtsQ proteins were made and investigated. Because, the
function of FtsQ is unknown, we do not have a biochemical assay for the
function of FtsQ. One can only determine whether a mutant protein is able to
localise, whether a mutant changes the cell morphology or the cell cycle and
whether a mutant is able to support cell division in the FtsQ temperature
sensitive (Ts) strain LMC531 (185) at the restrictive temperature.

The localisation of FtsQ is dependent on the localisation of FtsK (34)
and the localisation of FtsL and FtsB together is dependent on the presence
of FtsQ at midcell (see Fig. 2 in Chapter 1). Apart from its potential
interactions with other cell division proteins, FtsQ should at least interact with
FtsK and with the FtsL-FtsB complex. With our present knowledge, we could
think in advance of at least three categories of mutants and their matching
phenotypes (Fig. 1).

The first type of mutant has diminished or has completely lost its ability
to bind FtsK. It is no longer able to localise and it is unable to complement the
FtsQ temperature sensitive (Ts) strain LMC531. Almost certainly, this mutant
has retained its capability to associate with FtsL and FtsB. Whether it is able
to titrate these proteins away from the division site depends on how well it is
able to compete with the endogenous FtsQ (wt) and FtsQ (Ts) for FtsL and
FtsB. If these proteins are sequestered away from the division site by the
FtsQ mutant, the time needed for the constriction process (synthesis of new
cell poles) will most probably be extended, due to a shortage of the FtsQ/L/B
complex.

The second type of mutant is able to bind the FtsK protein, but it has
lost its ability to bind FtsL and FtsB. It is able to localise, but to what extent
depends on its ability to compete with the endogenous FtsQ (wt) or FtsQ (Ts)
for FtsK. The mutant is not able to complement the FtsQ (Ts) strain at the
restrictive temperature, because it is unable to bind FtsL and FtsB. Even if
FtsQ (wt) and FtsQ (Ts) are present, this makes the division process not very
efficient, because the mutant is able to block the division site for FtsL and
FtsB and could herewith cause an extension in the time needed to perform a
constriction.

The third type of mutant is able to bind FtsK as well as FtsL and FtsB,
but it is not functional. Therefore, it will probably localise at the division site
and affect the division process at the permissive temperature, because the
endogenous FtsQ (wt or Ts) has to compete with this non-functional mutant.
Presumably, this will result in cells that have difficulties finishing the division
within one cell cycle, resulting in chain-like structures. Evidently, the Q-period
and the constriction period will be elongated in this mutant. Clearly, it is
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expected that this type of mutant will not be able to complement the FtsQ (Ts)
mutant at the restrictive temperature.

Fig. 1: Schematic representation of the effect of a FtsQ(wt), Type I, Type II, and
Type III FtsQ(mutant) on the duration of the constriction period (TTd) and the Q period
(QTd). Td is cell cycle time.

We assumed that mutations in amino acid sequences that were predicted to
be involved in protein-protein interactions might result in characteristics of
mutant Type I, II or III. Mutating conserved residues could result in a failure to
fold correctly or in phenotypes of the mutant types described above.
Therefore, we mutated either a conserved residue, based on alignment of
several FtsQ homologues, or a residue that was likely to be an interaction
site, based on its hydrophobicity and hydrophobic moment. Additionally, a
series of C-terminal truncates and extensions were made to dissect possible
parts with different functions in the protein.

Conserved residues

To see which amino acids of the FtsQ protein homologues were conserved,
the pfam domain alignment collection of the conserved domain database of
NCBI CDD (v2.03 10991 PSSMs) was consulted (124), Here 32 FtsQ
homologues of spirochetes, Gram-positive and Gram-negative bacteria, are
aligned and the conserved amino acids are indicated (http://www.ncbi.nlm.nih.
gov/Structure//cdd/cddsrv.cgi?uid=pfam03799).

Of the aligned FtsQ homologues, only four residues in 32 sequences
were identical in 30 or more occasions; Glycine 64 (G64), Proline 116 (P116),
Glutamic acid 125 (E125) and Glycine 142 (G142), using the amino-acid
sequence numbering of E. coli FtsQ. Apparently, the amino-acid sequence of
FtsQ is not very well conserved. However, secondary structure predictions
revealed a consensus secondary structure of aligned FtsQ homologue
proteins. This indicates that the proteins might have similar folds. Amino acid
91 was in 20 instances a negatively charged aspartic acid (D). The sequence
from amino acid 104 up to amino acid 132 seems to be considerably more
conserved than the rest of the protein (Fig. 2.) and it is predicted to form a b-
strand-turn-b-strand.
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Fig.2: The aligned sequences of the FtsQ homologues of various organisms are
shown from amino acid 104 to 132 (using the amino acid sequence numbering of E.
coli. FtsQ). The conserved amino acids are shown in red. The predicted b-strands
are presented in the lila boxes. EC is Escherichia coli, BH is Bacillus halodurans, DR
is Deinococcus radiodurans, SS is Synechocystis Sp, ML is Mycobacterium leprae,
Mt is Mycobacterium tuberculosum, CG is Corynebacterium glutamicum, SC is
Streptomyces collinus, Sco is Streptomyces coelicolor, ZM is Zymomonas mobilis,
Mlo is Mesorhizobium loti, SM is Sinhorizobium meliloti, BB is Bartonella baciliformis,
CV is Caulobacter vibrioides, RP is Ricketsia prowazekii, TP is Treponema pallidum,
XF is Xyle l la fastidiosa, SV is Shewanella violacea, PA is Pseudomaonas
aeruginaosa, PM is Pasteurella multocida, HI is Haemophilus influenzae, VC is Vibrio
cholerae, NM is Neisseria meningitides, BL is Bacillus licheniformis, BS is Bacillus
subtilis, EH is Enterococcus hirae, EF is Enterococcus, faecalis, SA is
Staphylococcus aureus, LL is Lactococcus lactis, SP is Streptococcus pyogenes,
SPn is Streptococcus pneumoniae,
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Amino-acid numbers 104, 105, 106, 109, 111, 115, 121, 123, 126, 128, 130
and 132 were in 20 or more instances identical amino acids or amino acids of
comparable size and polarity. In 27 of the 32 sequences, amino acid 113 was
a positively charged residue, either a lysine (K) or an arginine (R). The
conserved charged residues D91, K113 and E125 were chosen for the
mutagenesis experiments (see Chapter 5). Residue 117 was in 17 instances
an amino acid of comparable size and polarity, in three instances a positively
charged residue and in 12 instances a negatively charged aspartic acid (D). In
the amino acid sequence of E. coli, residue 117 was a negatively charged
aspartic acid but since it was identical in only 12 of the 32 sequences, it was
not mutated. Although residue 126 was in 19 instances a positively charged
residue, it was a tyrosine (Y), a residue with an uncharged polar group, in the
sequence of E. coli and was therefore not mutated. We did not mutagenise
G64 and G142, because the replacement of the smallest amino acid by
another more bulky amino acid was likely to affect the structure of the protein
in addition to potential functional changes. P104, P116 and P128 were not
mutated because a proline has the ability to inflict a bend in a protein
structure. Mutating these residues would therefore most likely not give any
information about the function of FtsQ. The other mentioned identical
conserved residues or residues of comparable size and polarity were amino
acids without a charge and were either quite small or very large. A mutation in
these residues was expected to rather affect the structure of the protein than
to result in a change in the functionality of the protein, hence they were not
mutated.

Putative interaction sites

To discover amino acids that could be involved in the interaction of FtsQ with
FtsK, the FtsL-FtsB complex or other cell division proteins, we used the
method of de Loof et al. (50). This method uses the hydrophobic moment plot
of a protein to predict amphiphilic segments susceptible to interact with other
proteins or with sub-domains within the protein (50, 74, 128). It has been
successfully applied to the cell division proteins FtsI (128, 154) and FtsW
(150).

According to the normalised scale of Eisenberg, hydrophobic amino
acids have a positive value and hydrophilic amino acids have a negative
value. In a peptide structure, such as a helix, the amino acids can be
arranged in such a way that one surface exhibits mainly hydrophobic residues
and the opposite surface projects mainly hydrophilic residues. This is called
amphiphilicity. A quantitative measure of this amphiphilicity, perpendicular to
the axis of such a peptide structure, is the hydrophobic moment (64). The
hydrophobic moment can be calculated for any amino acid sequence by
taking the sum of all hydrophobicity values, taking into account at which angle
the residues emerge from the backbone of the peptide structure. A highly
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amphiphilic helix has a high hydrophobic moment value and when the
hydrophobic and hydrophilic residues are distributed evenly the hydrophobic
moment value is low.

A window of seven amino acids was moved through the sequence of
the periplasmic domain of FtsQ and for each segment the mean
hydrophobicity (H) and mean hydrophobic moment (μH) were calculated and
plotted against each other to obtain a hydrophobic moment plot. In such a
hydrophobic moment plot, five regions can be recognised (74). They are
called the Protein Interaction Matrix (PIM) or Receptor Binding Domain (RBD)
(see also Chapter 6), the Surface (S), the Membrane (M) (monomeric and
multimeric) and the Globular (G) domain.

Residues with a high hydrophobic moment and a low hydrophobicity
are likely to be corresponding to Protein Interaction Matrices (PIM) (50) or in
general to be involved in protein-protein interactions within the same
molecule, or with another molecule. This was confirmed by Gallet et al. (74)
when they analysed the hydrophobic moment plot of a database of 50 known
interaction sites. Because residues S11, R70, K113, R151, R197 and D237
had a high μH and a low H, they were likely to be important in possible
receptor binding (for more details see Chapter 6) This was determined by in
silico mutagenesis of these residues. An amino acid was changed to
decrease the μH or to increase the H causing one or more residues of the
amphiphilic segment to be excluded from the “Protein Interaction Matrix”
range (Table 1).

Table 1. Average hydrophobicity (H) and hydrophobic moment (m) of the central
residue (shown in bold type) of a window of seven amino acids before and after in
silico site directed mutagenesis. Additional mutations necessary to exclude the
central residue from the PIM are shown as well.

Amino acid residue
before mutagenesis

H μH Amino acid residue
after mutagenesis

H μH

R9, S11, R18, R19 -0.82 0.39 N9, E11, N18, N19 -0.66 0.12
R70, D73, R75 -0.76 0.34 N70, N73, N75 -0.48 0.08
K113 -0.42 0.43 N113 -0.32 0.35

R151 -0.65 0.54 N151 -0.43 0.35

R197 -0.66 0.68 N197 -0.43 0.50

D237 -0.67 0.49 N237 -0.65 0.50
D237, R240 -0.67 0.49 N237, N240 -0.41 0.33
D237, R240 -0.67 0.49 D237, N240 -0.42 0.32

The residue K113 was a conserved residue as well as a putative interaction
residue and did not show such a large difference in its H and μH after the in
silico mutagenesis as the other residues mentioned above (Table 1). Based
on the hydrophobic moment plot of the in silico mutagenesis the R151, R197
and the D237/R240 residues were mutated and characterised (see Chapter
6). Residues S11 and R70 were not chosen for the mutagenesis experiments
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because three or more mutations had to be constructed to exclude these
residues from the PIM.

Carboxy terminal mutations

It has been reported that the extreme C-terminal part of the protein is
important for FtsQ (33) as well as for the B. subtilis FtsQ homologue DivIB
(111). To dissect possible segments with different properties in this part of the
FtsQ protein, the C-terminus was either truncated at different lengths or
extended with different combinations of amino acids, epitopes, or entire
proteins. The FtsQ protein was truncated after 50, 100, 150, 200, 250, 260
and 270 amino acids. In each mutant, a stop codon was inserted at the
truncation site and the rest of the FtsQ protein was absent. To extend the C-
terminus of FtsQ, it was fused to a Human-Simian-Virus (HSV) epitope or the
N-terminus of AcrA, a 42 kDa periplasmic protein (part of an efflux pump,
together with AcrB and TolC) that has been shown to have a hinge in the
middle and “fold back on itself” (9). Presumably, AcrA forms a coiled-coil, so
its C- and N-termini are close together. Thus, the C-terminus of AcrA is close
to the carboxy terminus of FtsQ as well. Therefore, extensions at the C-
terminus of AcrA might sterically hinder the C-terminus of FtsQ. To investigate
this the GFP-FtsQ-AcrA construct was extended by adding either different
combinations of amino- acids or a HSV epitope, a 3 times FLAG epitope or
the entire OmpA (outer membrane protein A) b-barrel.

We determined whether or not the different mutant FtsQ proteins were
able to localise to the division site as a GFP fusion protein and whether or not
they were able to complement the FtsQ Ts strain LMC531 (185).

Expression of FtsQ mutant proteins

To visualise the localisation of all mutated FtsQ proteins in the cells, GFPmut2
(40) was fused to their N-terminus. These GFP-FtsQ-mutant proteins were
initially expressed from a pTRC99A plasmid under control of a weakened Trc
promoter (pTHV038), as described by Weiss et al. (199). The weakened Trc
promoter is leaky and thus the mutant FtsQ proteins were produced
continuously, without induction, at a low level (see below). This low expression
level is needed, because the endogenous FtsQ protein in an E. coli cell is
present in only 25-50 copies per average cell and FtsQ overproduction causes
filamentation (32). Overproduction of FtsQ from the original Trc promoter or a
Lac promoter is lethal to the cells (not shown).

The number of GFP-FtsQ proteins expressed from plasmid in strain
LMC500 was determined by Western blotting and chemo-luminescence
density scanning. The endogenous FtsQ was used as an internal standard.



Chapter 2

38

The plasmid-encoded gfp-ftsQ gene produced 70 times more GFP-FtsQ than
the endogenous ftsQ gene produced FtsQ (wt).

To assess the effect of the FtsQ mutants on cell division at a more
physiological level, the FtsQ mutants were integrated in the chromosome
under the control of the weakened Trc promoter, using the lInCh system (23).
The integrated gfp-ftsQ gene produced 5 times more GFP-FtsQ than FtsQ (wt)
protein, produced by the endogenous ftsQ gene (Fig. 3).

Fig. 3: Example of an immuno-blot of cell extracts developed with the monoclonal
antiserum (28) against FtsQ and chemiluminescence substrate. All samples were
harvested at an optical density of 0.2 at 450 nm. Lane1 contains 1 ml of
LMC500pTHV039 cells, lane 2 contains 1.5 ml of LMC500 cells, lanes 3–5 contain
1.5 ml of LMC2328 cells in triplo. For densitometry an exposure time was chosen
that resulted in unsaturated bands.

GFP-FtsQ is able to replace FtsQ

To ensure that the same morphological results would be obtained from testing
the mutants in a Ts-background situation as from testing them in a FtsQ-null
background situation, an absolute “leak-proof” system was desired to test this.
This “leak-proof” system was constructed with the JOE260 strain as a starting
point. This strain contains a disrupted chromosomal ftsQ gene, which contains
the first 13 codons of ftsQ, a stop codon instead of codon 14, a kanamycin
resistance gene, and the 3’ end of ftsQ (after codon 80). Additionally, this strain
contains a pLMG161 plasmid, which carries an ampicillin resistance gene and
a copy of the ftsQ(wt) gene (33).

First, this pLMG161 plasmid was replaced by a pJP010linkerFtsQ
plasmid, which contains a chloramphenicol resistance gene and an sYFP-
FtsQ(wt) fusion protein. The JOE260 cells were transformed with the
pJP010linkerFtsQ plasmid and the replacement was established by a ‘reverse
selective pressure’ strategy. This means that 20 colonies were streaked on
TY-plates, containing, kanamycin, ampicillin, chloramphenicol and 0,2%
arabinose and the same colonies were also streaked on plates containing just
kanamycin and chloramphenicol. Thus, in the second TY-plate the antibiotics
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needed to select for the pLMG161 plasmid, were omitted, enabling the cells to
stop the replication of this plasmid. The plates were incubated O/N at 30˚C
and the cells that grew on the TY-plate which only contained kanamycin and
chloramphenicol, were restreaked on both types of TY-plates. After streaking
the cells in this way for 5 times, the colonies that did not grow on the plate
containing kanamycin, ampicillin, chloramphenicol and 0,2% arabinose, but
did grow on the plate containing only chloramphenicol and kanamycin, were
examined for the absence of the pLMG161 plasmid by a colony PCR,
containing plasmid specific primers. One reaction contained the pBADseqFw
and pBADseqRev primers, specific for pLMG161, and another reaction
contained the FP-einde and 6R primers, specific for pJP010linkerFtsQ. The
resulting strain, LMC2313, now only contained the pJP010linkerFtsQ plasmid.
Second, the pJP010linkerFtsQ plasmid was replaced by pTHV027. The
LMC2313 strain was transformed with pTHV027. An overnight culture was
grown in TY, supplemented with ampicillin, kanamycin and 0.02% arabinose.
In this case, the replacement was performed in this above described liquid
TY- medium. The cells were grown at 28˚C and kept in exponential phase
(Optical Density at 600 nm (OD600nm) ≤ 0.2), measured with a 300-T-1
spectrophotometer (Gilford Instrument Laboratories)) for four days, by diluting
the cultures in fresh TY-medium, with the appropriate antibiotics and
arabinose concentration, when they reached an OD600nm of 0.2. When, after
these four days of growth, the cells reached again an OD600nm of 0.2, a 1.5 ml
sample was fixed for microscopy. The remainder of the culture was diluted
O/N into fresh TY-medium, containing kanamycin, chloramphenicol and the
appropriate amount of arabinose, to check for chloramphenicol sensitivity.
The culture was also diluted into TY-medium, containing kanamycin, ampicillin
and the appropriate amount of arabinose and grown O/N. Of this latter culture,
1 ml was centrifuged for 5 min at 8000 rpm and the pellet was resuspended in
100μl of TY-medium. Hereof 1.5μl was used as a template in a PCR, to
confirm the replacement of the pJP010linker FtsQ plasmid by pTHV027. The
PCR was performed with the same oligonucleotide pairs as before. The
pBADseqFw and pBADseqRev are specific for pTHV027.

Is the temperature sensitive strain LMC531 an appropriate reference
strain?
The mutated FtsQ proteins were expressed in the LMC531 strain (185) to
investigate whether they were able to complement the FtsQ1 (Ts) mutant.
This temperature-sensitive strain has the chromosomal ftsQ1 (Ts) mutation in
its ftsQ gene at the 2 min region. The mutation results in an FtsQ protein in
which the original glutamic acid, E125, is changed into a lysine (K). Due to
this change, the genomic FtsQ protein is not functional at 42˚C. To inspect if
one of the constructed mutated FtsQ proteins itself was temperature sensitive,
and whether they were able to compete with the wild type protein for
localisation, they were expressed in the LMC500 wild type strain (185) as
well.
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Before analysing the localisation behaviour of our FtsQ mutants, we
verified whether the temperature sensitive phenotype of LMC531 was due to
the inability to localise or to the inability to recruit other cell division proteins to
the divisome, such as FtsL and FtsB. The endogenous FtsQ of LMC531
contains a Q125 to K mutation. Therefore, GFP-FtsQ-E125K was constructed,
resulting in plasmid pTHV075, which was transformed to LMC500 and
LMC531. The GFP-FtsQ(E125K) mutant was expressed at 27% of the level of
GFP-FtsQ(wt) (see Chapter 5). The cells were grown at 28˚C and 42˚C as
described (see below). GFP-FtsQ-E125K did not localise at midcell at the
permissive temperature (results not shown). The LMC531 cells that
expressed GFP-FtsQ-E125K at 28˚C showed a 27% increase in average cell
length compared to GFP-FtsQ (wt), expressed in this strain. This indicates
that it harmed division slightly at the permissive temperature. This can be
explained as sequestering of other cell division proteins (FtsL/B) away from
the site of division. The GFP-FtsQ-E125K also did not localise at all at the
restricted temperature. No clear membrane localisation was observed at this
temperature as well. This could indicate that the protein is unstable at 42˚C,
because FtsQ is co-translationally inserted into the cytoplasmic membrane. In
view of these results, it can be concluded that the endogenous FtsQE125K of
LMC531 is unstable or not functional at 42˚C, because it is unable to localise.
Therefore, the LMC531 strain seems the appropriate background for our
localisation and complementation studies.

Steady state growth

A typical bacterial growth curve shows first a lag phase, then an exponential
phase and when one of the nutrients in the medium is depleted, the cells go
into stationary phase (Fig 4). In the lag phase the cells grow slow, because
they have to adapt to new environmental conditions, in the exponential phase
they reach their maximum growth rate under these conditions and in the
stationary phase the cells grow slower again, because the environment is
changed when one of the nutrients is depleted. Differences in the environment
of the cells can induce variations in the properties of the cells, such as the
growth rate and the cell morphology. By using microscopy, only a relatively
small fraction of the cells can be inspected. Since we want to determine as
well the differences in a possible extension of the time needed for the
constriction process as the differences in the time a GFP-FtsQ is present at
midcell and we want to compare the results, it is important that the cells are
grown in a well-defined and reproducible way.

Comparison of morphological parameters of cell cultures is only
possible in steady state grown cell populations. By diluting a bacterial culture
in prewarmed medium well before one of the essential nutrients runs out, the
culture will grow virtually under constant environmental conditions. After
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adaptation to its environment, the culture will increase in total cell mass at the
same rate as it will increase in total cell number (Fig. 4.). The average mass of
the cells in the culture will remain constant. The advantage of steady state
grown cultures is that all metabolic processes will have a constant rate.
Moreover, the age distribution of the cells in the culture will be constant. This
implies that it is possible to calculate at which average cell age cell cycle
related events, such as localisation of FtsQ at midcell or constriction occur.
See for more information on steady state growth Fishov et al. (1995) (70).

Fig. 4: Definition of steady state growth. The upper panel shows the increase in the
total mass (X) and the total cell number (N) of the population as a function of time. In
the upper panel, a corresponds to the lag phase, b is the exponential phase and c is
the stationary phase. The lower panel shows the variation in the average cell mass
(Xav = X/N). Only when Xav remains constant, the population is in steady state.
Picture adapted from Cell cycles of bacteria, yeasts and animal cells, chapter 6,
(http://wwwmc. bio.uva.nl/~woldringh) by Conrad L. Woldringh.

In Fig. 5, the age distribution of the steady state cells is depicted. Graph 5A
shows the exponential increase of one mass doubling time. The steepness of
the curve is dependent on the mass doubling time. At time zero (depicted by
the red star), a number of cells are newborn and during one mass doubling
time, they age to become dividing cells. While they are aging, other older cells
have already divided and the number of cells in the culture has doubled by the
time (depicted by the blue star) these newborn cells have become dividing
cells. Thus, the fraction of newborn cells is always (at any time point in a
growth curve) twice the fraction of dividing cells. This is what is depicted in
graph 5B. Between the fraction of newborn cells and the fraction of dividing
cells all possible different ages of a cell are present and since the cells are
growing exponentially the fraction of the different ages of a cell is decreasing
with the same exponent.
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Fig. 5. A. Exponential increase in total cell number, Nt, of a population in the steady
state growth condition with a generation time of t in min. At t0 (indicated by the red
star) a number of cells are newborn. By the time (indicated by the blue star) these
newborn cells have become dividing cells the number of cells in the culture has
doubled. B. Relative frequency (f(a)) of the newborn cells (blue star) as a function of
time ta. The red star indicates the relative frequency of the dividing cells. C. A cell
cycle phase at the end of the cell cycle is indicated by a vertical line at age tx. In this
example, this phase represents a fraction of 20% of the total population. The duration
of the phase is proportional to the fraction and to the generation time and can be
calculated using the equation of the age distribution (eq. 1.). Pictures adapted from
Cell cycles of bacteria, yeasts and animal cells, chapter 6, (http://wwwmc.bio.uva.nl/~
woldringh) by Conrad L. Woldringh.

We can count the fraction of cells with a certain feature, like a constriction.
Then we know the surface of the red area (tx-100), shown in graph 5C. This
can be used to calculate the average period of the mass doubling time in
which the cells constricted or showed GFP-FtsQ fluorescence at midcell.

Equation of the age distribution
Because the cells were grown to steady state in which the age distribution
remains constant, we can use the equation of the age distribution

tx =
T d

ln2
ln F x( ) +1[ ]

Equation 1. Equation of the age distribution.

to calculate the average period of the mass doubling time in which the cells
constricted or showed GFP-FtsQ fluorescence at midcell from the fraction of
cells that contained these features (53, 70). The time it takes before division is
represented by tx (Fig 5C, red area), T d is the mass doubling time of the
culture and F x( ) represents the fraction of cells with a certain feature. From

tx , the percentage of the mass doubling time that was used for constriction or
showing GFP-FtsQ fluorescence at midcell was calculated.
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Microscopy and analysis of the cells

All experiments described in this thesis were performed with steady state
cells, unless stated otherwise. When the cells had reached the steady state
level at 28˚C, the cultures were 1:4 diluted in at 42˚C pre-warmed medium
and grown for two mass doublings at this temperature before microscopic
examination. To prevent any continuation of growth or division under the
microscope, the cells were mildly fixed (see materials and methods of the
relevant chapters). The cells were examined using a fluorescence microscope
and images were taken in phase contrast mode and in fluorescent mode.

Fig. 6. Phase contrast and fluorescence images of an E. coli cell. The segmented
green line indicates the length and the segmented dark purple line indicates the
diameter of the cell. The constriction is indicated by a yellow square and GFP-
FtsQ(wt) fluorescence at midcell is indicated with a light purple square.

The two photographs were stacked and the length and diameter of the cells
were determined from the phase contrast image (Fig. 6). The localisation and
intensity of the fluorescence signal was analysed in the fluorescence images
of bacteria (Fig. 6). First, full automatic pass identified bacteria-shaped
objects in the thresholded phase-contrast image, where a “bacterium” was
assumed to be a straight or curved tubular shape with round caps. The axis of
an object was marked with a segmented line, the vertices of which were found
by travelling along the object and obtaining new mid-points by sampling
perpendicular to the current travel direction. Then, the diameter (d) was
derived from the area and the axis length, assuming the “bacterial” shape as
described above (Fig. 6.).

To determine whether the detected object corresponded indeed to a
bacterium, shape matching was performed as follows: the length axis was
shortened at both ends by d/2, then each axis segment with length L was
symmetrically overlaid with a rectangle L x d and, around each vertex of the
length axis, a circle with diameter d was overlaid. The union of all rectangles
and circles resulted in the modelled bacterial shape, which was compared
against the real object. The acceptance threshold was adjusted so slight
shape deviations such as constrictions were tolerated.
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In the second pass, the operator inspected each cell and added
information about constriction and the position of fluorescence markers in the
fluorescence image, or rejected the cell where artefacts had occurred (e.g.
two cells measured as one). All marking was performed with non-destructive
vector overlay with the program OBJECT-IMAGE, which can be downloaded
free from http://simon.bio.uva.nl. In a typical experiment, at least 450 cells
were measured (except when the cells were filamenting). As mentioned
above of each cell the length and diameter were determined, the presence
and the amount of constrictions and fluorescent signals (GFP-FtsQ) at midcell
was scored as well.
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CHAPTER 3

Timing of FtsQ localisation to midcell

Abstract

To investigate whether the interdependent localisation behaviour of the cell
division proteins reflected a sequence in time, we determined the cell age at
which five of the cell division proteins arrived at their midcell position (1). It
was found that the assembly of the divisome is a two-step process that is
separated in time by about one fifth of the generation time. As part of this
study, the timing of FtsQ localisation during the cell cycle was examined and
this is described in this chapter. In multiple experiments it was observed that
FtsQ arrived at least one-fifth of a generation time after FtsZ at midcell.
Therefore, it could be concluded, that FtsQ most likely is a component of the
second step in the divisome assembly.
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Introduction

In Escherichia coli, various proteins co-operate to accomplish cell division.
The presently known cell division proteins are recruited to the site of division
in a specific hierarchical order: FtsZ, FtsA, ZipA, ZapA, FtsEX, FtsK,
FtsQ/FtsL/FtsB, FtsW, FtsI, FtsN, and AmiC (14, 31, 34, 36, 173, 197, 199).
The recently described murein hydrolase EnvC, is involved in cell division as
well and was also found to localise to the division site, but its place in the
localisation dependency hierarchy is not known (15).

The complex of associated cell division proteins is termed the
“divisome”. How the divisome is assembled in time and space at the division
site and which proteins interact with each other is not clear. Furthermore, not
much is known about the time needed for the assembly of the entire divisome.
It was found that FtsZ and FtsA localise to the division site about 20 minutes
before a constriction is visible (1, 53). The interdependent localisation
behaviour of the cell division proteins might reflect a sequence in time. Could
this mean that after the assembly of the Z-ring a gradual assembly from
FtsEX up to AmiC takes 20 minutes, or that a 20 minute pause occurs before
the downstream proteins localise together almost at once? It could even be
possible that constriction starts 20 minutes after the assembly of the entire
divisome, if the downstream proteins all assemble simultaneously with the Z-
ring.

To address these questions, the maturation time of the divisome was
examined in a cooperative project with Aarsman et al. (2005). This was
studied by determining the age at which the FtsZ-ring is formed and by
resolving the age at which intermediate (FtsQ and FtsW) or last (FtsI/PBP3,
FtsN) proteins in the localisation dependency hierarchy arrive at midcell.
Based on the results of this project, it was suggested that the maturation of
the divisome occurs in two steps. In the first step, the Z-ring and associated
proteins assembled at midcell and this seemed to be separated in time from
the second step, the midcell assembly of FtsK (T. den Blaauwen and J.
Lutkenhaus, personal communication) up to FtsN (1). This chapter describes
that part of the project in which the cell age of FtsQ localisation to midcell was
determined. The observed arrival time of FtsQ led to the conclusion that it
most likely belonged to the proteins involved in the second step of the
divisome assembly.

Materials and methods

Media and bacterial strains. The bacteria were grown in rich medium (TY),
containing 50 g bactotrypton, 25 g yeast extract, 15 mMol NaOH and 0.5% NaCl per
litre or grown to steady state in glucose minimal (GB1) medium, containing 6.33
grams K2HPO4.3H2O, 2.95 g KH2PO4, 1.05 g (NH4)2 SO4, 0.10 g MgSO4.7H2O, 0.28
mg FeSO4.7H2O, 7.1 mg Ca(NO3)2.4H2O, 4 mg thiamine, 4 g glucose, and 50 mg
lysine per litre, pH 7.0. Where appropriate these media were supplemented with
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ampicillin at 100μg/ml. LMC500 and LMC531 require lysine, for growth in minimal
medium (Table 1). The bacterial strains and plasmids used are listed in Table 1.

Table 1. Bacterial strains and plasmids

Strain/plasmid Relevant characteristics Source
(Reference)

LMC1180 (DH5a) F-, supE44, hsdR17, recA1, endA1,
gyrA96, thi-1, relA1

Lab collection

LMC500 (MC4100 LysA) F-, araD139, Δ(argF-lac)U169, deoC1,
flbB5301, lysA1, ptsF25, rbsR, relA1,
rpsL150

P.E.M.
Taschner (185)

LMC531 (MC4100FtsQTs) F-, Δ(argF-lac)U169, deoC1, flbB5301,
ftsQ1(Ts), lysA1, ptsF25, rbsR, relA1,
rpsL150

P.E.M.
Taschner (185)

LMC1412 (EC442) MC4100LysA Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQ(wt)
(36)

LMC1475 (DHB6501) E. coli K12 F-(l)-, Δlac(MS265), mel-1,
nalA2, supF58 (=suII, tyrT58)

S. Michaelis
(23)

LMC 1476 (DHB6521) Same as LMC 1475 with lInCh1 (23)
LMC2328 LMC531 Δ(lattL-lom)::bla laqIq P039-

gfpmut2-ftsQ(wt)
(1)

pGFPmut2 Source of GFP mut2 N. Buddelmeijer
pTRC99A Expression vector (6)
pTHV037 pTrc99A with promoter down mutation

at the –35 site
(52)

pTHV038 pTHV037 with gfpmut2 (52)
pTHV039 pTHV038-gfp-ftsQ(wt) (1)
pTHV075 pTHV038-gfp –ftsQ(E125K) (1)

Molecular biological techniques. All DNA manipulations (cloning, analysis of DNA,
ligation, and transformation) were performed according to Sambrook et al (171) and as
recommended by the manufacturer. For cloning procedures, E. coli DH5a was
routinely used as host strain. For large-scale DNA preparations, the Qiafilter midiprep
plasmid isolation kit (Qiagen) was used. Restriction enzymes were purchased from
Amersham Biosciences (Uppsala, Sweden) or MBI Fermentas GmbH (St. Leon-Rot,
Germany). Pfu turbo polymerase from Stratagene (La Jolla, California, USA) or MBI
Fermentas GmbH (St. Leon-Rot, Germany) or Taq polymerase from MBI Fermentas
GmbH (St. Leon-Rot, Germany) was routinely used in Polymerase Chain Reactions
(PCR). Oligonucleotides were obtained from MWG-Biotech AG (Ebersberg, Germany).
DNA sequencing was performed by BaseClear (Leiden, The Netherlands).

Construction of plasmids and the E. coli chromosome integrate. All synthetic
oligonucleotides used in this study are listed in Table 2. For the localisation studies of
the FtsQ protein, GFPmut2 (40) (further on referred to as GFP for short) was fused to
the N-terminus of FtsQ. A linker of three asparagines separated the GFP and the
FtsQ protein. To obtain this construct, first the GFP was amplified from the
pGFPmut2 plasmid with GFPmut2-Fw and GFPmut2-Rev as primers. These primers
introduced a BspHI and an EcoRI site respectively. The enzymes BspHI and NcoI
have compatible cohesive ends. Thus as a second step, the pTHV038 plasmid could
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be created by ligating the resulting PCR fragment, which was digested with BspHI
and EcoRI into the NcoI and EcoRI sites of pTHV037. The pTHV037 vector is a
pTRC99A derivative with a weakened Trc promoter in the –35 region as described by
Weiss et al. (199). In the third step, the ftsQ gene, without the first codon, was
amplified from the chromosome of LMC500 with EcoRI sense and 6Rev as primers.
During the amplification, EcoRI and HindIII sites were introduced in the PCR product.
Subsequently, the PCR product was digested with the above mentioned enzymes
and ligated into the same sites of the pTHV038 vector, creating the pTHV039
plasmid, which now contains the gfp-ftsQ(wt) fusion gene.

The ftsQ gene with the E125K mutation was obtained from the chromosome
by a PCR on LMC531 cells using FtsQEcoRIsense as a forward primer and 6R as a
reverse primer, introducing EcoRI and HindIII sites at the same time. These
restriction sites were used to ligate the PCR product into the corresponding sites of
the pTHV038 vector, resulting in vector pTHV075.

The gfp-ftsQ(wt) gene was inserted into the E. coli chromosome of LMC531
at the l attachment site using the lInCh method, described by Boyd et al. (2000)
(23). The resulting strain was confirmed by PCR analysis, sequencing of the insertion
and sequencing of the endogenous ftsQ(Ts) gene.

Table 2. Oligonucleotides used in this study.

Name R.E Sequence (5’->3’)
GFPmut2-Fw BspHI ACGAtcatgaGTAAAGGAGAAGAACTTTTCAC
GFPmut2-Rev EcoRI CGTgaattcTTTGTATAGTTCATCCATGCC
FtsQEcoRIsense EcoRI CGAgaattcAACAACAACTCGCAGGCTGCTCT
6Rev HindIII CTCGCATTGGGCCCaagcttTCATTGTTGTTCTGC

R.E. is Restriction Enzyme used for cloning. The nucleotides that correspond to the
recognition sites for the restriction enzymes used to facilitate cloning are in lower
case.

Growth conditions. For morphological characterisation, bacteria were grown at 28ºC
in TY, supplemented with 0.5% glucose to repress protein expression. Subsequently,
the cells were sub-cultured in GB1 with lysine (50μg/ml) and grown to steady state in
approximately three days (see Chapter 2) (70) at 28ºC. Cultures were considered to
be in steady-state growth if the average cell mass remained constant over time. Cell
numbers were measured with an electronic particle counter (orifice diameter 30μm).
When the steady state cells reached an Optical Density 450 nm (OD450nm) of 0.2,
measured with a 300-T-1 spectrophotometer (Gilford Instrument Laboratories Inc.,
Oberlin, Ohio), a 1.5 ml sample was fixed for microscopy. Harvested cells were fixed
with 2.8% formaraldehyde (FA) and 0.04% glutaraldehyde (GA) in growth medium for
15 min at room temperature as described (54). Of the cell suspensions, 3μl was
administered on a 1% agarose in water slab-coated object glass (114). The remaining
of the culture was diluted into fresh pre-warmed medium of 42˚C to the OD450nm of
0.05. Before harvesting and fixation, the cells continued to grow for two mass
doublings at 42˚C. The cells were not induced, because without induction the
weakened Trc promoter was sufficiently leaky to produce enough GFP-FtsQ(wt) to be
visible by fluorescence microscopy.

Determination of the average cell age at which an event takes place in the
cell cycle. Because cells were grown to steady state at 28˚C, the age distribution was
constant at this temperature. Therefore, the equation (Eq. 1) of the age distribution
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(156) can be used to calculate the average cell age (tx in min) as a percentage of the
mass doubling time (Td in min) at which the cells showed GFP-FtsQ(wt)
fluorescence at midcell from the fraction (F(x)) of cells that contained these features
(53) (see also Chapter 2).

tx =
T d

ln2
ln F x( ) +1[ ] Eq. 1.

where tx is the time (min) during which cells have a certain characteristic at the end
of the cell cycle and which lasts until the separation into two daughter cells (156).

Microscopy and image analysis. Cells were immobilized on 1% agarose in water
slabs coated object glasses as described (114) and photographed with a CoolSnap
fx (Photometrics) CCD camera mounted on an Olympus BX-60 fluorescence
microscope through a UPLANFl 100x/1.3 oil objective (Japan). Images were taken
using the public domain program ‘Object-Image2.10 by Norbert Vischer (University of
Amsterdam, http://simon.bio.uva.nl/object-image.html), which is based on NIH Image
by Wayne Rasband as described (see Chapter 2 and (52)).

Results

The localisation of FtsQ was studied by fluorescence microscopy. Although its
localisation has been demonstrated by immunolabelling with monoclonal
antibodies (28), the signal was too weak to determine the timing of FtsQ
localisation, because the endogenous FtsQ protein in an E. coli cell is present
in only 25-50 copies per average cell (32). Therefore, an alternative approach
was developed. Chen et al. (1999) (36) fused the Green Fluorescent Protein
(GFP) to the N-terminus of the FtsQ protein to visualise the protein in the
cells. This enhanced the signal considerably, thus it was decided to use this
method to determine the timing of FtsQ localisation in the cell cycle.

Subsequently, it was determined whether LMC531, that expresses a
temperature sensitive FtsQ mutant protein in which glutamic acid (E)125 is
replaced by a lysine (K) (181), could be used as an appropriate FtsQ
background strain to determine the timing of GFP-FtsQ localisation. A
requirement for a background strain for this purpose is that the endogenous
FtsQ protein does not localise at midcell at the restrictive temperature of 42˚C
and very weakly at the permissive temperature of 28˚C. Therefore, a GFP-
FtsQ-E125K mutant protein was constructed and tested for localisation (See
Chapter 2). GFP-FtsQ-E125K localised at midcell neither at the permissive
temperature nor at the restricted temperature. No clear membrane localisation
was observed at the restrictive temperature as well. This could indicate that
the protein is unstable at 42˚C. In view of these results, it can be concluded
that the endogenous FtsQE125K of LMC531 is not functional at 42˚C,
because it is unable to localise. Consequently, the LMC531 strain seems the
appropriate background for our localisation and complementation studies (for
a detailed description of this experiment see Chapter 2).
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GFP-FtsQ(wt) was inserted into the chromosome and tested under
steady state conditions.
Because a 70-fold overproduction of plasmid-encoded GFP-FtsQ(wt) proteins,
compared to endogenous FtsQ (see Chapter 2) does not reflect the wild type
situation (32), a chromosomal insertion was made. The gfp-ftsQ(wt) gene
fusion was inserted in the lambda attachment site at 17 min in the
chromosome of LMC531 using the lInCh system (23) resulting in strain
LMC2328 (Table 1). This strain appeared to produce only 5 times more GFP-
FtsQ(wt) than endogenous FtsQ levels (see Chapter 2). Because the
FtsQE125K produced from the 2 min region of the chromosome from the
LMC531 strain localised weakly at 28˚C, it was assumed that the fivefold
overproduction of GFP-FtsQ(wt) (see Chapter 2) would result in the
replacement of almost all FtsQ(E125K) molecules in the divisome with GFP-
FtsQ(wt) molecules. Indeed, GFP-FtsQ(wt) showed normal localisation at
midcell in LMC531.

To be able to compare the results of the localisation experiments of all
tested cell division proteins in this project and to be able to correlate these
results to cell constriction, the cells must be grown under comparable
physiological conditions. For cell cycle events, this requires steady state
growth (see Chapter 2). In a steady-state culture, the age distribution remains
constant. This allowed us to use Eq. 1 (see Materials and Methods and
Chapter 2) to calculate the average age at which GFP-FtsQ localisation
appears at midcell from the fraction of cells that contained this feature (1, 53).
Thus, the timing of GFP-FtsQ localisation was determined in the LMC531
background, grown to steady state at 28˚C. In each experiment, the average
length, percentage of cells with a constriction, and the percentage of cells with
an FtsQ midcell localisation were determined of at least 450 cells.

LMC2328 showed normal morphology at 28˚C (Table 3 and Fig. 1) and
at 42˚C (results not shown). The mass doubling time was 98 min and the
fraction of cells that contained a GFP-FtsQ signal at midcell was 0.343. Using

Eq. 1 and
T d - tx

T d

Ê

Ë
Á

ˆ

¯
˜100, it can be calculated that GFP-FtsQ(wt) appeared after

57% of the cell cycle time of LMC2328 and that a constriction was visible after
63% of the cell cycle time (Table 3 and Fig. 2). Thus, it can be concluded that
FtsQ arrives just before the onset of constriction. Since FtsZ localises about
20 min before a visible constriction (53), it can be deduced that there is a
significant gap between the arrival of FtsZ and the arrival of FtsQ at midcell.

What are the effects of GFP-FtsQ(wt) competition with FtsQ(wt)?
To investigate if an endogenous FtsQ(wt) instead of the temperature sensitive
FtsQ(E125K) present in the cell, would affect the timing of GFP-FtsQ(wt)
localisation, LMC1412 was grown to steady state, photographed and FtsQ
localisation was scored. In this strain GFP-FtsQ(wt) was integrated at the
lambda attachment site of the wild type strain LMC500 (36).
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Fig. 1. LMC531 and LMC2328 with GFP-FtsQ(wt) expressed from the gfp-ftsQ(wt)
gene at the chromosomal lambda attachment site at 28˚C and grown to steady state
in GB1. A is LMC531 in phase contrast, B is LMC2328 in phase contrast, C is
LMC2328 in fluorescence. The bars are 1mm.

Although the length and diameter of the LMC1412 cells were similar to those
of the LMC2328 cells at 28˚C and 42˚C (Table 3), GFP-FtsQ(wt) arrived
somewhat later at midcell than in LMC2328 (Table 3 and Fig. 2). Most likely
because the integrated GFP-FtsQ(wt) had to compete with the endogenous
FtsQ(wt) from the 2 min region for the division site. The constriction started
almost 10% earlier than in LMC2328 and at least 17% earlier than in LMC500
(Table 3 and Fig. 2). Presumably the cell pole synthesis is slowed down in
LMC1412 because of competition between FtsQ(wt) and GFP-FtsQ(wt) for
the division site. GFP-FtsQ(wt) is 5 times over produced compared to the
physiological FtsQ(wt) levels (see Chapter 2 and (1)) and because GFP-
FtsQ(wt) is able to complement the LMC2328 strain it is fully functional.
However in the case of LMC1412 most likely not all of these functional GFP-
FtsQ(wt) molecules are able to reach midcell, due to the competition with
FtsQ(wt). Therefore, the remaining not localising molecules could sequester
other cell division proteins away from the division site. This could cause a
delay in cell pole synthesis as well. In conclusion, because no competition of
GFP-FtsQ(wt) and FtsQ(E125K) is expected in the LMC531 background due
to the weak localisation of the endogenous FtsQ(E125K), the timing results of
GFP-FtsQ(wt) in this background most likely reflect the real situation.
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Table 3. Morphological parameters of E. coli LMC500 and LMC531, expressing
GFP-FtsQ(wt), growing at 28˚C in GB1.

Strain Td Len ± (SD) Dia ± (SD) AQ Ac

LMC500, FtsQ(wt) 80 2.67 ± 0.60 0.88 ± 0.04 n. a. 71

LMC531, FtsQ(Ts) 80 3.74 ± 1.18 0.89 ± 0.08 n. a. n. d.
LMC1412,
GFP-FtsQ(wt)-InCh500

94 2.84 ± 0.67 0.90 ±0.04 67 54

LMC2328,
GFP-FtsQ(wt)-InCh531

98 2.82 ± 0.59 0.87 ± 0.04 57 63

Td is mass doubling time (min), Len is length, Dia is diameter. AQ is the percentage of
cell cycle time before the cells show GFP-FtsQ midcell localisation (arrival time). Ac is
the percentage of cell cycle time before the cells show a visible constriction (start of
constriction). n.a. is not applicable. n. d. is not done.

Fig. 2. Schematic representation of the arrival time of GFP-FtsQ in different strains.
The dark grey bar represents the cell cycle time normalised to 100% (Td). The
middle grey bar represents the percentage of cell cycle time in which the cells have a
visible constriction (Constriction period or TTd, see Chapter 2). The light grey bar
represents the percentage of the cell cycle time during which GFP-FtsQ is present at
midcell (Q-period or QTd, see Chapter 2). The percentages at the start of the middle
grey and light grey bars represent the arrival time of GFP-FtsQ at midcell and the
start of a visible constriction respectively.

Discussion

The arrival time of FtsQ

In Escherichia coli, cell division proteins localise to midcell in an
interdependent order to form a complex, which is called the divisome. Not
much is known about the time needed for the assembly of the entire divisome.
The localisation of one of the intermediate cell division proteins, FtsQ, was
studied by fluorescence microscopy to determine the cell age at which it
localises to the divisome.

In this experiment, FtsQ arrived after 57% of the generation time and
the constriction was visible after 63% of the cell cycle time. The difference of
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6% of the cell cycle time between the arrival of FtsQ and the start of the
constriction reflects a difference of approximately 6 minutes, which means
that FtsQ localises to the division site just before the onset of constriction. It
was found that FtsZ (the FtsZ-ring), FtsA (53) and Zap A (den Blaauwen et al.
unpublished results) localise to the division site about 20 minutes before a
constriction is visible. The difference between the arrival time of the FtsZ-ring
with associated proteins and the arrival time of FtsQ could thus be in the order
of 14 minutes. Therefore, the timing of other cell division proteins was
investigated by Mirjam Aarsman and Tanneke den Blaauwen from our lab in
collaboration with Martine Nguyen-Distèche and co-workers from the
University of Liège.

What about the arrival time of other cell division proteins?
To find out whether cell division proteins intermediate in the localisation
dependency hierarchy would arrive to midcell at an intermediate time between
that of FtsZ and FtsN, the arrival time of FtsQ was compared to the arrival
times of FtsZ, FtsW, FtsI and FtsN (1) 1. It was found that FtsZ arrived after
31% of the cell cycle time and FtsN and FtsI (immuno-labelling) appeared
after 59% of the cell cycle time. The timing of GFP-FtsW(wt) was examined in
an LMC500 background where endogenous FtsW(wt) was present. This could
have affected the arrival time of GFP-FtsW(wt), which was determined to be
after 48% of the generation time in this experiment. Keeping in mind that
localisation of FtsW is dependent on the presence of FtsQ at midcell, which
arrived after 57% of the generation time as was described in this chapter, this
does not seem to be compatible. Therefore, and because FtsW's arrival time
of 48%, still indicates a considerable time gap after the localisation of FtsZ, it
is most likely that FtsW localises approximately simultaneous with FtsQ, FtsI
and FtsN. Recently, it has been shown that FtsK localises simultaneously with
FtsQ up to FtsN as well (T. den Blaauwen and J. Lutkenhaus, personal
communication).

A considerable period (of at least 17% of the generation time) passed
between the localisation of FtsZ and GFP-FtsQ, GFP-FtsW, FtsI and FtsN.
The timing of AmiC was not determined, but based on its dependency on the
presence of FtsN at midcell (14), it seems unlikely that it would localise before
FtsN. FtsL and FtsB are unable to localise to the division site without FtsQ
(30) and therefore their arrival times have not been determined separately. In
conclusion, this suggests that all proteins downstream of FtsEX assemble
more or less at the same time, which is just before the onset of constriction of
the bacterial envelope (1). This implies that the maturation of the divisome
could occur in two steps, first FtsZ with associated proteins and after the time
gap of at least 17% of the cell cycle time, FtsK and its downstream proteins.
Whether FtsEX should be grouped with the first step or the second step is not
yet clear. Recently, Goehring et al. (2005) (81) have demonstrated by their

1 The FtsQ experiments have been repeated for this article and although the data were not
exactly the same, the observed trend was similar.
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"premature targeting" technique, whereby ZapA was fused to FtsQ, that it is
reasonable to speculate that FtsQ, FtsL, FtsB, FtsW and FtsI are able to
assemble in a complex, which is then recruited to the division site via
interaction of FtsQ with FtsK. This could again point to a dissection in the
assembly of the divisome.

Acknowledgments

We thank Nienke Buddelmeijer for the gift of pGFP-mut2 and Joseph Chen for
the gift of strain LMC1412 and Dana Boyd for the gift of strains and plasmids
needed for the lInCh integrations.



Timing of FtsQ localisation

57



58



59

CHAPTER 4

FtsQ amino acid residues 237 and 251-259 are

essential for the recruitment of FtsL and FtsB to the

divisome of Escherichia coli. Residues 251-259 are, in

addition, essential for the stability of FtsQ

Submitted for publication

Abstract

Thessa M. F. Vinkenvleugel, Mirjam E. G. Aarsman, Svetlana Alexeeva,
Gertjan S. Verhoeven, Marileen Dogterom, Nanne Nanninga and Tanneke
den Blaauwen

The involvement of the carboxy-terminal domain of FtsQ in its stability, in its
localisation, FtsL, and FtsB recruitment was investigated using three
approaches. The carboxy-terminus was truncated, extended, or some of its
individual amino acids were exchanged. Amino acid residues 251-259 were
found to be essential for the stability of the periplasmic domain of the protein
and for the recruitment of FtsL and of FtsB. A fully stable FtsQ mutant D237N
was able to localise but failed to recruit FtsL and FtsB. The periplasmic C-
terminus appeared to be freely accessible since it could be extended with
proteins up to 54 kDa. Remarkably, small extensions that had the potency to
fold back on the FtsQ protein caused a trans-dominant negative phenotype.
Because these extensions did not affect the stability of FtsQ, we attribute the
trans-dominant effect to a reduction in their affinity for proteins that interact
with FtsQ. From these results, we conclude that amino acids 237 and 251-259
are essential for the recruitment of FtsL and FtsB to the divisome of
Escherichia coli.
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Introduction

FtsQ is one of the essential cell division proteins in Escherichia coli. These
proteins cooperate to ensure that the coordinated constriction of the three-
layered cell envelope progresses until the two daughter cells separate. The
presently known cell division proteins are recruited to the site of division in a
specific interdependent order, FtsZ, FtsA, ZipA, ZapA, FtsEX, FtsK, FtsQ,
FtsL/FtsB, FtsW, FtsI, FtsN, and AmiC (14, 30, 34, 36, 173, 195, 196, 199).
Cell division is initiated by the polymerisation of FtsZ in a ring-like structure
underneath the cytoplasmic membrane, approximately coincidentally with
termination of DNA replication (53). Simultaneously, FtsA, ZipA and ZapA are
recruited to the site of division (1, 169). In a later occurring step FtsQ up to
AmiC localise to the division site (1). Aarsman et al., postulated that the Z-ring
with associated proteins allows septal peptidoglycan (51) to be synthesised
whereas, the proteins that localise in the second step might be involved in the
modification of this newly synthesised peptidoglycan during cell pole
construction. Of the proteins that are involved in this second step FtsI is
known to be a peptidoglycan transpeptidase and AmiC is an amidase (14,
143). No function is known of the other proteins. How these proteins work
together to accomplish the inward growth of the cell envelope is unclear.

The localisation dependency of FtsQ on the presence of FtsK can be
by-passed by a ZapA-FtsQ fusion protein (81). In cells depleted for FtsK or
FtsA, the localisation of ZapA-FtsQ allows the localisation of FtsL and FtsI,
but not of FtsN (81). ZapA-FtsQ was able to backrecruit FtsK in the absence
of FtsA as well. However, the premature localisation of these proteins in the
absence of FtsK or FtsA does not restore normal division (81). These results
might suggest that the FtsZ-ring and its associated proteins and the proteins
that arrive with a delay at the division site (FtsK up to AmiC) also form more or
less distinct complexes (1, 81).

FtsQ is a 31.5-kDa (163) bitopic membrane protein, which is present in
approximately 25-50 copies per cell (32). It consists of a small cytoplasmic
domain of 25 amino acids, a transmembrane part of the same size and a
large periplasmic domain of approximately 226 amino acids (32). Based on
domain swapping experiments the periplasmic domain appeared to be
essential for localisation to the septum and for the function of the protein (28,
33, 34, 36, 88).
FtsQ seems to be able to localise to the division site in a complex together
with FtsL and FtsB (29, 30), but is also able to reach this position without
these proteins (30). In a recent study using a bacterial two-hybrid system
(110), FtsQ was found to dimerise and to interact with FtsA, FtsX, FtsL, FtsB,
FtsW, FtsI, FtsN and with YmgF (a protein not essential for cell division).
Karimova et al. (110), used FtsQ truncates in the bacterial two-hybrid system
(110) to show that the first 18 amino acids of FtsQ were needed to interact
with FtsA, and that the carboxy-terminal (C-terminal) 10 amino acids were
essential for FtsQ dimerisation, but not for interaction with FtsI, FtsL, and
FtsN.
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Chen et al. (33) isolated an FtsQ mutant (FtsQ2) that lacked the 28 C-
terminal amino acids of FtsQ. A GFP fusion to this mutant GFP-FtsQ(249stop)
did not support division of a FtsQ null strain, but was able to localise. The
mutant appeared not to be able to recruit FtsL. Clearly the C-terminus of FtsQ
seems to be vital for FtsQ’s association with other cell division proteins and
with itself, but not for recognition of the division site.

To further elucidate the function of the C-terminus of FtsQ, we made a
series of C-terminal truncates to dissect possible subdomains in the protein.
To determine the accessibility of the C-terminus, it was extended with different
combinations of amino acids, epitopes or entire proteins. Residues close to
the C-terminus that were likely to be interaction sites, based on their
hydrophobicity and hydrophobic moment were mutated.

In the absence of a biochemical assay, we determined whether the
mutant FtsQ proteins were able to localise to the division site and whether
they were able to complement the FtsQ(Ts) strain LMC531 (185). We found
that the periplasmic part of FtsQ functions as a single domain. Amino acids
251-259 appeared to be essential for the stability of this domain and for the
recruitment of FtsL and FtsB. In addition, amino acid residue 237 is essential
for the recruitment of FtsL and FtsB as well, though not for the stability of
FtsQ. The C-terminus appeared freely accessible in the periplasm since it can
be extended by fusion to proteins up to at least 54 kDa. However, extensions
that have the potency to bend back towards the cytoplasmic membrane
showed a trans-dominant phenotype. Those fusions presumably had a
reduced ability to interact with one of the other proteins involved in cell
division present in the divisome.

Material and Methods

Media and bacterial strains. The bacteria were grown in rich medium (TY),
consisting of 50 g bactotrypton, 25 g yeast extract, 15 mMol NaOH and 0.5% NaCl
per litre or in glucose minimal medium (GB1), containing 6.33 g K2HPO4.3H2O, 2.95
g KH2PO4, 1.05 g (NH4)2SO4, 0.10 g MgSO4.7H2O, 0.28 mg FeSO4.7H2O, 7.1 mg
Ca(NO3)2.4H2O, 4 mg thiamine, 4 g glucose, and 50 mg lysine per litre, pH 7.0.
Where appropriate these media were supplemented with ampicillin at 100μg/ml as
indicated. The bacterial strains and plasmids used are listed in Table 1 and 3,
respectively.

Molecular biological techniques. All DNA manipulations (cloning, analysis of DNA,
ligation, and transformation) were performed according to Sambrook et al. (171) and
as recommended by the manufacturer. For cloning procedures, E. coli DH5a was
routinely used as host strain. For large-scale DNA preparations, the Qiafilter midiprep
plasmid isolation kit (Qiagen N.V., Venlo, The Netherlands) was used. Restriction
enzymes were purchased from Amersham Biosciences (Uppsala, Sweden), MBI
Fermentas GmbH (St. Leon-Rot, Germany).
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Table 1. Bacterial strains

Strain Genotype and features Source
(Reference)

DH5a (LMC1180) F-, supE44, hsdR17, recA1, endA1,
gyrA96, thi-1, relA1

Laboratory
collection

LMC500 (MC4100 LysA) F-, araD139, Δ(argF-lac)U169,
deoC1, flbB5301, lysA1, ptsF25,
rbsR, relA1, rpsL150

(185)

LMC531
(MC4100FtsQ(Ts))

F-, Δ(argF-lac)U169, deoC1,
flbB5301, ftsQ1(Ts), lysA1, ptsF25,
rbsR, relA1, rpsL150

(185)

MC1000 (=PC2922) F-, Δ(ara-leu)7697, ΔlacX74,
araD139, galU, galK, rspL, l-

Phabagen

LMC1273 (XL1-Blue) recA1 endA1 gyrA96 thi-1 hsdR17
supE44 relA1 lacF’proAB
lacIqZΔM15 Tn10 (Tetr)]

Stratagene

LMC1412 MC4100LysA Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsqwt
J. Chen

LMC1475 (DHB6501) E. coli K12 F-(l)-, Δlac(MS265), mel-
1, nalA2, supF58 (=suII, tyrT58)

(23)

LMC1476 (DHB6521) Same as LMC1475 with lInCh1 (23)
LMC2241 MC4100LysA Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQ270stop
This study

LMC2248 MC4100FtsQTs Δ(lattL-lom)::bla
laqIq P039-gfpmut2-ftsQ270stop

This study

LMC2251 MC4100LysA Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQ260stop
This study

LMC2254 MC4100FtsQ(Ts) Δ(lattL-lom)::bla
laqIq P039-gfpmut2-ftsQ260stop

This study

LMC2257 MC4100LysA Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQ250stop
This study

LMC2261 MC4100FtsQ(Ts) Δ(lattL-lom)::bla
laqIq P039-gfpmut2-ftsQ250stop

This study

Pfu turbo polymerase from Stratagene (La Jolla, California, USA), MBI Fermentas
GmbH or Taq polymerase from MBI Fermentas GmbH were routinely used in
Polymerase Chain Reactions (PCR). Cloning of relatively small PCR fragments
(FtsQ50-FtsQ200 stop) was done with the PCR-cloning kit from Qiagen and it was
used, according to the specifications of the manufacturer. Oligonucleotides were
obtained from MWG-Biotech AG (Ebersberg, Germany). DNA sequencing was
performed by BaseClear (Leiden, The Netherlands) or by the AMC sequencing
facility (Amsterdam, The Netherlands).

Mutagenesis and cloning of the truncated f tsQ genes. All synthetic
oligonucleotides used in this study are listed in Table 2. The truncated ftsQ genes
were obtained by a PCR. The forward primer, FtsQEcoRIsense, introducing an
EcoRI site, was the same for all truncates and the reverse primers were
FtsQ50stopRev, FtsQ100stopRev, FtsQ150stopRev, FtsQ200stopRev,
FtsQ250stopRev, FtsQ260stopRev and FtsQ270stopRev. Whereby each mutant
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FtsQ was truncated at the amino acid residue written in the name of the
corresponding reverse primer. The reverse primer introduced in all truncates a HindIII
site and a stop codon at this truncation site. For the FtsQ(50stop) up to
FtsQ(200stop) amplification reactions, a linear FtsQ gene digested with NheI and
HindIII from pTHV005 was used as a template. Subsequently, the FtsQ(50stop) up to
FtsQ(200stop) PCR products were first cloned into the pDRIVE vector, using the
PCR cloning kit (Qiagen). From the pDRIVE vector, the restriction sites, introduced
during the PCR were used to clone the PCR products into the pTHV039 vector. For
the FtsQ(250stop), -(260stop) and –(270stop) PCR products, the pTHV039 plasmid
was used as a template and the introduced restriction sites were used directly to
exchange the wild type ftsQ gene for these PCR products in the pTHV039 plasmid.
For expression of FtsQ(250stop), FtsQ(260stop), FtsQ(270stop) without the GFP-
moiety under control of the arabinose inducible promoter plasmids pTHV072,
pTHV073, and pTHV074 were digested with KpnI and HindIII and the truncated
genes were ligated in plasmid pTHV027 digested with the same enzymes. This
resulted in pTHV088, pTHV085, and pTHV086, respectively.

Mutagenesis and cloning of the extended ftsQ genes. A BglII site was introduced
in the N-terminus of FtsQ using the FtsQEcoRIsense and FtsQBglIIHindIIIRev (Table
2) primers. This yielded plasmid pMD003 that expressed GFP-FtsQ with four
additional amino acid residues (RSLQ) at its C-terminus (Table 3). Subsequently, the
HSV-tag (oligos; FtsQHSVBglIIFw and FtsQHSVtagHindIIRev, Table 2) was ligated
in the BglII-HindIII sites of pMD003 to yield pMD007 that expressed GFP-FtsQ-HSV
(Table 3). AcrA was amplified from the chromosome of LMC500 using the
AcrA27BglIIFw and AcrAXmaIRev primers and ligated in the BglII-HindIII sites of
pMD003 to yield pMD008 that expressed GFP-FtsQ-AcrA(27-end) plus 24 additional
amino acids at the C-terminus of AcrA. The first 27 amino acids of the Acra protein
were omitted to prevent membrane insertion of the protein. The XmaI-HindIII sites of
pMD008 were used to ligate an antibody epitope using partially complementary
oligonucleotides containing the coding sequence of the HSV epitope
(AcrAHSVXmaIFw and AcrAHSVHindIIIRev) or 3xFLAG epitope (AcrA3xFLAGFw
and AcrA3xFLAGRev) creating the plasmids pMD009 and pMD015, respectively
(Table 2 and 3). Due to the presence of an extra nucleotide near the XmaI site, these
plasmids expressed GFP-FtsQ-AcrA(27-end) plus 4 and 9 C-terminal amino acids,
respectively (Table 1 and 3). To delete the undesired nucleotide, part of the acrA
gene was replaced by a DNA fragment obtained by PCR using the BsiWIAcrAFw and
XmaI-AcrARev (Table 2) primers. This yielded plasmids pMD208, pMD209, and
pMD215 expressing GFP-FtsQ-AcrA(27-end), GFP-FtsQ-AcrA(27-end)-HSV, and
GFP-FtsQ-AcrA(27-end)-3xFLAG, respectively (Table 3).

Mutagenesis and cloning of the putative interaction mutans. The mutation
D237N was obtained, using the QuickChange™ Site-Directed Mutagenesis method
of Stratagene (La Jolla, California, USA) with the oligonucleotides QC-D237NFw and
QC-D237NRev and the pBADFtsQ plasmid as template (Table 2 and 3). The
resulting ftsQ(D237N) gene was cloned from the pBADFtsQ plasmid with the KpnI
and HindIII restriction sites into the corresponding sites of the pTHV038 plasmid,
creating pTHV058. This plasmid was used as a template in the QuickChange™ Site-
Directed Mutagenesis method of Stratagene to obtain the double mutation D237N-
R240N with the oligonucleotides D237N-R240NFw and D237N-R240NRev.
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Table 2. Oligonucleotides used in this study. The nucleotides that correspond to
recognition sites for restriction enzymes to facilitate cloning are in lower case. Bold
underlined nucleotides indicate the mutations.

Name Sequence (5’->3’)
FtsQEcoRIsense CGAgaattcAACAACAACTCGCAGGCTGCTCT
FtsQ50stopRev CTCCCAGCTCGCaagcttTCATTCCATCCAGCCCAACACGA

CCC
FtsQ100stopRev CTCCCAGCTCGCaagcttTCATTCTATTTGCGTCTGGATGA

TGTTGAC
FtsQ150stopRev CTCCCAGCTCGCaagcttTCATTCTGGCGGCACGCTGAAG

G
FtsQ200stopRev CTCCCAGCTCGCaagcttTCACTGCCAGGAACGCCGCGCG

G
FtsQ250stopRev CTCCCAGCTCGCaagcttTCAAGAGTCATAACGCAAATCAA

CGTAGC
FtsQ260stopRev CGCCGTCCGaagcttTCACGGCAAGGGCGCCCAGCCTAC
FtsQ270stopRev CGCCGTCCGaagcttTCACTGATTTTGTTGCTGAGTAGATT

CC
FtsQBglIIHindIIIRev CGCCGGaagcttTCACTGCAGagatctTTGTTGTTCTGCCTGT

GCCTGATTTTGTTGC
FtsQHSVtagBglIIFw gatctCAGCCTGAACTCGCTCCAGAGGATCCGGAAGATTA
FtsQHSVtagHindIIIRev agcttAATCTTCCGGATCCTCTGGAGCGAGTTCAGGCTGA
AcrA27BglIIFw GGTGACTTagatctGACAAACAGGCCCAACAAGGTGGCCA

G
AcrAHSVHindIIIRev agcttAATCTTCCGGATCCTCTGGAGCGAGTTCAGGCTGG

TC
AcrAHSVXmaIFw ccgggACCAGCCTGAACTCGCTCCAGAGGATCCGGAAGA

TTA
AcrAXmaIRev GCTCGGTCGAAGCTTAAGcccgggACTTGGACTGTTCAGG

CTGAGCACCGC
AcrA3FLAGFw ccgggCTCAACAGGACTACAAAGACCATGACGGTGATTAT

AAAGATCATGATATCGATTACAAGGATGACGATGACAAG
Ta

AcrA3FLAGRev agcttACTTGTCATCGTCATCCTTGTAATCGATATCATGATC
TTTATAATCACCGTCATGGTCTTTGTAGTCCTGTTGAGc

BsiWIAcrAFw AGGGCGTAACCcgtacgCCGCGTGGCG
XmaI-AcrARev CAAAACAGCCaagcttAAGCCCGGGACTTGGACTGTTCAG
QC-D237NFw GGTTTTACAGCAGCAGGCGCAAACAAATGGCAAACGGA

TTAGCTACG
QC-D237NRev CGTAGCTAATCCGTTTGCCATTTGTTTGCGCCTGCTGCT

GTAAAACC
D237N-R240NFw GCAGGCGCAAACAAATGGCAAAAACATTAGCTACGTTG

ATTTGCG
D237N-R240NRev CGCAAATCAACGTAGCTAATGTTTTTGCCATTTGTTTGCG

CCTGC
R240NFw CAGGCGCAAACCGATGGCAAAAATATTAGCTACGTTGAT

TTGCG
R240NRev CGCAAATCAACGTAGCTAATATTTTTGCCATCGGTTTGC

GCCTG
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Table 2. Continued

Name Sequence (5’->3’)
D237N-R240DFw CAGGCGCAAACAAATGGCAAAGACATTAGCTACGTTGAT

TTGCG
D237N-R240DRev CGCAAATCAACGTAGCTAATGTCTTTGCCATTTGTTTGCG

CCTGC
FtsLEcoRIFw GCGGCGCCGCCGgaattcAACAACAACATGATCAGCAGAGT

GACAGAAGC
FtsLHindIIIRev CTCGCATTGGGCCCaagcttATTTTTGCACTACGATATTTTCT

TGTGACGG
Fusion Fw CAGCTGCTGGGATTACACATGGCATGGATGAAC
PTRC99ASeqRev CAGACCGCTTCTGCGTTCTG
FtsBEcoRIFw ACCGgaattcAACAACAACATGGGTAAACTAACGCTGCTGT

TGC
FtsBHindIIIRev TTGCCCaagcttATCGATTGTTTTGCCCCGCAGAC

In order to construct the GFP-FtsQ(R240N) and GFP-FtsQ(D237N-R240D) mutants,
the ftsQwt gene and the ftsQ(D237N) gene were digested with EcoRI and HindIII
from the pTHV039 and pTHV058 plasmids respectively. Subsequently these genes
were cloned into the same restriction sites of the pMON999 vector, creating
pTHV101 and pTHV102, correspondingly. The QuickChange™ Site-Directed
Mutagenesis method was used with these plasmids as template to obtain the R240N
and D237N-R240D mutations. For the R240N mutation, the QCR240NFw and
QCR240Rev primers were used and for the D237N-R240D mutation, the QCR237N-
R240DFw and QCD237N-R240DRev primers were used. This resulted in the
pTHV094 and pTHV092 plasmids, in that order. Subsequently, the ftsQ(R240N) and
ftsQ(D237N-R240D) genes were digested from these plasmids with EcoRI and
HindIII, and ligated to the corresponding sites of pTHV038. The products of this last
procedure are the pTHV095 and pTHV096 plasmids, containing the gfp-ftsQ(R240N)
and gfp-ftsQ(D237N-R240D) genes, respectively. All mutations were confirmed by
sequencing.

Cloning of sYFP-FtsL and CFP2-FtsB. FtsL and FtsB were amplified from the
chromosome of LMC500, using FtsLEcoRIFw and FtsLHindIIIRev and FtsBEcoRIFw
and FtsBHindIIIRev as primers, respectively (Table 2). The PCR product coding for
FtsL was digested with EcoRI and HindIII and ligated into pJP010-linkerQ (sYFP1-
FtsQ), which was digested with the same enzymes. This resulted in plasmid
pTHV084. The PCR product coding for FtsB was ligated directly in pGEM™
(Promega) resulting in pGEMFtsB. This plasmid was digested with EcoRI and HindIII
and ligated into pSA011, which was digested with the same enzymes exchanging
FtsQ for FtsB. The construction of plasmid pSA011 that expresses sCFP2-FtsQ and
of pJP010-linkerQ that expresses sYFP1-FtsQ will be published elsewhere. The
expression of both fusion proteins is under control of the weakened Trc promoter
(199).

Construction of E. coli chromosome integrates. The gfp-ftsQ(250stop), gfp-
FtsQ(260stop) and gfp-FtsQ(270stop) genes were inserted into the E. coli
chromosome at the l attachment site using the lInCh method, described by Boyd et
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al (23). The resulting strains (LMC2261, LMC2251, and LMC2248, respectively) were
confirmed by PCR analyses and sequencing.

Table 3. Plasmids

Plasmid Genotype and features Source
(Reference)

pBluescript KS+
(pBS)

Cloning vector Laboratory
collection

pDRIVE Cloning vector QIAGEN
pGFPmut2 Source of GFPmut2 N. Buddelmeijer
pMON999 Plant expression vector Monsanto

company
pMD003 gfp-ftsQ-RSLQ This study
pMD007 gfp-ftsQ-HSV This study
pMD008 gfp-ftsQ-AcrA(27-end) + 24 amino acids This study
pMD009 gfp-ftsQ-AcrA(27-end) + 4 amino acids This study
pMD015 gfp-ftsQ-AcrA(27-end) + 9 amino acids This study
pMD208 gfp-ftsQ-AcrA(27-end) This study
pMD209 gfp-ftsQ-AcrA(27-end)-HSV epitope This study
pMD215 gfp-ftsQ-AcrA(27-end)-3xFLAG epitope This study
pTHV005 pBAD18 with wild type ftsQ This study
pTHV027 pBAD18 with wild type ftsQ, without KpnI

site in the vector
This study

pTHV088 pBAD18 with ftsQ250stop This study
pTHV085 pBAD18 with ftsQ260stop This study
pTHV086 pBAD18 with ftsQ270stop This study
pTHV032 PBAD-ftsQD237N This study
pTHV037 pTRC99A with promoter down mutation

at the –35 site
(1)

pTHV038 pTHV037 with gfpmut2 (1)
pTHV039 pTHV038-ftsQwt (1)
pTHV058 pTHV038-ftsQD237N This study
pTHV065 pTHV038-ftsQ50stop This study
pTHV066 pTHV038-ftsQ100stop This study
pTHV067 pTHV038-ftsQ150stop This study
pTHV068 pTHV038-ftsQ200stop This study
pTHV072 pTHV038-ftsQ250stop This study
pTHV073 pTHV038-ftsQ260stop This study
pTHV074 pTHV038-ftsQ270stop This study
pTHV077 pTHV038-ftsQD237N-R240N This study
pTHV084 pMCL210DNcoI with syfp1-linker-ftsL,

under control of Trc down promoter
This study

pTHV101 pMON999-ftsQwt This study
pTHV102 pMON999-ftsQD237N This study
pTHV092 pMON999-ftsQD237N-R240D This study
pTHV094 pMON999-ftsQR240N This study
pTHV095 pTHV038-ftsQR240N This study
pTHV096 pTHV038-ftsQD237N-R240D This study
pSA023 pTHV037-scfp2-ftsB This study
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Growth conditions for localisation and complementation analyses. The
morphology and phenotype of LMC500 wild type (wt) cells, expressing the GFP-FtsQ
proteins from the constructed plasmids, or of strains with an integrated gfp-ftsQ at the
l attachment site was examined. For that purpose an overnight culture was grown at
28ºC in TY, supplemented with 0.5% glucose to repress the protein expression.
Following, the cells were sub cultured in GB1 with lysine (50μg/ml) and grown to
steady state (70) at 28ºC. We considered the cultures to be in steady-state growth if
the average cell-mass remained constant over time. Cell numbers were measured
with an electronic particle counter (orifice diameter 30μm). When the cells reached
steady state, a 1.5 ml sample was harvested at an Optical Density 450 nm (OD450nm)
of 0.2, measured with a 300-T-1 spectrophotometer (Gilford Instrument Laboratories)
and fixed for microscopy.

The remaining of the culture was diluted into fresh prewarmed medium of
42ºC to the OD450 of 0.05 and shifted to 42˚C to determine the temperature stability of
the fusion proteins. The diluted culture was grown at 42ºC for two mass doublings
before harvesting. Expression of the fusion proteins was not induced because the
weakened Trc promoter was sufficiently leaky to produce enough GFP-FtsQ to be
visible by fluorescence microscopy. For complementation experiments, the plasmids,
containing the GFP-FtsQ(mutant) proteins, were transformed to strain LMC531,
carrying the ftsQ1 Ts mutation (185). The same growth procedures were used as
described above. To determine whether the GFP protein fused to FtsQ behaved
similarly as the FtsQ protein without GFP attached to it, the morphology and
phenotype of LMC500 and LMC531 cells, expressing FtsQ proteins from the
constructed plasmids under the control of the pBAD promoter were examined,
without induction. These cells were grown similar to the steady state level at 28˚C as
described before.

Microscopy and image analysis. The cells were harvested, either at steady state
level at 28˚C or after two mass doublings of growth at 42˚C and fixed with 2.8%
formaldehyde (FA) and 0.04% glutaraldehyde (GA) in growth medium for 15 min at
room temperature. They were subsequently centrifuged at 8.000 rpm for 5 minutes
and washed once in PBS (140mM NaCl, 27mM KCl, 10 mM Na2HPO4.2H2O, 2mM
KH2PO4, pH 7.2), centrifuged at 8.000 rpm for 5 minutes and resuspended in 20 μl of
PBS. Of the cell suspensions, 3μl was administered on a 1% agarose in water slab-
coated object glass. (114).

All cells were photographed with a cooled Princeton CCD or a Photometrics
Coolsnap fx CCD camera mounted on an Olympus BX-60 fluorescent microscope
through an UPLANFL 100x N.A.1.3 oil objective. Images were made using the public
domain program OBJECT-IMAGE 2.08-2.13 by N. Vischer (University of Amsterdam;
http://simon.bio.uva.nl/object-image.html), which is based on NIH IMAGE by W.
Rasband. In all experiments, the cells were first photographed in the phase-contrast
mode then with the GFP (U-MNB) filter (excitation at 470-490 nm), the Cyan filter
(excitation at 426-446) or the Yellow filter (excitation at 490-510 nm). The
photographs were stacked, the cell length and diameter were measured, and the
presence of a constriction of each cell was determined in the phase-contrast image
(52). The presence of GFP-FtsQ, sCFP2-FtsB, or sYFP1-FtsL fluorescent spots at
midcell was determined in the fluorescence image.
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Results

General approach
To investigate the function of the C-terminus of FtsQ we have made a series
of FtsQ C-terminal truncates, extensions and point mutations (see below). To
test whether the mutants were functional they were expressed in the FtsQ(Ts)
strain LMC531 (185). This strain harbours the ftsQ1 gene at the 2 min region
in the chromosome, which expresses the temperature sensitive FtsQ(E125K)
mutant protein. Thus the mutant is not able to localise at 42˚C and the cells
grow as filaments (1).

The fusion proteins of the mutants were expressed from a plasmid
under control of a weakened Trc promoter (199) without induction. In addition,
some of the mutants were investigated as single copy integrates in the
chromosome, additional to the FtsQ already present at the 2 min region. In
the majority of the experiments, the cells were grown to steady state (70) in
glucose minimal medium (GB1) at 28˚C to allow comparison of the GFP-
FtsQ(mutant) proteins with the GFP-FtsQ wild type (wt) protein. After growing
the cells to steady state, one part of the cells was fixed and the other part was
diluted in prewarmed 42°C medium and continued to grow for two mass
doublings before the cells were harvested and fixed. The cells were examined
by fluorescence microscopy and of each culture, at least 400 cells were
measured and analysed (see Materials and Methods).

C-terminal truncates of FtsQ
To determine whether the periplasmic moiety of FtsQ is a modular protein a
series of C-terminal truncates were made. The truncated GFP-FtsQ fusion
proteins GFP-FtsQ(50stop), GFP-FtsQ(100stop), GFP-FtsQ(150stop), GFP-
FtsQ(200stop), and GFP-FtsQ(250stop) (Fig. 1A) were expressed from
plasmid in LMC500, under control of the weakened Trc promoter. The cells
were grown in rich medium (TY) at 28˚C and the expression level of the
proteins was examined by immunoblotting. Truncation of FtsQ reduced the
stability of the protein considerably. Only the GFP-FtsQ(50stop) obtained from
an uninduced cell culture was visible on immunoblot (not shown). After
induction for two mass doublings with 200 mM IPTG the other truncates were
also visible on immunoblot (Fig.1B). Especially the GFP-FtsQ(100stop), -
(150stop), and –(200stop) were either poorly expressed or very unstable (Fig
1B). In the absence of induction, the weakened Trc promoter produces the
GFP-FtsQ(wt) in approximately 70-fold excess compared to the expression
level of the endogenous ftsQ gene from the chromosome (1). Therefore, it can
be envisioned that despite the very low expression level of the GFP-FtsQ
truncates compared to the GFP-FtsQ(wt) sufficient fusion protein of all
truncates might have been produced to be able to compete with the
endogenous FtsQ for localisation at the division site. The localisation of the
fusion proteins was analysed by fluorescence microscopy in LMC500 cells
grown in TY and expressing the truncated FtsQ proteins.
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Fig. 1 Overview of the FtsQ truncates and their expression level. Panel A shows a
schematic representation of the truncated GFP-FtsQ proteins. The green and orange
bars represent GFP and FtsQ, respectively. Cp and Tm are cytoplasmic domain and
transmembrane domain of FtsQ, respectively. Panel B shows an immunoblot of the
level of GFP-FtsQ truncates expressed by the LMC500 strain grown exponentially in
TY at 28˚C in the presence of 200 mM IPTG for two mass doublings. The blot is
developed with a polyclonal antiserum (pAb) against GFP (Molecular Probes). The
intense band (a) is a cross-reaction of the antiserum with one of the E. coli proteins.
The stars indicate the bands of the truncated FtsQ proteins. Panel C shows an
immunoblot of the level of GFP-FtsQ truncates expressed by the LMC500 strain
grown exponentially in TY at 28˚C without induction. The blot was developed with a
pAb against an N-terminal peptide of FtsQ. The intensity of the bands was
determined by densitometry and normalised to the expression level of the GFP-
FtsQ(wt) shown in the first lane.

Only GFP-FtsQ(250stop) showed some very weak midcell localisation (Fig.
2A) and only in the cells expressing GFP-FtsQ(50stop) the fusion protein was
visibly present in the cytoplasmic membrane, though not specific at the
division site (not shown). IPTG-induced expression showed that all truncates
were in principle able to insert in the cytoplasmic membrane (not shown).
These results indicate that at least the first 250 amino acid residues are
essential for the stability of the protein and that the periplasmic domain of
FtsQ seems not to be a modular moiety.
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Because GFP-FtsQ(250stop) showed some midcell localisation despite
its reduced stability, we refined the truncation of the C-terminus and made
GFP-FtsQ(260stop) and GFP-FtsQ(270stop). Initially the GFP-FtsQ(250stop),
-(260stop), and –(270stop) proteins were expressed from plasmid by LMC500
grown in TY at 28˚C without induction. The expression level of GFP-
FtsQ(260stop) and GFP-FtsQ(270stop) was 33% and 97% of that of GFP-
FtsQ(wt), respectively (Fig. 1C). The GFP-FtsQ(250stop) was not detectable
without induction as described above. The mutants showed an increasing
ability to localise at 28˚C, where GFP-FtsQ(250stop) is weakly able to localise
and GFP-FtsQ(270stop) localised comparable to GFP-FtsQ(wt). GFP-
FtsQ(250stop) behaved slightly trans dominant negative as these cells were
on average 25% longer than the two other truncated proteins that had
average cell lengths similar to the wild type strain (results not shown). The
plasmid expressing GFP-FtsQ(250stop) could not be stably transformed to
LMC531. Apparently, when growing on rich medium this truncate was only
weakly able to compete with the endogenous FtsQ(wt) for midcell localisation
and it was toxic in combination with the endogenous  FtsQ(Ts).
To further reduce the expression level and thereby the presumed toxicity in
LMC531, the truncated protein genes were integrated as single copies into
the E. coli chromosomes of LMC500 and LMC531, using the lInCh system
(23) (Table 1). Expression from the Trc promoter from a single copy in the
chromosome gave about five-fold excess of fusion protein compared to the
endogenous FtsQ expression level (1). At this reduced expression level
compared to expression from plasmid, InChGFP-FtsQ(250stop) was as
expected, not able to localise in LMC500. Surprisingly, it also did not localise
in LMC531 at 28˚C or at the restrictive temperature of 42˚C (Table 4),
whereas it was still exerting a dominant effect. The cells showed 30% more
constrictions than InChGFP-FtsQ(wt) and formed chain-like filaments that
increased the average cell length (Table 4). At 42˚C, the InChGFP-
FtsQ(250stop) cells formed (blunt) filaments (for a similar phenotype see Fig.
2D or 2J) indicating that the mutant was not able to complement the FtsQ(Ts)
protein (Table 4). Induction of the expression of InChGFP-FtsQ(250stop) for
one mass doubling with 10 mM IPTG resulted in normal localisation and
filamentation (Fig. 2B). It can be concluded that GFP-FtsQ(250stop) is able to
localise to the division site but cannot support cell division as such. InChGFP-
FtsQ(260stop) localised more or less comparable to InChGFP-FtsQ(wt) in
LMC500 and LMC531 at 28˚C and at 42˚C and was able to complement the
FstQ(Ts) mutant (Table 4). The LMC531InChGFP-FtsQ(270stop) cells had an
increased average length, an increase in the percentage of cells with GFP-
FtsQ midcell localisation and an increase in the percentage of cells with a
constriction compared to LMC531InChGFP-FtsQ(wt) at both temperatures.
Because of this increased duration of the division process, it is feasible that
the C-terminus of GFP-FtsQ(270stop) was not correctly folded and interfered
somewhat with the function of the protein.
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Because GFP might affect the affinity of the FtsQ mutants for the division site,
the FtsQ(250stop), FtsQ(260stop) and FtsQ(270stop) mutants were also
expressed in LMC531 from a pBAD vector without the GFP moiety. Cells
were grown to steady state in GB1 without induction as described for the GFP
versions. Although we did not examine the expression level from the
uninduced pBAD vector, we assume that it will be higher than from the
chromosomally encoded f tsQ gene but lower than from the GFP-
FtsQ(250stop) plasmid because the arabinose inducible promoter is less
leaky than the IPTG inducible promoter. Therefore, it was not surprising that
the FtsQ(250stop) was more trans-dominant at 28˚C than the InChGFP-
FtsQ(250stop). The FtsQ(250stop) cells formed chain-like structures at this
temperature (Fig. 2C) and the percentage of cells with a constriction at 28˚C
was increased (Table 4). The mutant was not able to complement the
FtsQ(Ts) (Table 4 and Fig. 2D). The phenotype of pBADFtsQ(260stop) and
pBADFtsQ(270stop) was similar to that of the in the chromosome integrated
versions of the GFP-FtsQ proteins (see above).

Chen et al. (2002) (33) described an FtsQ mutant with its last 28 amino
acids deleted (FtsQ(249stop) that was able to localise but could not recruit
FtsL. Although our FtsQ(250stop) localised very inefficient due to its
instability, it could be possible that it was still able to recruit FtsL and FtsB. To
investigate whether this was the case sYFP1-FtsL and sCFP2-FtsB were
cloned in a plasmid under control of the weakened Trc promoter (pTHV084
and pSA023, respectively, Table 3) and expressed in LMC531. The cultures
were grown to steady state at 28˚C and shifted to 42˚C. At 28˚C, sCFP2-FtsB
did not localise at all (Fig. 2E) and sYFP1-FtsL localised very weakly (not
shown). Both fusion proteins caused the cells to grow as chains as was
reported for GFP-FtsL by Ghigo et al. (1999) (78). Presumably the fusion
proteins compete with the wild type FtsL and FtsB for the endogenous
FtsQ(Ts), which itself has a weak affinity for the division site (1).

‡ Fig. 2. Morphology and localisation of cells expressing GFP-FtsQ(250stop) (2A,
2B) and morphology and localisation of cells expressing sCFP2-FtsB (2E-2J) in the
presence of FtsQ(250stop). A, LMC500 (E. coli wt) pGFP-FtsQ(250stop). B, LMC531
(FtsQ(Ts)) InChGFP-FtsQ(250stop) at 28°C induced for one mass doubling (MD)
with 10 mM IPTG. Average cell length (AL) was 5.96 ± 4.29 mm, n = 599. C ,
LMC531pBADFtsQ(250stop) grown at 28°C. AL was 4.25 ± 2.02 mm, n = 450. D ,
LMC531pBADFtsQ(250stop) grown for 2 MDs at 42°C. E, LMC531pSA023 (sCFP2-
FtsB) grown for 2 MDs in the presence of 10 mM IPTG at 28°C. AL was 6.38 ± 3.05
mm, n =481. F, the same but grown for two MD at 42°C. G, LMC531pBADFtsQ(wt)
and pSA023 (sCFP2-FtsB) grown for 2 MD in the presence of 10 mM IPTG at 28°C.
AL was 2.98 ± 0.75 mm, n = 548. H, the same but grown for two MD at 42°C. I,
LMC531pBADFtsQ(250stop) and pSA023 (sCFP2-FtsB) grown for 2 MD in the
presence of 10 mM IPTG at 28°C. AL was 10.18 ± 5,63 mm, n = 170. J, the same but
grown for two MD at 42°C. The capitals with a prime are the corresponding
fluorescence images of the phase contrast images. Al cells were grown in GB1 apart
from the cells in image 2A, which were grown in TY. Bar is 1 mm.
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Addition of a not induced pBadFtsQ(wt) plasmid was sufficient to restore
normal growth and localisation at midcell of FtsB (Fig. 2G and 2H) or of FtsL
(Fig. 6A and 2B). Subsequently, we determined whether pBadFtsQ(250stop)
was also able to restore normal morphology and localisation of the fusion
proteins. The reverse effect was achieved. Expression of FtsQ(250stop)
further increased the length of the chains in which the cells grew and no
sCFP2-FtsB localisation was observed (Fig. 2I and 2J). Similar results were
obtained upon co-expression of FtsQ(250stop) and sYFP1-FtsL (not shown).
Induction of the expression of FtsQ(250stop) by 0.005% or even 0.05%
arabinose resulted in the formation of inclusion bodies and did not improve
the localisation of sCFP2-FtsB or of sYFP1-FtsL. In conclusion similar to the
FtsQ(249stop) FtsQ2 mutants of Chen et al. (2002) (33), FtsQ(250stop)
seems not able to recruit FtsL. In addition, we found that the FtsQ(250stop) is
also not able to recruit FtsB.

In summary, the last 6 C-terminal amino acids might assist in the
correct folding of the C-terminus but are not essential for the function of FtsQ.
Deletion of the last 16 amino acids reduced the stability of the protein two
third, but not its function or localisation. Deletion of the last 26 amino acids
reduced the stability of the protein with a factor of hundred and affected the
ability of the protein to compete with endogenous FtsQ for localisation.
FtsQ(250stop) was able to localise at the division site but was not able to
recruit FtsL and FtsB to this site. Although FtsQ does not need FtsL or FtsB
for localisation under conditions of FtsQ overproduction (36), the inability of
FtsQ(250stop) to compete with the endogenous FtsQ for localisation,
suggests that the association of FtsQ with FtsL and FtsB increases its affinity
for the division site.

C-terminal extensions of FtsQ
It is assumed that the periplasmic domain of FtsQ is part of a protein complex
(termed divisome subassembly) that consists of the periplasmic domains of
FtsL, FtsB, FtsI, FtsW, FtsN and probably more proteins involved in cell
division (141). To answer the question to what extent the periplasmic domain
of FtsQ might participate in this putative complex, we determined whether the
C-terminus of FtsQ was freely accessible by extending it with a variety of
amino acid sequences. All C-terminal extensions (Fig. 3A) were expressed as
GFP fusions from plasmid under control of the weakened Trc promoter in
LMC500 and LMC531, grown to steady state in GB1 at 28˚C as described in
the previous sections. Extension of the C-terminus of FtsQ with a Human-
Simian-Virus (HSV) epitope did not affect the stability of the protein (Fig. 3B
and 3C). The protein showed normal expression levels at the permissive and
restrictive temperature and the proteins could be detected by antiserum
against GFP (not shown), against FtsQ (Fig. 3B) and against HSV (Fig. 3C).
GFP-FtsQ-HSV localised in LMC500 as well as in LMC531 at the permissive
and restrictive temperature (Table 5) as detected by its GFP fluorescence as
well as by immunofluorescence microscopy using antibodies against the HSV
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epitope (Figure 4). At 28˚C, the presence of GFP-FtsQ-HSV was
accompanied by an increase in the constriction period and at 42˚C, the cells
expressing the fusion protein grew as short filaments and chains in both
genetic backgrounds (Table 5). These results indicated that the C-terminus of
FtsQ is freely accessible because the protein is still able to localise, but that
its extension caused a trans-dominant-negative phenotype.

Because, the HSV-epitope contained three prolines out of 13 amino
acid residues, we envisioned that the tag might bend into the FtsQ protein
structure or might interfere with the interaction of the FtsQ C-terminus with
another protein. Therefore, the C-terminus of FtsQ was extended by fusion to
the AcrA protein. It was shown that the AcrA protein has a hinge in the middle
and can “fold back on itself” (9) presumably by forming a coiled coil (96). This
brings its C- and N-termini close together and thus the C-terminus of AcrA in
close proximity of the C-terminus of FtsQ.

Fig. 3. Overview of the C-terminal extensions of FtsQ and their expression level.
Panel A shows a schematic representation of the extended GFP-FtsQ proteins. The
green and orange bars represent GFP and FtsQ, respectively. CP and Tm are
cytoplasmic domain and transmembrane domain of FtsQ, in that order. The red and
blue bars represent HSV and AcrA, correspondingly. At the right side of the fusion
proteins their total number of amino acids (a.a.) and k Dalton (kDa) is indicated.
Panel B shows an immunoblot of the level of GFP-FtsQ-HSV (pMD007) and GFP-
FtsQ-AcrA(27-end)+4 (pMD009) expressed by the LMC500 strain grown to steady
state in GB1 at 28˚C without induction (lanes 1 and 3, respectively) and after a shift
to 42˚C for two mass doublings (lanes 2 and 4, respectively). The blot has been
developed with a monoclonal antiserum (mAb) against FtsQ (28). Panel C shows an
immunoblot of the level of GFP-FtsQ-AcrA(27-end)-HSV expressed by the LMC500
strain (lanes 5 and 6) and in LMC531 (lanes 7 and 8) grown to steady state in GB1
28˚C without induction at 28˚C (lanes 5 and 7) ) and after a shift to 42˚C for two mass
doublings (lanes 6 and 8, respectively). The blot was developed with a mAb against
HSV (Novagen).
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The GFP-FtsQ-AcrA fusion grew with normal average cell lengths in
LMC500 and in LMC531 at 28˚C and 42˚C and was able to complement the
FtsQ(Ts) mutant (Table 5). The moderate reduction in the percentage of cells
with a midcell GFP-FtsQ localisation and the increase in the number of
constricting cells compared to GFP-FtsQ(wt) (Table 5) indicated a slightly
reduced affinity for the division site. Based on these results it can be
concluded that amino acid 276 of FtsQ is indeed freely accessible in the
periplasm. Subsequently, the AcrA moiety was extended with a variety of
arbitrary amino acids and antibody epitopes to reveal whether the C-terminus
of FtsQ is in close proximity of other cell division proteins (Table 5 and 6). All
but one of the extensions of AcrA resulted in a reduction or loss of
localisation, loss of FtsQ(Ts) complementation (Table 5) and in elongated
cells or filamentation at the restrictive temperature in both genetic
backgrounds. This indicates that although the C-terminus of FtsQ is freely
accessible, it is also in close proximity to other protein(s) required for the
localisation of FtsQ. The only exception was the extension of AcrA with 24
additional amino acids. The GFP-FtsQ-AcrA-24 fusion protein localised in
LMC500 and in LMC531 and complemented the latter (Table 5).

Table 6. The FtsQ extensions (in one letter code) and their characteristics.

Construct Extra amino acidsa L C TDN
GFP-FtsQ-HSV RDNPELAPEDPED + ± +
GFP-FtsQ-AcrA - + + -
GFP-FtsQ-AcrA+24 GANPENSKSPGLSLAVLADERFSA + + -
GFP-FtsQ-AcrA+4 PGPA + - +
GFP-FtsQ-AcrA+9 PGSTGLNRP - - +
GFP-FtsQ-AcrA+HSV RDNPELAPEDPED ± - +
GFP-FtsQ-AcrA+3xFLAG RANNDYDHDYDYLDHDIDYKDDDK - - +

aThe charged (positive and negative) residues are shown in bold type and the
prolines are shown in bold type and are underlined. L is Localisation, C is
Complementation, and TDN is trans-dominant negative.

Apparently, the number of additional amino acids attached to the GFP-FtsQ-
AcrA construct is not directly correlated to the loss of function or the ability to
localise. This indicated that the composition of the extra amino acids that were
attached to AcrA might be of importance. In Table 6, an overview of the extra
amino acids (in one letter code) that were attached to AcrA and whether they
were able to complement and localise is shown. The 24 amino acid residues
of the GFP-FtsQ-AcrA+24 construct, which was able to complement and
localise, starts with three relatively small neutral amino acids, which might act
as a small linker that allows the rest of the residues to accommodate
themselves in a freely accessible area. The other amino acid residue
sequences that have been used to extend AcrA contain either a considerable
number of prolines and/or are strong negatively charged which might cause
steric hindrance of the interaction of the C-terminus of FtsQ and another
protein.
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Fig.4. GFP-FtsQ-HSV is able to localise but does not support cell division. Panel A
shows LMC500pMD007 expressing GFP-FtsQ-HSV. Panel B shows
LMC531pMD007. The strains were grown in GB1 to steady state at 28˚C (left
images) and shifted for two mass doublings to 42˚C (right images). In each panel the
phase contrast images of the cell are on top, the GFP images are in the middle and
the immunofluorescence imaged cells stained by a mAb against HSV and secondary
antibodies conjugated to Cy3 are shown on the bottom. The bars are 1 mm.
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Summarising, residue 276 of FtsQ is freely accessible in the periplasm
and can be extended by a bulky protein like AcrA. This suggests that the
periplasmic domain of FtsQ is not engulfed by a protein complex. However, a
region close to the C-terminus is very sensitive to obstruction by either direct
or indirect extensions of the C-terminus.

Putative C-terminal interaction mutants
The FtsQ2 mutant FtsQ(249stop) was reported to be able to localise at the
site of division but not able to bind FtsL or to support cell division. (33). It was
inferred that the C-terminus was essential for the interaction with FtsL. To
discover C-terminal amino acids that could be involved in the interaction with
FtsL or other cell division proteins we used the hydrophobic moment plot of
FtsQ to predict amphiphilic segments susceptible to interact with other
proteins or with sub-domains within the protein (50, 74, 128). The method has
been successfully applied to the cell division proteins FtsI (128, 154) and
FtsW (150) (see also Chapter 6). The hydrophobic moment is a quantitative
measure of the amphiphilicity of a peptide sequence perpendicular to the axis
of a helix (64). This can be calculated for any amino-acid sequence by adding
all hydrophobicity values of its amino acids, taking into account at which angle
the residues emerge from the backbone of the peptide structure. In a
hydrophobic-moment plot, the hydrophobic moment is plotted against the
hydrophobicity. A window of seven amino acids was moved through the
sequence of the periplasmic domain of FtsQ and for each segment the mean
hydrophobicity (H) and mean hydrophobic moment (μH) were calculated.

A residue with an H ranging from -1.2 to -0.5 and a μH ranging from
0.25 to 1.1 is a possible candidate for protein interactions (74). By in silico
mutagenesis of these residues it was determined by which amino acid it had
to be replaced to decrease the μH or to increase the H in order to exclude it
from the protein interaction matrix. It was observed that of the C-terminal
moiety of FtsQ the residue asparagine (D) 237 was a potential candidate for
protein interactions (Table 7).

Table 7. Average hydrophobicity (H) and hydrophobic moment (m) of the central
residue of a window of seven amino acids before and after in silico mutagenesis.

Amino acid residue
before mutagenesis

H m Amino acid residue
after mutagenesis

H m

D237 -067 0.49 N237 -0.65 0.50
D237, R240 -0.67 0.49 N237, N240 -0.41 0.33
D237, R240 -0.67 0.49 D237, N240 -0.42 0.32

The central PI residue (D237) is shown in bold type. The additional mutation (R240N,
outside the PIM) necessary to exclude the PI residue from the PIM, is shown as well,
see text for details.

In silico mutagenesis of D237 and R240 to asparagines or the single R240N
mutation but not the single D237N mutation caused the exclusion of residue
237 from the protein interaction matrix (Table 7). Therefore, the double
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mutants GFP-FtsQ(D237N-R240N) and GFP-FtsQ(R240N) were constructed,
yielding plasmid pTHV077 and pTHV094, respectively (Table 3). As a control,
the single mutant GFP-FtsQ(D237N) was constructed as well. This resulted in
plasmid pTHV058 (Table 3).

These putative interaction mutants were first expressed in wild type
LMC500 cells growing exponentially in TY at 28˚C, to determine their
expression level by immunoblotting and densitometry (Fig. 5).

Fig. 5. Overview of the expression levels of the C-terminal FtsQ mutants. The GFP-
FtsQ(mutants) are indicated above the lanes. The left part of the immunoblot is
incubated with a pAB against FtsQ and the right part is developed using a pAb
against GFP. Under each lane the quantification of the expression level is shown as
percentage of that of GFP-FtsQ(wt).

The mutations did not have a dramatic effect on the expression levels or the
stability of the protein. Even the 35%-65% lower expression level than GFP-
FtsQ(wt) of some of the mutants is still an excess compared to the number of
endogenous FtsQ proteins and therefore sufficient to study localisation.
Expressed from plasmid in LMC500 and LMC531 and grown to steady state
in GB1 as described above GFP-FtsQ(D237N-R240N) and GFP-
FtsQ(R240D) cells were in most aspects similar to GFP-FtsQ(wt) in both
backgrounds at both temperatures (Tables 8A and 8B). Even the more
dramatic mutation GFP-FtsQ(D237N-R240D) in which the positively charged
arginine (R) 240 was replaced by a negatively charged aspartic acid (D)
instead of an asparagine (N) did not affect cell division or localisation
appreciable. It seemed, that the in silico predicted changes did not correspond
to the in vivo results. However, it appeared to be impossible to obtain the
single mutant R240N and the double mutant D237N R240D using the
QuickChange™ mutagenesis technique on plasmids that expressed the GFP-
FtsQ fusion protein. Therefore, we made these mutations by first using a plant
vector that did not express the protein in E. coli. Subsequently, the correct
sequence of the mutations was confirmed by sequencing and the mutated
genes were recloned in an expression vector. Consequently, it cannot be
excluded that the LMC500 and LMC531 cells expressing these mutations had
acquired compensating mutations elsewhere on the chromosome. If this
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would be the case, the predicted importance of amino acid residue R240 for
protein-protein interactions of FtsQ could be valid.

GFP-FtsQ(D237N) cells were slightly elongated compared to GFP-
FtsQ(wt) cells in a wild type background at both temperatures (Table 8A).
When this mutant was examined in LMC531, it was able to localise at both the
permissive and the restrictive temperature, but it was not able to complement
the endogenous FtsQ(E125K) mutation (Table 8B).

Table 8A. Morphological parameters of strain LMC500 expressing FtsQ mutant
proteins from plasmid. The cells were grown to steady state at 28˚C in GB1 medium
and subsequently shifted to 42˚C and measured after two mass doublings.

LMC500
28˚C 42˚C

Strain/GFP-FtsQ
(mutant)

Td Len ± SD T Q Len ± SD T Q
LMC500 - LMC531 80 2.67 ± 0.60 22 - 2.47 ± 0.57 - -
-(wt) 90 3.04 ± 0.62 22 30 3.97 ± 1.45 23 31
-(D237N) 88 3.63 ± 0.80 31 30 4.88 ± 2.15 30 29
-(R240N) 96 3.33 ± 0.75 32 15 2.96 ± 0.80 29 17
-(D237N-R240N) 88 3.39 ± 0.77 19 23 3.40 ± 1.07 22 17
-(D237N-R240D) 92 3.16 ± 0.67 30 20 2.69 ± 0.66 23 8

Td is mass doubling time; Len is average length; SD is standard deviation. All data
are based on the measurement of 400-750 cells. T is the percentage of constricting
cells in the culture; Q is the percentage of cells with a GFP-FtsQ signal at midcell in
the culture.

Table 8B. Morphological parameters of strain LMC531 expressing FtsQ mutant
proteins from plasmid. The cells were grown to steady state at 28˚C in GB1 medium
and subsequently shifted to 42˚C and measured after two mass doublings.

LMC531
28˚C 42˚C

Strain/GFP-FtsQ
(mutant)

Td Len ± SD T Q Len ± SD T Q
LMC500 - LMC531 80 3.74 ± 1.18 - - 8.54 ± 3.50 - -
-(wt) 100 3.67 ± 0.92 26 28 4.70 ± 1.93 24 46
-(D237N) 88 3.35 ± 0.76 26 22 5.71 ± 2.90 41 60
-(R240N) 95 3.28 ± 0.77 23 36 3.19 ± 0.83 20 41
-(D237N-R240N) 100 3.23 ± 0.76 27 35 3.45 ± 1.03 23 36
-(D237N-R240D) 96 3.43 ± 0.82 25 41 3.11 ± 0.76 22 40

Td is mass doubling time; Len is average length; SD is standard deviation. All data
are based on the measurement of 400-750 cells. T is the percentage of constricting
cells in the culture; Q is the percentage of cells with a GFP-FtsQ signal at midcell in
the culture.

Subsequently, it was investigated whether FtsL and FtsB were able to localise
when this mutant was present. The D237N mutant was expressed in LMC531
from a pBAD plasmid (pTHV032), without GFP fused to its N-terminus, and at
the same time sYFP1-FtsL was expressed from the pTHV084 plasmid or
sCFP2-FtsB was expressed from the pSA023 plasmid (see section of FtsQ
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truncates). The cells expressing pBADFtsQ(D237N) and sYFP1-FtsL grew as
long chain-like cells at 28˚C and showed almost no localisation of sYFP1-FtsL
(Fig. 6C) or of sCFP2-FtsB (similar as Fig. 2I), whereas expression of
FtsQ(wt) in combination with sYFP1-FtsL or sCFP2-FtsB showed a clear
localisation of sYFP1-FtsL (Fig. 6A and 6B) or of sCFP2-FtsB (Fig. 2G and
2H). At the restrictive temperature, the sYFP1-FtsL (Fig. 6D) and sCFP2-FtsB
(similar as Fig. 2J) protein also showed no localisation in combination with
FtsQ(D237N) and the cells showed very long filaments with blunt and deep
constrictions. In conclusion, residue D237 is essential for the localisation of
FtsL and FtsB, but not for the stability or for the localisation of FtsQ.

Fig. 6. Amino acid residue D237 is essential for the binding of FtsL but not for
localisation of FtsQ at the site of division. The images A (28˚C) and B (42˚C) show
LMC531 expressing FtsQ(wt) and sYFP1-FtsL. Images C (28˚C) and D (42˚C) show
the same strain expressing FtsQ(D237N) and sYFP1-FtsL and images E (28˚C) and
F (42˚C) show LMC531 expressing GFP-FtsQ(D237N). LMC531 was grown in GB1
to steady state at 28˚C (images A, C, and E) and for two mass doublings at 42˚C
(images B, D, and F). The left mages show phase contrast and right images show
sYFP1 (B and D) or GFP fluorescence (F) in each example. The bar in all images is
1μm.
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Discussion

We have characterised the C-terminus of the essential cell division protein
FtsQ using three approaches: truncation, extension and site directed
mutagenesis. All FtsQ mutants were fused with their N-terminus to the C-
terminus of GFP to allow localisation studies in endogenous FtsQ(wt) and
FtsQ(Ts) backgrounds and their ability to complement FtsQ(Ts) was
determined. An overview of the most important mutants and their
characteristics is given in Fig. 7.

Fig. 7. Schematic representation of the most important FtsQ mutants and their
characteristics. The dark grey (A) and black modules represent AcrA and a short
amino acid extension, respectively. N237 represents the GFP-FtsQ(D237N) mutant.
The light grey membrane bound proteins represent FtsL/B in all examples apart from
the GFP-FtsQ-Acra extensions where it could be any of the FtsQ associating
proteins. TDN is trans-dominant negative.

Karimova et al., found that the last 10 amino acids of FtsQ are essential for
dimerisation using a bacterial two-hybrid system (110). We found that
truncation of 16 amino acids seemed to allow the protein to localise and
function like a GFP-FtsQ(wt) under physiological expression conditions.
Based on these results, we tentatively conclude that either dimerisation is not
required for localisation and function of FtsQ or that our 16 amino acid
truncate is able to form dimers with the endogenous FtsQ proteins. In the
latter case, this would imply that the GFP-FtsQ-(260stop) sufficiently
stabilised the FtsQ(Ts) protein to complement at the restrictive temperature.
Truncation of more than 26 up to 50 amino acids reduced the stability of the
GFP-FtsQ(truncates) to less than 1% of that of the GFP-FtsQ(wt) and caused
complete loss of FtsQ midcell localisation and function. Additionally,
truncation of 26 amino acids (FtsQ(250stop)) resulted in the loss of FtsL and
FtsB midcell localisation. The GFP-FtsQ(50stop), which did not have any
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functionality, was as stable as the wild type protein since it lacked the
periplasmic domain of FtsQ. This suggests that the periplasmic moiety of
FtsQ functions as a single domain.

A similar decrease in stability or expression levels was observed for the
FtsQ2 mutant described by Chen et al. (2002) (33). This mutant is an
FtsQ(249stop) C-terminal truncate that was able to localise and was trans-
dominant negative because it was not able to recruit FtsL. These
characteristics are very similar to our FtsQ(250-stop) mutant. Karimova et al.
(2005), reported that deletion of 30 C-terminal amino acids (FtsQ(246stop))
abolished the capacity of FtsQ to dimerise as well as to associate with any
other cell division protein (110). However, they did not determine the
expression levels of the proteins used for the their interaction assay. Our
results suggest that the failure of this FtsQ truncate to interact with any protein
apart from the mysterious YmgF membrane protein can likely be explained by
its extreme instability. Since the last 10 amino acids seem to be essential for
dimerisation but not for FtsL binding, we can assume that dimerisation is not a
requirement for the recruitment of FtsL (110). Based on our results and in
agreement with the observations of Chen et al., (2002) (33), we concluded
that amino acid residues 251-259 of FtsQ are essential for the stability of the
protein and for the recruitment of FtsL and FtsB to the division site but not for
localisation as such. In contrast, our full length GFP-FtsQ(D237N) mutant is
stable, trans-dominant negative and not able to recruit FtsL or FtsB. Another
mutant FtsQ65, reported by Chen et al. (2002) (33), failed to recruit FtsL and
had again a very reduced expression level or stability. This mutant has four
amino acid replacements (I207F, Q232R, V244D, and L259S) of which
residue Q232 and V244 are close to amino acid residue D237. Therefore, it
seems feasible that residues Q232 up to V244 of FtsQ could be involved in
the interaction of FtsL or involved in the recruitment of FtsB, since these
proteins are co-dependent for localisation (30).

The C-terminal extensions of FtsQ showed that the protein has a freely
accessible C-terminus in the periplasm and that this free space is sufficient to
accommodate the 54-kDa protein AcrA (Fig. 3, Table 5). However, any
extension of the C-terminus with the potency to occupy space in the direction
of the cytoplasmic membrane created trans-dominant negative mutants. The
AcrA extensions appeared to be very stable (Fig. 3C) and we did not observe
inclusion bodies in the membrane of the cells that expressed the trans-
dominant negative AcrA extensions. Therefore, we assume that our trans-
dominant C-terminal extensions do not affect the folding of either the C-
terminus of FtsQ or of the AcrA protein dramatically and tentatively attribute
their trans-dominant negative effect to a reduced ability to interact with FtsQ
associated proteins at the site of division.

As a result of our three-fold approach (C-terminal truncates, C-terminal
extensions, and site directed mutagenesis), we have refined the putative
interaction site of the C-terminus of FtsQ and the FtsL and FtsB proteins to
amino acid residue D237 and possibly some residues in its vicinity and the



FtsQ residues involved in stability and in recruitment of downstream proteins

85

amino acid residues 251-259. The latter are also essential for the stability of
the protein.
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CHAPTER 5

Mutational analysis of cell-division protein FtsQ of

Escherichia coli identifies residues involved in lysis

and involved in upstream and downstream protein

interactions
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Abstract

Thessa Vinkenvleugel, Mirjam Aarsman, Martine Nguyen-Distèche, Nanne
Nanninga, Tanneke den Blaauwen

Conserved amino acid residues and those predicted to be involved in protein-
protein interactions of the essential cell division protein FtsQ of Escherichia
coli were replaced by differently charged amino acids. Amino terminal fusions
of all FtsQ mutants to GFP were made to study their localisation behaviour,
their ability to complement the temperature sensitive FtsQ strain LMC531 and
their competence to compete with the endogenous wild type FtsQ protein. We
could discriminate three types of mutants. Firstly, mutants that were not able
to localise and did not support cell division. Presumably, they were not able to
interact with cell division proteins that recruit FtsQ to the division site.
Secondly, mutants that were able to localise and that delayed cell division,
suggesting that they possessed a reduced ability to recruit cell division protein
to the division site. Thirdly, mutants that showed a defect in function and that
caused lysis at the division site. Because of the latter, we suggest that FtsQ
might be involved in peptidoglycan metabolism during the division process.
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Introduction

In Escherichia coli the assembly of cell division proteins at the site of division
seems to be organised in two distinct steps. In the first step, approximately
simultaneously with termination of DNA replication (53), the tubulin
homologue FtsZ polymerises in a ring-like structure (FtsZ-ring) at midcell
underneath the cytoplasmic membrane. At the same time FtsA, ZipA and
ZapA are recruited by the FtsZ-ring (1, 53, 169). We have proposed that
septal peptidoglycan synthesis might be initiated at this stage (1). In a second
step after about one fifth of the mass doubling time at least FtsQ, FtsL/B,
FtsW, FtsI (PBP3), FtsN and AmiC localise in a linear hierarchy of
dependence to the site of constriction (14, 28, 29, 34, 196, 199). The
localisation dependency hierarchy is shown in Fig. 1. After assembly of these
proteins the constriction of the envelope proceeds, suggesting that the
second-step proteins are involved in shaping the nascent hemispherical cell
poles (1). It is not yet known whether the other cell division proteins FtsEX
(173), FtsK (197), and the recently discovered murein hydrolase EnvC (15)
are involved in the first or in the second step of the division process. In
general, the exact role of the individual cell division proteins and which
proteins interact with each other during the cell-division process is not clear.

Fig. 1. localising hierarchy dependence of divisomal subunit localisation. FtsZ
localises first at midcell, subsequently FtsA, ZipA, and ZapA are dependent on the
presence of the Z-ring for localisation. FtsEX requires FtsZ, FtsA and ZipA but not
FtsK or other downstream proteins for localisation. FtsK is dependent on FtsA and
ZipA and all proteins downstream are dependent on the localisation of FtsK and so
on. For the proteins depicted in grey some evidence exists that they are involved in
peptidoglycan synthesis.

One of these proteins with unknown function is FtsQ, a 31.5-kDa (163)
bitopic membrane protein, which is present in approximately 25-50 copies per
cell (32). FtsQ has been shown to localise to the division site by
immunofluorescence microscopy (28) and by GFP-fluorescence microscopy
(36). Recently it was reported, that FtsQ can localise to the division site in a
possibly preformed complex with FtsL and FtsB (30). Some evidence, based
on bacterial two hybrid experiments, was reported that FtsQ is able to form a
dimer (110).

FtsQ consists of a small cytoplasmic domain of 25 amino acids, a
transmembrane part of about the same size and a large periplasmic domain
of approximately 225 amino acids (32). Thus, the major part of FtsQ is located
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in the periplasm. The gram-positive bacterium Bacillus subtilis contains a
putative FtsQ homologue (DivIB) in significantly higher numbers
(approximately 5000 copies) than the FtsQ numbers present in E. coli (168).
Because gram-positive bacteria have a thicker peptidoglycan layer than E.
coli they probably need more of the proteins that are required for its synthesis
(111). In addition, until now, no FtsQ homologues have been found in bacteria
lacking a peptidoglycan layer (20, 73, 126). This suggests that FtsQ as well as
DivIB are involved in peptidoglycan synthesis.

Despite the very weak amino acid sequence homology between E. coli
FtsQ and B. subtilis DivIB, the PredictProtein Server (167) predicted that their
secondary structures are almost identical, which suggests that these proteins
could have a similar function. Protein surfaces do not necessarily have to be
conserved between bacterial species for a specific interaction between
proteins (109). Therefore, FtsQ could also have another function apart from a
possible role in peptidoglycan metabolism.

Based on domain-swapping experiments the periplasmic domain of
FtsQ appeared to be essential for localisation to the septum and for the
function of the protein (28, 36, 88). Chen et al., analysed ftsQ mutant alleles,
and discriminated separate amino acid regions that might be involved in the
localisation of FtsQ to the site of division and in its function, among which the
recruitment of other cell-division proteins, such as FtsL (33).

To elucidate domains of FtsQ involved in cell division and in its
interaction with other proteins, a series of FtsQ mutants were made. Either a
conserved residue, based on alignment of several FtsQ homologues, or a
residue that was likely to be an interaction site, based on its hydrophobicity
and hydrophobic moment was mutated. We determined whether the mutant
FtsQ proteins were able to localise to the division site and whether they were
able to complement the FtsQ(Ts) strain LMC531 (185) at the restrictive
temperature. The amino acid residues D91, R151, and R197 were found to be
involved in interactions downstream of FtsQ in the localisation dependency
hierarchy (Fig. 1). Amino acids K113 and E125 were found to be involved in
interactions upstream of FtsQ in the localisation dependency hierarchy.
Evidence suggests that the amino acid residue region 104-132 is involved in
upstream interactions as well as in the function of FtsQ. Based on the
observation that one FtsQ mutant caused the cells to lyse at midcell, we
suggest that FtsQ might be involved in peptidoglycan metabolism.

Material and methods

Media and bacterial strains. The bacteria were grown in rich medium (TY),
containing 50 g bactotrypton, 25 g yeast extract, 15 mMol NaOH and 0.5% NaCl per
litre or grown to steady state in glucose minimal (GB1) medium, containing 6.33
grams K2HPO4.3H2O, 2.95 g KH2PO4, 1.05 g (NH4)2SO4, 0.10 g MgSO4.7H2O, 0.28
mg FeSO4.7H2O, 7.1 mg Ca(NO3)2.4H2O, 4 mg thiamine, 4 g glucose, and 50 mg
lysine per litre, pH 7.0. Where appropriate these media were supplemented with
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ampicillin at 100μg/ml (25μg/ml for strains with constructs that were integrated into
the chromosome growing on solid medium and no ampicillin was added when these
strains were grown in liquid medium), kanamycin at 50μg/ml or chloramphenicol at
25μg/ml. The bacterial strains and plasmids used are listed in Table 1 and 3.

Table 1. Bacterial strains.

Strain Genotype and features Source
(Reference)

LMC1180 (DH5a) F-, supE44, hsdR17, recA1, endA1,
gyrA96, thi-1, relA1

Lab
collection

LMC500 (MC4100
LysA)

F-, araD139, Δ(argF-lac)U169, deoC1,
flbB5301, lysA1, ptsF25, rbsR, relA1,
rpsL150

(185)

LMC531
(MC4100FtsQTs)

F-, Δ(argF-lac)U169, deoC1, flbB5301,
ftsQ1(Ts), lysA1, ptsF25, rbsR, relA1,
rpsL150

(185)

LMC1339 (MC1000)
(=PC2922)

F-, Δ(ara-leu)7697, ΔlacX74, araD139,
galU, galK, rspL, l-

Phabagen

LMC1273 (XL1-Blue) recA1 endA1 gyrA96 thi-1 hsdR17 supE44
relA1 lac[F’proAB lacIqZΔM15 Tn10 (Tetr)]

Stratagene
(La Jolla,
California,
USA)

LMC1412 (EC442) MC4100LysA Δ(lattL-lom)::bla laqIq P207--
gfpmut2-wtftsQ

(36)

LMC2297 (JOE260) MC1000 recD ftsQE14::kan/pLMG161 (33)
LMC1475 (DHB6501) E. coli K12 F-(l)-, Δlac(MS265), mel-1,

nalA2, supF58 (=suII, tyrT58)
(23)

LMC1476 (DHB6521) Same as LMC 1475 with lInCh1 (23)
LMC1844 MC4100LysA Δ(lattL-lom)::bla laqIq P039-

gfpmut2-ftsQR151N
This study

LMC1846 MC4100LysA Δ(lattL-lom)::bla laqIq P039-
gfpmut2-ftsQD91K

This study

LMC1851 MC4100FtsQTs Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQR151N
This study

LMC1854 MC4100FtsQTs Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQD91K
This study

LMC2157 MC4100LysA Δ(lattL-lom)::bla laqIq P039-
gfpmut2-ftsQR197N

This study

LMC2237 MC4100FtsQTs Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQR197N
This study

LMC2323 MC4100FtsQTs Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQD91N
This study

LMC2328 MC4100FtsQTs Δ(lattL-lom)::bla laqIq

P039-gfpmut2-wtftsQ
(1)

LMC2332 MC4100FtsQTs Δ(lattL-lom)::bla laqIq

P039-gfpmut2-ftsQK113E-E125K
This study
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Molecular biological techniques. All DNA manipulations (cloning, analysis of DNA,
ligation, and transformation) were performed according to Sambrook et al (171) or as
recommended by the manufacturer. For cloning procedures, E. coli DH5a was
routinely used as host strain. For large-scale DNA preparations, the Qiafilter midiprep
plasmid isolation kit (Qiagen N.V., Venlo, The Netherlands) was used. Restriction
enzymes were purchased from Amersham Biosciences (Uppsala, Sweden) or MBI
Fermentas GmbH (St. Leon-Rot, Germany). Pfu Turbo polymerase from Stratagene
(La Jolla, California, USA) or MBI Fermentas GmbH or Taq polymerase from MBI
Fermentas GmbH was routinely used in Polymerase Chain Reactions (PCR).
Oligonucleotides were obtained from MWG-Biotech AG (Ebersberg, Germany). DNA
sequencing was performed by BaseClear (Leiden, The Netherlands) or by the
Academic Medical Centre sequencing facility (Amsterdam, The Netherlands).

Mutagenesis of the ftsQ gene. All synthetic oligonucleotides used in this study are
listed in Table 2. The mutations D91K, K113D, and E125Q were obtained by a
double PCR. For the first PCR step, the forward primer, 1Fw, introducing an XbaI
site, was the same for all of these mutants. For generating the D91K mutation, the
K113D mutation and the E125Q mutation the reverse primers D91KRev, 5Rev, and
E125QRev were used, respectively. The resulting three PCR products were used as
forward primers in the next PCR step. For the large forward primer, containing the
D91K mutation, the oligonucleotide used as reverse primer was 4Rev.
Simultaneously a SalI site was introduced, which was used to clone this PCR product
into the pTHV004 plasmid (a pBluescript derivative) re-establishing a full-length ftsQ
gene. For the PCR-products that contained either the K113D mutation or the E125Q
mutation, the oligonucleotide used as the reverse primer was 6Rev. This primer
introduced an ApaI site, which was used to clone these PCR products into the
pBluescript KS+ vector. The mutations D91N, R151N and R197N were obtained
using the QuickChange™ Site-Directed Mutagenesis method of Stratagene (La Jolla,
California, USA), with the pBADFtsQ plasmid as template. The following
oligonucleotides were used in these reactions, for obtaining the mutation D91N: QC-
D91NFw and QC-D91NRev; for generating the R151N mutation: QC-R151NFw and
QCR151NRev; for acquiring the R197N mutation: QC-R197NFw and R197Nrev.

The R197D and R151D mutations were obtained by using the pTHV039
plasmid as template in the QuickChange™ (Stratagene) PCR with QCR197DFw,
QCR197DRev, QCR151DFw and QCR151DRev respectively as primers, resulting in
plasmid pTHV090 (R197D) and pTHV089 (R151D). Both the gfp gene and the ftsQ
gene in these plasmids have been sequenced. All plasmids used in this study are
listed in Table 3.

For the double mutation K113E-E125K first the ftsQ gene with the E125K
mutation was obtained from the chromosome by a PCR on LMC531 cells using
FtsQEcoRIsense as a forward primer and 6Rev as a reverse primer. The restriction
sites introduced during this PCR were used to ligate the PCR product into the
corresponding sites of the pTHV039 vector. The resulting vector, pTHV075, was
used as a template in the QuickChange™ Site-Directed Mutagenesis method of
Stratagene to introduce the K113E mutation, using FtsQK113EFw as a forward
primer and FtsQK113ERev as a reverse primer, which resulted in the pTHV076
plasmid.
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Table 2. Oligonucleotides used in this study.

Name Sequence (5’->3’)
1Fw CggatgctctagaGAAGATGCGCAACGCC
4Rev CTTCCGCgtcgacCATATG
5Rev (K113D) CAGGCCACTGATCACGGACGCTCAC
D91KRev GGATGATGTTAACCTTCTGGGTCATAAAGG
E125QRev CGCAATCGGTACATATTGAACCAGATGAATC
6Rev CtcgcattgggcccaagcttTCATTGTTGTTCTGCC
QC-D91NFw GGTACCTTTATGACCCAGAATGTTAACATCATCCAGACG

C
QC-D91NRev GCGTCTGGATGATGTTAACATTCTGGGTCATAAAGGTAC

C
QC-R151NFw CCTTCAGCGTGCCTCCGGAAAACACCAGCAAGCAGG
QC-R151NRev CCTGCTTGCTGGTGTTTTCCGGAGGCACGCTGAAGG
QC-R197NFw GCGATGACCGCGCGGAATTCCTGGCAGTTGACG
QC-R197NRev CGTCAACTGCCAGGAATTCCGCGCGGTCATCGC
FtsQK113EFw GGATTAAGCAGGTGAGCGTCAGAGAGCAGTGGCCTGAT

GAATTG
FtsQK113ERev CAATTCATCAGGCCACTGCTCTCTGACGCTCACCTGCTT

AATCC
pBAD18KpnIQC-FW CGAATTCGAGCTCGGTGCCCGGGGATCCTCTAGAGTCG
pBAD18KpnIQC-
Rev

CGACTCTAGAGGATCCCCGGGCACCGAGCTCGAATTCG

pBADSeqFw ATCGCAACTCTCTACTGTTTC
pBADSeqRev TGATTTAATCTGTATCAGGCT
FP-endFw GCGCGATCACATGGTCCTG
QC-R151DFw GCGTGGCGCCAGAAGACACCAGCAAGCAGG
QC-R151DRev CCTGCTTGCTGGTGTCTTCTGGCGGCACGC
QC-R197DFw GCGATGACCGCGCGGGATTCCTGGCAGTTGACG
QC-R197DRev CGTCAACTGCCAGGAATCCCGCGCGGTCATCGC
NcoIsuperFPs-Fw GGATCCaccatggTGAGC
EcoRIsuperFPs-Rev CCCgaattcCCTTGTACAGCTCGTCCATGC

The nucleotides that correspond to recognition sites for restriction enzymes to
facilitate cloning are in lower case. Bold underlined nucleotides indicate the
mutations.

Construction of plasmids and E. coli chromosome integrates. The KpnI-HindIII
fragments of pBluescript KS+, pTHV004 and pBADFtsQ, containing the mutated ftsQ
genes, were ligated into the corresponding sites of pTHV039 (identical to pDSW240,
described by (36)) to replace the wild type ftsQ gene and generate GFP fusion
proteins. This resulted in plasmids pTHV049, pTHV051, pTHV053, pTHV054
pTHV055, and pTHV056 expressing GFP-FtsQ(R197N), GFP-FtsQ(R151N), GFP-
FtsQ(K113D), GFP-FtsQ(D91N), GFP-FtsQ(D91K), GFP-FtsQ(E125Q), respectively.
pTHV039 is a derivative of pTRC99A, which contains a weakened Trc promoter, the
gfp-mut2 gene, and the wild type ftsQ gene. The new constructs were used in the
complementation and expression analysis.

To obtain pTHV027, the KpnI site in the multiple cloning site (MCS) of the
pBAD18 vector was deleted, using the QuickChange™ Site-Directed Mutagenesis
method of Stratagene with pBAD18KpnIQC-FW and pBAD18KpnIQC-Rev as
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primers. The KpnI-HindIII fragment of pTHV013, containing the mutated ftsQ(K113D)
gene, was ligated into the corresponding sites of pTHV027, creating pTHV028. Gfp-
ftsQ genes were inserted into the E. coli chromosome at the l attachment site using
the lInCh method, described by (23). The resulting strains were confirmed by PCR
analysis, sequencing of the insertion and sequencing of the endogenous ftsQ gene.

An amino terminal yellow fluorescence protein fusion to FtsQ was obtained by
cloning the PCR fragment generated by the NcoIsuperFPs-Fw and EcoRIsuperFPs-
Rev primers from plasmid pGEX-sYFP1 in the NcoI-EcoRI sites of pTHV039, yielding
pJP003linkerQ. To obtain a plasmid expressing a sYFP1-FtsQ fusion under control of
the Trc down promoter but with an origin of replication compatible with that of
pBAD18, the lac promoter region of plasmid pJP003linkerQ was replaced by the Trc
down promoter region of plasmid pTHV037 using the Bst1107I and NcoI sites of both
plasmids yielding plasmid pJP010-linkerQ.

Expression level and stability of FtsQ mutant proteins. LMC500 cells were
transformed with plasmids expressing GFP-FtsQ(wt) or GFP-FtsQ(mutant) proteins.
The cultures were grown in TY at 28˚C and harvested in the exponential growth
phase. Identical amounts of whole cell extracts were applied on a 12% sodium-
dodecyl-sulphate polyacrylamide gel and immuno-blotted. The blots were incubated
with a polyclonal antiserum directed against the amino-terminus of FtsQ (gift of J. W.
de Gier) and with a polyclonal antiserum against GFP (Molecular Probes) and anti-
rabbit horse radish peroxidase conjugated secondary antibodies (Biorad) and
developed using a West pico chemiluminiscence kit (Pierce). All specific immuno-
detectable bands were densitometrically scanned and quantified using the GFP-
FtsQ(wt) as 100% standard (Fig. 3).

Growth conditions for localisation and complementation analysis. The
morphology and phenotype of LMC500 FtsQ(wt) and LMC531 FtsQ(Ts) cells,
expressing the GFP-FtsQ proteins from the constructed plasmids, or of strains with
an integrated gfp-ftsQ at the l attachment site was examined. For that purpose an
overnight culture was grown at 28˚C in TY, supplemented with 0.5% glucose to
repress the protein expression. Subsequently, the cells were subcultured in GB1 with
lysine (50μg/ml) and grown to steady state in approximately three days at 28˚C. (70).
Cultures were considered to be in steady-state growth if the average cell mass as
measured by a 300-T-1 spectrophotometer (Gilford Instrument Laboratories Inc.,
Oberlin, Ohio) at an Optical Density of 450 nm (OD450nm) remained constant over
time. Cell numbers were determined with an electronic particle counter (orifice
diameter 30μm). When the steady state cells reached an OD450nm of 0.2, a 1.5 ml
sample was fixed for microscopy (see below) and the remaining of the culture was
diluted into fresh pre-warmed medium of 42˚C to a OD450nm of 0.05. Subsequently,
the cells were grown at 42˚C for two mass doublings at 42˚C before harvesting. The
cells were not induced, because without induction the weakened Trc promoter was
sufficiently leaky to produce enough GFP-FtsQ to be visible by fluorescence
microscopy.
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Table 3. Bacterial plasmids

Plasmid Genotype and features Source
(Reference)

pBluescript KS+ (pBS) Cloning vector, AmpR, ColE1 ori Laboratory
collection

pGFPmut2 Source of GFPmut2 Nienke
Buddelmeijer

pTRC99A Expression vector, AmpR, ColE1 ori (6)
pJP003-linkerQ syfp1 PCR fragment ligated in the NcoI-

EcoRI sites of pTHV039
This study

pJP010linkerFtsQ pMCL210ΔNcoI with Trc promoter down,
and syfp1-ftsQ CamR, p15Aori

This study

pTHV037 pTRC99A with promoter down mutation at
the –35 site, AmpR, ColE1 ori

(52)

pTHV038 pTHV037 with gfpmut2 (52)
pBADFtsQ pBAD18-wt ftsQ, AmpR, ColE1 ori J.W. de Gier
pTHV004 pBS-ftsQwt with SalI site This study
pTHV009 pBS-ftsQD91K This study
pTHV010 pBS-ftsQE125Q This study
pTHV013 pBS-ftsQK113D This study
pTHV027 pBAD18-wt ftsQ without KpnI site in the

MCS of the vector
This study

pTHV028 pBAD18-ftsQK113D This study
pTHV031 pBAD18-ftsQR151N This study
pTHV033 pBAD18-ftsQD91K This study
pTHV039 pTHV038-gfp-ftsQwt (1)
pTHV049 pTHV038-gfp–ftsQR197N This study
pTHV051 pTHV038-gfp–ftsQR151N This study
pTHV053 pTHV038-gfp–ftsQD91K This study
pTHV054 pTHV038-gfp–ftsQD91N This study

pTHV055 pTHV038-gfp–ftsQE125Q This study
pTHV056 pTHV038-gfp–ftsQK113D This study
pTHV075 pTHV038-gfp–ftsQE125K (1)
pTHV076 pTHV038-gfp–ftsQE125K-K113E This study
pTHV089 pTHV038-gfp–ftsQR151D This study
pTHV090 pTHV038-gfp–ftsQR197D This study
pLMG161 pBAD18-ftsQ, AmpR, ColE1 ori (88)

Calculation of the Q- and constriction period. Because cells were grown to steady
state at 28˚C, the age distribution was constant at this temperature. Therefore, the
equation (Eq. 1) of the age distribution (156) can be used to calculate the average
period (tx in min) of the mass doubling time (Td in min) in which the cells constricted
or showed GFP-FtsQ fluorescence at midcell from the fraction (F(x)) of cells that
contained these features (1, 53)

tx =
T d

ln2
ln F x( ) +1[ ] Eq. 1.
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The tx/Td represents the percentage of mass doubling time in which a GFP-FtsQ
signal is present at midcell (Q-period) or the percentage that is used for constriction
(Constriction period).

To determine whether the GFP protein fused to FtsQ behaved similarly as the
FtsQ protein without GFP attached to it. Morphology and phenotype of MC1000 wild
type cells, expressing FtsQ proteins from the constructed plasmids under the control
of the pBAD promoter were examined. These cells were grown to steady state in
GB1 medium supplemented with isoleucine, leucine and valine (all 40μg/ml) at 28˚C.
When the steady state cells reached an OD450 of 0.05 at 28˚C they were induced with
0.2% arabinose and grown additionally for two mass doublings. No difference in
morphological effects was observed between expression GFP-FtsQ(mutants) and
FtsQ(mutants).

GFP-FtsQ is able to replace FtsQ. The endogenous ftsQ gene was replaced by an
syfp1-ftsQ fusion to verify whether the fluorescence protein fusion of FtsQ was
functional and that the morphological effects of the GFP-FtsQ mutants would reflect
the FtsQ mutant moiety of the protein and not the GFP moiety. We used a sYFP1-
FtsQ instead of the GFP-FtsQ because of the incompatibility of plasmid pTHV039
with plasmid pLMG161 (see below). Strain JOE260 contains a disrupted
chromosomal ftsQ gene, which contains the first 13 codons of ftsQ, a stop codon
instead of codon 14, a Kanamycin resistance gene, and the 3’ end of ftsQ (after
codon 80). Additionally this strain contains a pLMG161 plasmid, which carries an
ampicillin resistance gene and a copy of the ftsQ(wt) gene under control of the
arabinose inducible promoter (33). Addition of 0.2% arabinose to the medium
resulted in slightly elongated but otherwise normal cell morphology. The pLMG161
plasmid was replaced by the pJP010linkerFtsQ plasmid, which contains a
chloramphenicol resistance gene and an sYFP1-FtsQ(wt) fusion protein, by a
‘reverse selective pressure’ strategy (see Chapter 2 for further details). The resulting
strain, LMC2313, contained the pJP010linkerFtsQ plasmid exclusively. This strain
grew with a normal morphology, indicating that the sYFP1-FtsQ was fully functional.
Second, the pJP010linkerFtsQ plasmid in the LMC2313 strain was replaced (see
Chapter 2) by pTHV027 (the plasmid expresses FtsQ(wt) from the inducible
arabinose promoter), or by a plasmid that expressed an FtsQ(mutant) (see result
section).

Microscopy and image analysis. Harvested cells were fixed with 2.8%
formaraldehyde (FA) and 0.04% glutaraldehyde (GA) in growth medium for 15 min at
room temperature as described (54). Of the cell suspensions, 3μl was administered
on a 1% agarose in water slab-coated object glass (114).

All cells were photographed with a cooled Princeton CCD or a Photometrics
Coolsnap fx CCD camera mounted on an Olympus BX-60 fluorescence microscope
through an UPLANFL 100x N.A.1.3 oil objective. Images were made using the public
domain program OBJECT-IMAGE 2.10b by N. Vischer (University of Amsterdam;
http://simon.bio.uva.nl/object-image.html), which is based on NIH IMAGE by W.
Rasband. In all experiments, the cells were first photographed in the phase-contrast
mode, then with the GFP (U-MNB) filter (excitation at 470-490 nm) or the Yellow GFP
filter (excitation at 490-510 nm). The photographs were stacked, and the length,
diameter, and presence of a constriction of each cell were measured in the phase-
contrast image (52) the presence of FtsQ rings was determined in the fluorescent
image.
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Results

The function of FtsQ in the cell division process is not known. Therefore, we
do not have a biochemical assay for the function of FtsQ and one can only
determine whether the protein is able to localise and whether it supports cell
division. The ability to localise can be expressed as the percentage of mass
doubling time (Td) during which FtsQ is present at the site of division (Q
period). The ability to support cell division can be expressed as the average
cell length and the percentage of mass doubling time during which a
constriction is visible (constriction period; T period). Within the scope of our
present knowledge, we could hypothesise at least three possible types of
mutants.

The first type of mutant (Type I) has lost its ability to associate with
FtsK, but is still able to bind FtsL/B (cf. Fig. 1.). This type of mutant is
expected not to be able to localise at the division site and not to be able to
complement FtsQ temperature sensitive (Ts) mutants. Whether this type of
mutant is able to titrate FtsL/B from the division site will depend on how well it
is able to compete with the FtsQ(wt) or FtsQ(Ts) for FtsL/B. If it titrates FtsL/B
away from the division site, the duration of the T period will be extended due
to a shortage of FtsQ/L/B complex. Since the mutant is not expected to
localise very well, the Q period as measured by the fraction of cells with GFP
fluorescence at midcell should to be much shorter that that of the T period
(Fig. 2).

The second type of mutant (Type II) is able to bind FtsK but is not able
to bind FtsL/B (cf. Fig. 1). This type of mutant is able to localise at midcell.
Whether this mutant localises effectively will depend on its ability to compete
with the endogenous FtsQ(wt) and FtsQ(Ts). The FtsQ(wt) is expected to win
this competition because it is able to bind two partners whereas this mutant
type can only bind one partner. The Type II mutant molecules that localise at
the division site will not be able to bind FtsL/B and therefore the division
process will not be very efficient. This is likely to extend the duration of the
constriction period as in a Type I mutant. Consequently, the duration of the Q
period is expected to be almost similar, or even more extended than that of
the constriction period (Fig. 2). This mutant is also expected not to be able to
complement the FtsQ(Ts) protein at the restrictive temperature.

The third mutant type (Type III) is able to bind proteins upstream in the
localisation dependency hierarchy (FtsK) as well as proteins downstream (cf.
Fig. 1) but is not functional. Because it is able to bind all its partners, it can be
assumed to be able to compete effectively with FtsQ(wt) and FtsQ(Ts).
Therefore, it will probably localise at the division site and inhibit cell division
very effectively. This mutant is expected to be trans-dominant negative as well
in the FtsQ(wt) as in the FtsQ(Ts) background. If the mutant is not lethal it is
anticipated to form filaments with very deep constrictions, because there is
hardly any FtsQ(wt) available to assist in the constriction process.
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Fig. 2: Schematic representation of the effect of a FtsQ(wt), Type I, Type II, and
Type III FtsQ(mutant) on the duration of the constriction period (TTd) and the Q period
(QTd). The light grey, middle grey and dark grey bars represent, the Q-period, T
period, and mass doubling time. The mass doubling time was normalized for all
combinations to 100%.

To examine the properties of FtsQ and its role in cell division, a series of
different FtsQ mutants was made that might belong to mutant Type I, II or III,
in order to be able to identify amino acids that are important for localisation,
recruitment of other proteins or for the function of FtsQ itself. The residues we
thought most likely to be involved in one or more of the above-mentioned
properties were either conserved or predicted (see below) to be involved in
interactions with other divisomal proteins.

Conserved residue mutants
To determine which amino acids of FtsQ were conserved the pfam domain
alignment collection of the conserved domain database of NCBI cdd (v2.03
10991 PSSMs) was consulted (124). The amino-acid sequence of 31 FtsQ
homologues of spirochetes, gram-positive and gram-negative bacteria were
aligned and the conserved amino acids indicated (http://www.ncbi.nlm.nih.gov
/structure/cdd/cddsrv.cgi?uid=pfam03799). The conserved residues D91,
K113 and E125 were chosen for the mutagenesis experiments. (see Chapter
2 for details).

Putative interaction mutants
The localisation of FtsQ is dependent on the midcell localisation of FtsK (34)
and the localisation of FtsL/B is dependent on the presence of FtsQ at midcell
(30). Apart from its potential interactions with other cell division proteins, FtsQ
should at least interact with FtsK and with FtsL/FtsB. To discover amino acids
that could be involved in the interaction with these proteins we used the
hydrophobic moment plot of FtsQ to predict amphiphilic segments susceptible
to interact with other proteins or with sub-domains within the protein (50, 74,
128). The method has been successfully applied to the cell division proteins
FtsI (128, 154) and FtsW (150). It was observed that the residues
R70/D73/R75, K113, R151 R197, and D237/R240 were likely to be important
in protein-protein interactions (see Chapter 2 and 6 for details). Based on the
in silico mutagenesis the R151 and R197 residues were changed into an
asparagine (N) or to a negatively charged aspartic acid (D). Because K113
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was both a conserved residue and likely to be involved in protein-protein
interactions, the positively charged K was mutated to a negatively charged D.
Since no structural information on E. coli FtsQ is available, we used the
Predict Protein Server (167) to predict whether the in silico mutagenesis could
result in a change in the secondary structure of the protein. Apart from
D237N/R240D, none of the mutants seemed to be able to change the
secondary structure prediction of the protein.

General approach and control experiments
To visualise the localisation of mutated FtsQ proteins, GFPmut2 (40) was
fused to their N-termini (further on referred to as GFP for short). These GFP-
FtsQ-mutant proteins were either expressed from a single gene copy in the
chromosome under control of a weakened Trc promoter using the lInCh
system (23), or were expressed from plasmid under control of the same
promoter. The weakened Trc promoter is leaky and thus the mutant FtsQ
proteins were produced continuously at a low level without induction (see
below). This low expression level is needed, because the endogenous FtsQ
protein in an E. coli cell is present in only 25-50 copies per average cell.
Moreover, FtsQ overproduction causes filamentation (32). Overproduction of
FtsQ from the original Trc promoter or a lac promoter appeared to be lethal to
the cells (not shown).

The number of GFP-FtsQ proteins expressed from the chromosome or
from plasmid in wild type strain LMC500 (Table 1) was determined by immuno
blotting and chemo-luminescence density scanning as described in Chapter 2
(1). The endogenous FtsQ was used as an internal standard. The plasmid
encoded GFP-FtsQ was present in 70-fold excess and the chromosome
encoded GFP-FtsQ was present in 5-fold excess compared to the amount of
endogenously encoded FtsQ(wt) (1).

All mutants were transformed to the FtsQ(wt) strain LMC500, grown in
rich medium (TY) at 28°C and harvested in their exponential growth phase.
The amount of GFP-FtsQ mutant produced and their stability were assessed
by SDS-PAGE and immunoblots, which were developed with antibodies
against FtsQ antibodies (results not shown) and antibodies against GFP (Fig.
3.). Each mutant was characterised with respect to its ability to localise, to
compete with the wild type FtsQ protein in LMC500 for localisation, and to
complement the temperature sensitive FtsQE125K mutant of strain LMC531
at the restrictive temperature of 42°C. The FtsQE125K mutant is not able to
localise at the restrictive temperature (see Chapter 2 and (1)). To ascertain
that the mutants themselves were not temperature sensitive, their localisation
was also studied in the FtsQ wild type background of LMC500 at 42°C.

Cells were grown to steady state (70) in minimal glucose medium at 28˚C
(see Materials and Methods) to enable a quantitative comparison of the
various FtsQ mutants and FtsQ wild type protein. Subsequently, the cultures
were diluted in 42˚C pre-warmed medium and grown for two mass doublings
at this temperature before harvesting, mild fixation and microscopy. In each
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experiment, the average length, percentage of cells with a constriction, and
the percentage of cell with an FtsQ midcell localisation were determined of at
least 400 cells except when the cells were filamenting.

Fig. 3. Quantification of the expression in LMC500 grown in TY at 28°C GFP-
FtsQ(wt) and FtsQ mutants. A. Immunoblot developed with a polyclonal antiserum
against GFP showing the expression level of GFP-FtsQ(wt) and GFP-FtsQ(mutants)
B. Quantification of the intact protein band as percentage of the expression of GFP-
FtsQ(wt).

In a steady-state culture, the age distribution remains constant. This allowed
us to use Eq. 1 (see Materials and Methods) to calculate the average time
period during a mass doubling time in which the cells have a constriction (T
period) or show a GFP-FtsQ localisation at midcell (Q period) from the fraction
of cells that contained these features (1, 53). This enabled the direct
comparison of the duration of the T period and Q period of each GFP-FtsQ
mutant and the GFP-FtsQ wild type protein (wt).

The GFP-FtsQ(wt) protein, either expressed from a single gene copy in
the chromosome or from the plasmid pTHV039 (Table 3), was able to
complement the FtsQE125K (Ts) protein at the restrictive temperature (1).
GFP-FtsQ(wt) expression from plasmid resulted in slightly elongated cells in
LMC500 as well as in LMC531 (Table 4), which can be attributed to the 70-
fold overexpression from plasmid compared to that of the endogenous wild
type level. Therefore, the morphology of all GFP-FtsQ mutants expressed
from plasmid was compared to that of the GFP-FtsQ(wt) expressed from
plasmid. Similarly, the chromosome integrated GFP-FtsQ mutants were
compared to the integrated GFP-FtsQ(wt) instead of to the morphology of a
wild type strain carrying only the endogenous ftsQ gene on the chromosome.

Conserved amino acid residue D91 (Type II mutant?)
The conserved negatively charged amino acid residue D91, which precedes
the conserved region shown in Fig. 2 of Chapter 2, was replaced by the
neutral asparagine (N) of similar volume to assess whether the negative
charge was important. It was also replaced by a lysine (K), which could have
a much more dramatic effect on the structure and/or function of the protein
due to its large size and positive charge.
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FtsQ(D91N) and FtsQ(D91K) were constructed and fused to GFP yielding
plasmid pTHV054 and pTHV053, respectively (Table 3). Subsequently, the
gfp-ftsQ(D91N) and gfp-ftsQ(D91K) were integrated at the lambda attachment
site in the chromosome of the FtsQ(wt) strain LMC500 yielding strains
LMC2320 and LMC1846, respectively, and in the FtsQ(Ts) strain LMC531
yielding strains LMC2323 and LMC1854, respectively (Table 1).

All strains were grown to steady state in GB1 without antibiotics (see
Materials and Methods). The average length of these four strains at 28°C and
42°C was comparable to those of gfp-ftsQ(wt), integrated into the
chromosomes of LMC500 and LMC531 (LMC1412 and LMC2328,
respectively) under the same conditions (Table 4). Both mutants were able to
localise at midcell and were able to complement the FtsQ(Ts) mutation of
LMC531 at the restrictive temperature. The T period of the 4 strains was
either similar or reduced compared to that of the GFP-FtsQ(wt) (Table 4). In
addition, at 28°C in the LMC500 background expression of GFP-FtsQD91N
and GFP-FtsQD91K resulted in a reduction of the Q period compared to GFP-
FtsQ(wt) of 10% and 25 %, respectively. At 42°C the percentage of cells that
showed a GFP-FtsQD91N or D91K localisation at midcell was approximately
50% decreased compared to the percentage of cells showing GFP-FtsQ(wt)
localisation. Remarkably, in LMC531 both mutants showed an increase of
26% in percentage of GFP-FtsQ localisation compared to that of GFP-
FtsQ(wt) at 28°C, but a reduction of about 50% at 42°C. This indicates that
both mutants are not very well able to compete with the FtsQ(wt) for
localisation and that they are temperature sensitive but otherwise fully
functional.

To determine whether overproduction of the mutants would affect cell
division, LMC500 and LMC531 were transformed with the plasmids pTHV054
and pTHV053. The expression level from these plasmids from LMC500 grown
in TY at 28°C was 70% and 57% for GFP-FtsQ(D91N) and GFP-FtsQ(D91K),
respectively (Fig. 3B), compared to the plasmid encoded GFP-FtsQ(wt). This
expression level is still 40-50 fold higher than that of the endogenous FtsQ(wt)
(1). Nonetheless, the expression from plasmid of both mutants did not affect
the average length or the growth rate of the cells dramatically at 28°C.
However, they almost doubled the duration of the Q period (Table 4, Fig. 7)
and increased the length of the T period compared to GFP-FtsQ(wt) in
LMC500 and slightly increased the Q period in LMC531. Localisation of GFP-
FtsQ(D91K) was despite the overproduction still reduced in LMC500 and
LMC531 at 42°C. GFP-FtsQ(D91N) behaved more or less like the GFP-
FtsQ(wt) under these conditions. The ability to localise in combination with the
extension of the Q period and constriction period is expected for a Type II
mutant (Fig. 2 and 4). However, the ability of these mutants to complement
the FtsQ(Ts) at the restrictive temperature suggests that residue D91 is only
weakly involved in protein-protein interactions. The effects of D91K were
under all conditions somewhat more outspoken than that of D91N. This
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indicates, that despite the lower expression level of GFP-FtsQ(D91K), this
mutant affects cell division more than the D91N mutation.

Fig. 4. GFP-FtsQ(wt), GFP-FtsQ(K113D) and GFP-FtsQ(D91K) mutants expressed
in LMC500 at 28˚C and grown to steady state in GB1. On the left, the phase contrast
pictures and on the right the fluorescence pictures are shown. A, pTHV039 (GFP-
FtsQ(wt)), B is pTHV056 (GFP-FtsQ(K113D)) in LMC500, C is pTHV053 (GFP-
FtsQ(D91K)). The bars are 1mm.

Conserved amino acid residue K113 and E125 (Type I mutants?)
Apart from being a conserved residue, K113 was also predicted to be involved
in protein-protein interactions (see above). Replacement of the positively
charged lysine by the small sized and negatively charged aspartic acid
(K113D) was anticipated to cause repulsion of the putative interaction with
other proteins or of substrate without affecting the structure of the protein. The
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endogenous mutant FtsQ(E125K) of LMC531 is temperature sensitive and
unable to localise at the restrictive temperature (1). Therefore, we replaced the
negatively charged glutamic acid by a glutamine (Q) to determine whether
neutralisation of the charge would be sufficient to make the protein
temperature sensitive.

Plasmids pTHV056 and pTHV055, expressing GFP-FtsQ(K113D) and
GFP-FtsQ(E125Q), respectively (Table 3), were transformed to LMC500 and
LMC531. The level of GFP-FtsQ(K113D) and –(E125Q) mutants proteins was
44% and 47% of that of the GFP-FtsQ(wt) expressed by LMC500 in TY at
28°C (Fig. 3B). Both mutants showed a very low percentage of cells with GFP-
FtsQ midcell localisation in LMC500 grown in GB1 at the permissive
temperature (Table 4). This indicates that they were not very well able to
compete with the endogenous FtsQ(wt) for localisation despite the
considerable overproduction. In LMC531 at the permissive temperature GFP-
FtsQ(K113D) and GFP-FtsQ(E125Q) were able to localise with a reduced
affinity compared to GFP-FtsQ(wt) (Q-periods were 18%, 23%, and 35%
respectively, Table 4, Fig. 7). GFP-FtsQ(K113D) did not localise in either
strain at the restrictive temperature (Table 4, Fig. 5). At this temperature, GFP-
FtsQ(E125Q) also showed no localisation in the LMC500 background, but in
LMC531 8 % of the cells showed fluorescence at midcell. Neither mutant was
able to complement the FtsQ(Ts) mutation in LMC531 (Table 4). The very
weak localisation of both mutants can be explained by assuming that the
proteins fail to bind FtsK, which would classify them as Type I mutants.

Both mutants showed a reduction in the duration of the T period (Ttd

Table 4) at the permissive temperature in comparison with the LMC531
expressing GFP-FtsQ(wt) (Table 4, Fig. 7) or even compared to the strain
expressing no fusion protein at all (wt in Fig. 2). This indicates that the mutants
are probably functional at 28°C despite their weak ability to localise (see
below). Remarkably in the LMC500 FtsQ(wt) background, the mutants cause
an extension of the duration of the T period despite the marginal GFP-FtsQ
mutant midcell localisation (Table 4, Fig. 4B and Fig. 7). This morphology can
also be explained assuming the mutants to be of Type I category (see
Discussion).

The GFP-FtsQ(E125K) mutant, which is identical to the endogenous
FtsQ(Ts) mutation in LMC531 was expressed at 27% of the level of GFP-
FtsQ(wt). It hardly localised (< 1%) at permissive and at restrictive growth
conditions in the LMC500 and LMC531 strains. Despite its low expression
level and its weak localisation, the mutant prolonged the duration of the
constriction period in both strains (Table 4). These characteristics classify this
mutant also as a Type I mutant (see discussion).

The GFP-FtsQ(K113D) protein (as shown above), just like the GFP-
FtsQ(E125K) protein, had a very low affinity for the divisome. To verify that the
protein was at least partly functional, the FtsQ(K113D) protein was expressed,
without GFP, from an arabinose-inducible pBAD plasmid (pTHV028) in the
FtsQ-null-mutant strain LMC2313.
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Fig. 5. LMC531 and GFP-FtsQ(wt) (good complementation), GFP-FtsQ(K113D) (no
complementation) and GFP-FtsQ(K113E-E125K) (no complementation) grown for
two mass doublings at 42˚C in GB1. On the left, the phase contrast pictures and on
the right the fluorescence pictures are shown. A is LMC531, B is LMC2328 (GFP-
FtsQ(wt)InCh531), C is pTHV056 (GFP-FtsQ(K113D)), D is LMC2332 (GFP-
FtsQ(K113E-E125K)InCh531). The bars are 1mm.
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This strain does not survive in the absence of an sYFP1-FtsQ(wt) expressing
plasmid pJP010linkerQ, because FtsQ is an essential protein. The
pJP010LinkerQ plasmid was replaced by pTHV027 (pBADFtsQ(wt) using
"reverse selective pressure" in the presence of 0.02% arabinose and by
pTHV028 in the presence of 0.2% arabinose (see Chapter 2). The
replacements were confirmed by PCR with plasmid specific oligo-nucleotides.
The cells containing the sYFP1-FtsQ(wt) showed a normal morphology
whereas the cells containing the FtsQ(K113D) mutant protein grew as
filaments (not shown). However, since the cells more or less survived the
replacement, FtsQ(K113D) apparently retained some ability to localise and
allowed some residual cell division. In conclusion, K113 and E125 seem to be
involved in the interaction with FtsK or another protein upstream from FtsQ in
the localisation hierarchy. This defines them as Type I mutants.

GFP-FtsQK113E-E125K (Type III mutant?)
A double mutant GFP-FtsQ(K113E-E125K) (pTHV076, Table 3) was
constructed, to investigate whether the two mutations could be combined. The
double mutant was transformed to LMC500 and LMC531 and the cells were
grown in rich medium at 28˚C. The double mutant was expressed at only 14%
of the GFP-FtsQ(wt) level in LMC500 grown in TY at 28°C (Fig. 3B) indicating
a low stability of the protein. Despite its low expression levels, no stable
transformants could be obtained in either strain. The few transformants
obtained in LMC500 cells showed a variety of changing morphologies during
growth that ultimately resulted in non-localised membrane fluorescence
sometimes accompanied by minicell formation. In contrast, the LMC531 cells
expressing the double mutant grew as filaments, became spherical or lysed
(Fig. 6C). Similar results were obtained when attempts were made to grow the
double mutant in minimal glucose medium. The cells showed a variety of
morphological effects ranging from no-localisation to lysis at the site of division
(Fig. 6A, and 6B) depending on the colony used for growth.

To reduce the number of expressed molecules and thereby its toxicity,
the double mutant gene was inserted as a single copy into the chromosome of
LMC531 yielding strain LMC2332 (Table 1). The strain was viable in TY and
in GB1 medium and grew at the permissive temperature as filaments with
deep constrictions and weak localisation at midcell was observed (Table 4,
Fig. 6D). This indicated that the mutant was able to divide occasionally and
that the production of a constriction took more than one cell cycle (figure 2,
Type III). At 42˚C, the cells showed almost no fluorescence at midcell (0.4%
of the cells) and the constrictions in these filaments were less deep than in the
filaments at 28˚C (Table 4 and Fig. 5D) and more similar to the normal
morphology of LMC531 cells at the restrictive temperature (Fig 5A). The weak
localisation of the double mutant classifies it as a Type I mutant, but its severe
effects on the viability of the strains despite its presence in very low numbers
in combination with the lysis at midcell positions point to a classification as
type III mutant (see also Discussion).
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Fig. 6. GFP-FtsQ(K113E-E125K) expressed in LMC531 at 28˚C. In panels A, C and
D on the left, the phase contrast image and on the right the fluorescence image is
shown. In panel B, only the phase contrast image is shown. A is pTHV076 after over
night “growth” in GB1. B is pTHV076 after over night “growth” in GB1, showing cell
lysis at the constriction site (arrows). C is pTHV076 after over night “growth” in TY,
showing round cells and cell lysis. D is LMC2332 after steady state growth, showing
chain-like structures. The bars are 1mm.
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Fig. 7. Overview of the duration of Q-periods (QTd) and of constriction periods (TTd) of
a number of GFP-FtsQ(mutants) and of the GFP-FtsQ(wt) grown to steady state in
GB1 medium at 28°C expressed from plasmid or from a single gene copy inserted in
the chromosome (Inch) of LMC500 (FtsQ(wt) and LMC531 (FtsQ(Ts)). The light grey,
dark grey and black bar represent, the Q-period, constriction period, and mass
doubling time. The mass doubling time was normalised for all combinations to 100%.

Putative protein-protein interacting residues R151 and R197 (Type II
mutants?)
GFP-FtsQ(R151N) and GFP-FtsQ(R197N) were constructed yielding
plasmids pTHV051 and pTHV049 (Table 3), respectively. The mutated gfp-
ftsQ genes were integrated in the chromosome of LMC500 (yielding
LMC2157, and LMC1844, respectively Table 1) and LMC531 (yielding
LMC2239 and LMC1851, respectively Table 1). The strains were grown to
steady state in GB1 without antibiotics. When expressed in LMC500 GFP-
FtsQ(R151N) and GFP-FtsQ(R197N) showed a reduced affinity for the
division site as indicated by their reduction in the percentage of cells with
GFP-FtsQ(mutant) midcell localisation compared to GFP-FtsQ(wt) in both
genetic backgrounds at 28°C and at 42°C (Table 5, Fig. 7). The T periods of
the GFP-FtsQ(R197N) strains at both temperatures were also reduced
compared to the GFP-FtsQ(wt) strains, whereas the GFP-FtsQ(R151N)
strains had almost normal T periods apart from a decrease of 50% in LMC531
at 42°C (Table 5). These results suggest that both mutants have a reduced
affinity for the division site and that they are not present in sufficient numbers
to compete with the endogenous FtsQ proteins.

To investigate whether the mutants would affect cell division when
expressed at a higher expression level, plasmids pTHV051 and pTHV049
were transformed to LMC500 and to LMC531. The expression level of GFP-
FtsQ(R151N) and –(R197N) expressed by LMC500 grown in TY at 28 °C was
50% and 80% (Fig 3) of that of the GFP-FtsQ(wt).
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Expressed in LMC500 and LMC531 grown to steady state in GB1 medium at
the permissive and restrictive temperature, both mutants showed an
increased duration of the T period and increased duration of the Q period.
Exceptions were GFP-FtsQ(R151N) in LMC500 and GFP-FtsQ(R197N) in
LMC531 at the restrictive temperature that showed a reduction in the
percentage of cells with an FtsQ localisation compared to GFP-FtsQ-(wt).
This indicates that they were slightly temperature sensitive with respect to
localisation. The doubling in the duration of the T and Q period of GFP-
FtsQ(R151N) and GFP-FtsQ(R197N) compared to the GFP-FtsQ(wt) indicate
that they might interfere with the recruitment of another down stream cell
division protein and classifies them as Type II mutants. However, their ability
to complement the FtsQ(Ts) strain at the restrictive temperature disqualifies
them as Type II mutants. Presumably, they can be regarded as weak
interaction mutants.

To investigate whether a change from a positively to a negatively
charged amino acid would enhance the effects that were observed for these
mutants, the GFP-FtsQ(R151D) and GFP-FtsQ(R197D) mutants were
constructed yielding pTHV089 and pTHV090 plasmids (Table 3). LMC500
expressing the mutants from plasmid were grown in TY at 28°C to assess the
level of expression. GFP-FtsQ(R151D) was expressed at only 18 % (Fig. 3B)
of the GFP-FtsQ(wt) level. Clearly, the protein is very unstable. GFP-
FtsQ(R197N) was expressed at 40% of the level of GFP-FtsQ(wt) (Fig. 3B).

Despite its low expression level or stability, GFP-FtsQ(R151D) was
able to localise in both strains and complement the LMC531 FtsQ(Ts) at the
restrictive temperature, although the T period and the Q period were
prolonged (Table 5), like in LMC531 expressing GFP-FtsQ(R151N). This
suggests that the amino acid residue R151 is only weakly involved in the
interaction with another protein.

The GFP-FtsQR197D mutant was less able to compete with the
endogenous FtsQ(wt) protein of LMC500 for localisation at 42°C than the
GFP-FtsQ(R197N) mutant, whereas it localised more or less normal in
LMC531 at this temperature and it was able to complement the FtsQ (Ts)
mutation (Table 5). This suggests again that it is only a weak interaction
mutant.

Discussion

To investigate the conserved domain of FtsQ and the interaction of FtsQ with
other cell division proteins, mutations were made of the conserved residues
D91, K113 and E125 (Fig. 2, Chapter 2), and of residues R151 and R197 that
were predicted to be involved in protein-protein interactions. The mutants
have been characterised with respect to their ability to localise as GFP fusions
under steady state conditions and their ability to complement the FtsQ(Ts)
mutation at the restrictive temperature. The steady state approach was



Chapter 5

110

chosen to enable the more qualitative comparison of the behaviour of
FtsQ(wt) with that of the FtsQ mutants. As described in the results section
within the scope of our present knowledge at least three possible types of
mutants can be envisioned (Fig 2).

Briefly, a Type I (Fig.2) mutant has lost its ability to associate with FtsK
but is still able to bind FtsL/B. Since the mutant protein is not able to localise
very well, the duration of Q period should be much shorter than that of the T
period. The Type II mutant (Fig. 2) is able to bind FtsK but is not able to bind
FtsL/B. This type of mutant is able to localise at midcell. The duration of the Q
period is expected to be almost similar or even more extended than that of the
T period. The Type III mutant (Fig. 2) is able to bind all partners in the
localisation dependency hierarchy of FtsQ but is not functional. Because it is
able to bind all its partners, it can be assumed to be able to compete
effectively with FtsQ(wt) and FtsQ(Ts) for the division site. This mutant is
expected to localise well and to cause a defect in cell division at low mutant
protein expression. As a consequence, because hardly any endogenous
FtsQ(wt) is present at the division site to assist in the constriction process, the
cells might form filaments with very deep constrictions. All three mutant types
are expected not to be able to complement the FtsQ(Ts) strain.

Because it is unknown how many interaction sites FtsQ has, one
should realise that in the description of the three types of mutants one can
replace FtsK by any other protein upstream of FtsQ in the localisation
dependency hierarchy (Fig. 1). FtsL/FtsB can be replaced by any cell division
protein downstream of FtsQ in the localisation dependency series. Bearing
these three types of mutants in mind, we will discuss in more detail whether
our FtsQ mutants classify in any of these putative mutant types.

Type I and Type III mutants
GFP-FtsQ(E125Q), and GFP-FtsQ(K113D) caused an increase in the T
period compared to GFP-FtsQ(wt) in LMC500 but a decrease in the duration
of the Q period in LMC531. This morphology corresponds to the predicted
behaviour of a Type I mutant, which has a reduced affinity for the division site
and therefore localises randomly in the cytoplasmic membrane. These
mutants might be able to bind other cell division proteins and thereby prevent
their localisation at midcell (Fig. 4B). For instance, FtsL, FtsB, and FtsQ seem
to be able to form a complex before they localise to the division site (30). The
difference in T period observed in the LMC500 and LMC531 strain,
expressing the GFP-FtsQ(E125Q) or GFP-FtsQ(K113D) mutant, can be
explained as follows: In a wild type background, a Type I mutant is expected
to have a reduced affinity for FtsK and is expected not to be able to compete
with FtsQ(wt) for localisation to the division site. However, it is still able to bind
FtsL/FtsB. Therefore it will titrate FtsL/FtsB from the division site resulting in a
prolongation of the T period as was observed for the LMC500 strain. In an
FtsQ(Ts) background, a Type I mutant does not have to compete with
FtsQ(wt) for localisation at the division site. However, it increases the number
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of weakly localising FtsQ Type I mutant proteins since FtsQ(Ts) of LMC531 is
a Type I mutant itself. The increase in the number of weakly localising
proteins facilitates the localisation at the division site despite their low affinity.
This results in a more wild type morphology implicating a shorter constriction
period as was observed for the LMC531 strain. As expected for a Type I
mutant, the mutants were not able to complement the FtsQ(Ts) mutation at
42˚C.

Using a random mutagenesis procedure, Chen et al., (33) isolated two
FtsQ mutants (ftsQ6 and ftsQ15) that could not compete with FtsQ(wt) for
localisation and that were not able to complement FtsQ(Ts). However, in an
FtsQ depletion strain, these mutants were able to localise at 30˚C and
showed a normal morphology. According to our mutant classification these
FtsQ mutants could be described as temperature sensitive Type I mutants.
ftsQ6 contained F145L and L181R mutations and ftsQ15 contained Q108L,
V111G and Y227D mutations. The mutations were required to be present
together in each separate mutant to yield the non-functional phenotype. Of
these residues, V111 is conserved and Q108 and V111 are in the most
conserved region of the amino acid sequence of FtsQ, close to our Type I
mutants (Fig. 2, Chapter 2). This identifies this region as essential for
localisation of FtsQ.

When the charges of both the K113 and E125 residues were reversed
in the same protein, resulting in the double mutant GFP-FtsQ(K113E-E125K),
its expression from plasmid appeared to be lethal to the cells. When
expressed from a single copy in the chromosome in LMC531 at 28˚C, the
cells grew as filaments with very deep constrictions (chain-like structures, Fig.
6D). This indicated that the average duration of a constriction period extended
one generation-time. Despite is low stability (Fig 3) it was able to localise in
the LMC531 background when expressed from a single copy from the
chromosome. Very long constriction periods in combination with toxicity at low
mutant protein concentration would classify the double mutant protein as Type
III.

Single mutants versus double mutant
How can we reconcile the observation that the single K113D or E125Q/K
mutants belong to the Type I mutants, whereas the double K113E/E125K
mutant seems to classify as a Type III? The K113 and E125 amino acid
residues are only 12 residues apart and they could possibly be separated by a
turn in this sequence (Fig. 2, Chapter 2). Therefore, it is feasible that these
residues are in each others proximity. The replacement of either residue by a
residue with an opposite charge would change the net charge from more or
less neutral to very negative or very positive. This could easily lead to
repulsion of FtsK by the FtsQ(mutant) and consequently to a Type I mutant. In
contrast, switching the charges of both residues would result in the same net
charge as in the FtsQ(wt). However, the charge is likely to be differently
orientated. This allows the protein to interact with FtsK (possibly with a
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somewhat lesser affinity than the FtsQ(wt)), but renders the protein possibly
inactive. The lysis at the division site in the LMC531 cells (Fig. 6B) suggests
that the protein affects the integrity of the peptidoglycan layer, because lysis is
not possible without a damaged peptidoglycan layer. The presumed
imbalance between the synthesis and hydrolysis of the peptidoglycan layer in
the presence of the FtsQ double mutant does not necessarily have to be
caused by a defect in a synthetic activity of FtsQ itself. It is also possible that
FtsQ directs the activity of another protein as soon as it takes on its position in
the localisation dependency hierarchy. Therefore, we assume that the
conserved amino acid sequence between residues 106 and 132 is involved in
the interaction of FtsQ with FtsK or any other protein in the dependency
hierarchy upstream of FtsQ and in the function of FtsQ.

Type II mutants
Since the phenotypes of the GFP-FtsQ(D91K), -(D91N), -(R151N), -(R197N)
are more or less comparable they will be discussed simultaneously. At 28˚C,
the GFP-FtsQ(D91N), -(R151N) and –(R197N) proteins seems to increase the
Q-period as well as the T period (i.e. delay the divisome assembly) without
increasing the mass-doubling time or the average length of the cells
compared to GFP-FtsQ(wt). This classifies them as Type II mutants.
However, their localisation in LMC531 was more or less normal at the
restrictive temperature and they were able to complement the endogenous
E125K FtsQ(Ts) mutation, which disqualifies these mutants as Type II. The
GFP-FtsQ(D91K) -(R151D) and –(R197D) did seem to slightly increase the
negative effects on the cells, compared to the GFP-FtsQ(D91N), -(R151N)
and –(R197N) proteins, though they were still able to complement the FtsQ
(Ts) strain. Therefore, it can be concluded that these residues are perhaps
involved in some very weak protein-protein interactions but obviously not in
essential protein interactions.

Although, the method to predict residues involved in protein-protein
interactions (50, 74, 128) has been applied to the cell division proteins FtsI
(128, 154) and FtsW (150), it seems does not seem very applicable to the
FtsQ residues investigated in this report. A further mutational analysis of the
conserved amino acid region seems to be a more rewarding approach as we
have shown that residue K113 and E125 are involved in the localisation of the
protein and possibly also in its function.
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CHAPTER 6

Is the hydrophobic moment plot of a cell division

protein a valuable tool to predict putative interaction

sites?

Abstract

To discover amino acids that could be involved in the interaction of FtsQ,
FtsW and FtsI with other cell division proteins, we used the method of De Loof
et al. (1986). This method uses the hydrophobic moment plot of a protein to
predict amphiphilic segments susceptible to interact with other proteins or with
sub-domains within a protein itself. Of such a segment, at least three amino
acid residues should be within the Protein Interaction Matrix (PIM) of the
hydrophobic moment plot. Such residues are regarded as putative interacting
residues. Whether mutating one or more of the putative interaction residues
would reduce or abolish the interaction was determined by in silico
mutagenesis. The susceptibility to possible interactions was regarded to be
lost or diminished if an in silico mutation in a putative interaction residue
caused most of the residues of the amphiphilic segment to be excluded from
the PIM. Based on the in silico results, several residues have been mutated in
vivo and the mutant proteins were characterised with respect to localisation
and functionality. In this chapter the validity of the prediction method will be
assessed by comparing the results of the in silico mutational analysis and the
in vivo mutational analysis of the mutant forms of the three cell division
proteins FtsQ, FtsW and FtsI.
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Introduction

As was described in Chapter 2, to discover amino acids that could be involved
in the interaction of FtsQ with other cell division proteins, we used the method
of de Loof et al. (50). This method uses the hydrophobic moment plot (Fig. 1.)
of a protein to predict amphiphilic segments susceptible to interact with other
proteins or with sub-domains within the protein. A window of seven residues
(segment) was moved through the amino acid sequence of the periplasmic
domain of FtsQ. For each segment, the mean hydrophobicity (H) and mean
hydrophobic moment (μH) for the central residue were calculated. The central
amino acid residues with a high mean hydrophobic moment (ranging from -1.2
to -0.5) and a low mean hydrophobicity (ranging from 0.25 to 1.1) are likely to
fall within the Protein Interaction Matrix (PIM; the red rectangle in Fig. 1.). In
general, these residues are predicted to be involved in protein-protein
interactions within the same molecule or with another molecule.

Fig. 1. Schematic representation of a hydrophobic moment plot, in which the Protein
Interaction Matrix (PIM) is indicated. PIM is identical to the Receptor Binding Domain
of De Loof et al. (1986) (50). The hydrophobicity (H) is plotted against the
hydrophobic moment (mH).

Those residues present in the PIM (PI residues), sometimes in combination
with residues close to the amphiphilic segment, were mutated in silico to
determine whether this would exclude the PI residues from the PIM. Several
of these mutations were constructed in vivo and the mutants were
characterised with respect to their ability to localise as GFP fusions and their
ability to complement a temperature sensitive strain at the restrictive
temperature. In this thesis, we introduced mutations in the ftsQ gene based
on theoretical predictions with respect to inter- and intraprotein interactions
(Chapters 4 and 5). The same approach has been applied before to FtsI
(PBP3) (128) and to FtsW (150) in a collaborative project between the
University of Amsterdam (T. den Blaauwen and co-workers) and the
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University of Liège (M. Nguyen-Distèche and co-workers). This offers the
opportunity to evaluate the practical feasibility of the theoretical approach in
the three cases. As will be shown below the applicability varies for FtsQ, FtsI
and FtsW. The reason for this variation will be discussed.

What were the predicted interaction sites in FtsQ, FtsW and FtsI?

FtsQ
FtsQ is a bitopic membrane protein, with a small cytoplasmic part of 25 amino
acids, a transmembrane part of about the same size and a large periplasmic
part of 226 amino acids (Fig 2). FtsQ is one of the essential cell division
proteins in Escherichia coli, with unknown function. Since it is dependent on
the localisation of FtsK for its own localisation to midcell and since it recruits
FtsL and FtsB to midcell, it is thought that FtsQ might at least interact with
these cell division proteins (Chapter 1, Fig 2).

Fig. 2. Schematic representation of the topological models of FtsQ, FtsW, and FtsI.
The light grey bars represent the cytoplasmic membrane (CM) and the outer
membrane (OM). C is carboxy terminus, N is amino terminus. FtsW consists of 10
transmembrane segments (1-10). FtsI consists of two modules, which are the Acyl
Transferase Module (ATM) from amino acid residue D237-V577 and the Non-
Catalytic Module (NCM) from residues R71-I236.

In the amino acid sequence of FtsQ, five segments could be identified,
which contained three or more residues that were present in the Protein
Interaction Matrix (PIM). Furthermore, three segments in the amino acid
sequence were observed with one or two residues present in the PIM. The
first segment is in the cytosolic domain of FtsQ and contains four “Protein
Interacting” (PI) residues. These are N10, S11, E12 and V15. During in silico
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mutagenesis, one or more residues that were most likely to change the
amphiphilicity of the segment were replaced by other ones. These residues
are not necessarily the residues that are actually present in the PIM, but they
can also be residues close to the amphiphilic segment. In silico mutagenesis
experiments revealed that when mutations R18N and R19N were introduced,
V15 would be excluded from the PIM. However, N10, S11 and E12 were still
present in the PIM. To exclude these three residues from the PIM the
additional R9N and S11E mutations had to be introduced (Table 1). The
second segment is part of the periplasmic domain of FtsQ like all other
following segments. It contains five PI residues, just like segment one, which
are H67, Y68, T69, R70 and I74. The in silico mutagenesis of residues D73
into N73 and R75 into N75 only caused the exclusion of I74 from the PIM.
When the R70N mutation was added, all five residues were banned from the
PIM (Table 1).

Table 1. Average hydrophobicity (H) and hydrophobic moment (μH) of the central PI
residue (in bold type) of a window of seven amino acids in the amino acid sequence
of FtsQ before and after in silico mutagenesis.

Before
mutagenesis

After
mutagenesisPI residue

H μH H μH

R9N, N10, S11E, R18N, R19N -0.82 0.36 -0.65 0.08
R9N, S11(E), R18N, R19N -0.81 0.39 -0.65 0.12
R9N, E12, S11E, R18N, R19N -0.65 0.52 -0.49 0.28
V15, R18N, R19N -0.57 0.28 -0.32 0.21
R9N, V15, S11E, R18N, R19N -0.57 0.28 -0.32 0.28
H67, R70N, D73N, R75N -0.77 0.72 -0.30 0.27
Y68, R70N, D73N, R75N -0.97 0.61 -0.46 0.16
T69, R70N, D73N, R75N -0.98 0.57 -0.49 0.12
R70(N), D73N, R75N -0.74 0.34 -0.49 0.09
R70N, D73N, I74, R75N -0.66 0.54 -0.41 0.38
V111, K113N -0.53 0.26 -0.41 0.24
K113N, Q114 -0.54 0.50 -0.43 0.40
K113N, W115 -0.80 0.25 -0.69 0.15
R151(N) -0.67 0.53 -0.43 0.35
R151N, T152 -0.82 0.57 -0.57 0.36
R151N, S153 -0.67 0.70 -0.43 0.49
R197(N) -0.66 0.68 -0.43 0.50
R197N, S198 -0.50 0.67 -0.26 0.54
R197N, W199 -0.60 0.59 -0.41 0.51
D237(N) -067 0.49 -0.65 0.50
D237(N), R240N -0.67 0.49 -0.41 0.33
D237, R240N -0.67 0.49 -0.42 0.32
G238, R240N -0.55 0.56 -0.32 0.42
D237N, G238, R240N -0.55 0.56 -0.30 0.44

A mutation in the central PI residue is shown between brackets (bold type).
Additional mutations (inside or outside the PIM) necessary to exclude the PI residue
from the PIM, are shown as well, see text for details.
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The third segment only contains three amino acid residues that are present in
the PIM, which are V111, Q114 and W115. Although K113 was not a PI
residue, merely the introduction of the K113N mutation was enough to
exclude all three residues from the PIM. The fourth segment also contains
three PI residues. These are R151, T152 and S153. The introduction of the
R151N mutation caused the exclusion of R151 and S153 from the PIM. T152
was still present in the PIM, but its H and μH were decreased dramatically
(results not shown). Three PI residues were present in the fifth segment,
which were R197, S198 and W199. All three residues were banned from the
PIM by the introduction of the R197N mutation (Table 1).

Of the three segments with only two PI residues there was only one
segment, in which an in silico mutation caused the residues to be excluded
from the PIM. Its PI residues D237 and G238 were banned from the PIM by
the double mutation D237N and R240N and the single R240N mutation but
not by the single D237N mutation (Table 1).

FtsW
FtsW is one of the essential proteins for cell division in Escherichia coli and its
topology model consists of 10 transmembrane segments (Fig. 2) in the
cytoplasmic membrane (115). Both the N- and C-terminal ends are in the
cytoplasm. The N-terminal end consists of 46 residues. Between the first and
the second transmembrane (Tm) helix (loop 1/2) are 19 residues, loop 2/3
contains five residues, loop 3/4 contains 11 residues and loop 4/5 contains 14
residues. Between Tm helix 5 and Tm helix 6 are 4 residues, between Tm
helix 6 and Tm helix 7 are 3 residues, loop 7/8 contains 66 residues, loop 8/9
contains 18 residues and loop 9/10 contains 10 residues. The C-terminal end
contains 20 residues (115, 150). The FtsQ/L/B complex is needed for the
recruitment of FtsW, whereas the presence of FtsW is required for FtsI
(PBP3) to reach the division site (31, 131) (see Fig. 2, Chapter 1). How FtsW
is targeted to the divisome, how it functions in cell division and how FtsI is
recruited by FtsW is unknown. This was the reason for Pastoret et al. to
investigate the roles of the different FtsW domains by site directed
mutagenesis, based on the analysis of the hydrophobic moment plot of the
protein (50, 150). With the hydrophobic moment method three amphiphilic
segments, which contained more than three PI residues, could be detected in
FtsW. The effect of several in silico mutations was described as well. Two
regions with two PI residues were also detected, but were not considered to
have enough interaction potentiality, because the residues were very close to
the borders of the PIM (150).

The first segment was located in the cytoplasmic loop 4/5 and
contained seven PI residues. These are D169, E170, V171, R172, N173,
N174 and L175. The in silico mutation of only R172 to S172 was enough to
ban the last six residues from the PIM. D169 was still present in the PIM, but
its H and μH were decreased dramatically. The results of the described single
in silico mutations of all predicted amphiphilic segments in FtsW are listed in



Chapter 6

120

Table 2. The second segment was located in the periplasmic loop 7/8 and
contained four residues that were present in the PIM, which were R243, I244,
R245 and R246. The single R243Q mutation caused the I244, R245 and
R246 residues to be excluded from the PIM. Q243 itself was still a PI residue,
but with much lower H and μH (Table 2). The third segment was located in the
intracellular C-terminal end of the FtsW protein. It contained five PI residues,
which are Y399, T401, R402, L403 and E404. The R402Q mutation was
enough to ban all residues from the PIM.

Table 2. Average hydrophobicity (H) and hydrophobic moment (μH) of the central PI
residue (in bold type) of a window of seven amino acids in the amino acid sequence
of FtsW before and after in silico mutagenesis.

Before
mutagenesis

After
mutagenesisPI residue

H μH H μH

D169, R172S -0.95 0.51 -0.62 0.64
E170, R172S -0.69 0.34 -0.36 0.38
V171, R172S -0.59 0.45 -0.26 0.42
R172(S) -0.51 0.53 -0.17 0.53
R172S, N173 -0.73 0.72 -0.41 0.60
R172S, N174 -0.55 0.75 -0.22 0.57
R172S, L175 -0.54 0.79 -0.21 0.57
R243(Q) -0.94 0.58 -0.69 0.47
R243Q, I244 -0.67 0.72 -0.41 0.68
R243Q, R245 -0.69 0.70 -0.45 0.68
R243Q, R246 -0.64 0.66 -0.40 0.62
Y399, R402Q -0.72 0.45 -0.49 0.36
T401, R402Q -0.51 0.38 -0.23 0.28
R402(Q) -0.60 0.45 -0.32 0.36
R402Q, L403 -0.54 0.45 -0.29 0.42
R402Q, E404 -0.56 0.42 -0.74 0.38

A mutation in the central PI residue is shown between brackets (bold type).
Additional mutations (inside or outside the PIM) necessary to exclude the PI residue
from the PIM, are shown as well, see text for details. The data were deduced from
the hydrophobic moment plots of the supplementary data of Pastoret et al. (2004)
(150).

FtsI (PBP3)
FtsI is a bitopic transmembrane protein and consists of two modules in the
periplasm. The N-terminal module is the Non Catalytic Module (NCM) and the
C-terminal module is the Acyl Transferase Module (ATM) (Fig. 2). For a
detailed modelled structure of the E. coli FtsI protein, see Marrec-Fairly et al.
(2000) (128). According to their model, FtsI consists of a small cytoplasmic
part (amino acid 1-18), a membrane anchor, a small sequence (amino acid
57-66), which connects the membrane anchor to the NCM (amino acid 71-
236) and finally the ATM (amino acid 237-577). They also suggested that the
NCM is most likely shaped like a pair of sugar tongues.
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The ATM is involved in peptidoglycan crosslinking, the function of the
NCM is unknown, but it was suggested to be important in the regulation of the
ATM activity. For this regulatory function, interaction with presumably other
divisome proteins could be important (2, 63, 143). In the cell division protein
dependency hierarchy, FtsI comes after FtsW and before FtsN (see Fig. 2,
Chapter 1). It was determined which of the FtsI residues could be important
for interactions within the protein or for interactions with other proteins, such
as FtsW or FtsN using the hydrophobic moment method of de Loof et al. (50).

In 2000, Marrec-Fairly et al. (128) published the results of the
hydrophobic moment plot of FtsI and the effect of several in silico mutations.
In this protein, six amphiphilic segments could be identified with three or more
residues present in the PIM of the plot. In three occasions, two PI residues
were observed. The first segment, which is located in the cytosolic part of the
FtsI protein, contained seven PI residues. These are K9, P10, K11, R12, Q13,
E14 and E15. The mutation from R12 into S12 resulted in the exclusion of all
residues from the PIM. The second segment is within the core of the protein
and contains three PI residues, which are R77, S78 and G79. In this segment
D76, which was outside the PIM region, was changed into N76 and no
change in the H and μH of the three residues in the PIM domain occurred
(Table 3). Thus, when this mutation would be performed in vivo, no
measurable effect would be expected. It is not clear why only this residue was
mutated.

Further analysis of the data of Marrec-Fairly et al. reveals that the third
segment was also located within the core of the protein and that it contained
six residues that are present in the PIM. One residue, S165, was just outside
the PIM, because it had a lower hydrophobicity (-1.3) than the cut-off value of
–1.2, but the hydrophobic moment was above the cut off value of 0.25. This
raises the question: how solid are the boundaries of the PIM? Based on the
results of the in vivo mutation of R210 and R213, which was also on the left
side of the PIM (see below) to my opinion, this S165 residue belongs to the PI
residues as well. Thus, in conclusion the third segment contained seven PI
residues. These were E163, E164, S165, R166, R167, Y168 and Y169. The
in silico mutation of R166Q and R167Q resulted in the remaining of E163,
E164 and S165 in the PIM, and the exclusion of the Y169, Y168, Q166 and
Q167 from the PIM (Table 3). The fourth segment contained five PI residues
and one additional residue, R213, of which the H was somewhat lower (-1.3)
than its cut-off value, just like in segment three. Thus, according to me
segment four contained six PI residues, which were V209, R210, K211, D212,
R213 and Y214. This segment is located on one sugar tongue of the non-
catalytic module. The R210 and R213 residues were mutated and this banned
the K211 and D212 residues from the PIM. The other four residues remained
in the PIM, but with much lower H and μH values, as can be seen in Table 3
(bold type).

The fifth segment is located within the acyl transferase module (ATM)
of the FtsI protein. It contained three PI amino acid residues, which were
A293, M294 and T298. The mutation K291S was introduced and caused the
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Table 3. Average hydrophobicity (H) and hydrophobic moment (μH) of the central PI
residue (in bold type) of a window of seven amino acids in the amino acid sequence
of FtsI before and after in silico mutagenesis.

Before
mutagenesis

After
mutagenesisPI residue

H μH H μH

K9, R12S -1.16 0.39 -0.79 0.13
P10, R12S -1.03 0.48 -0.69 0.19
K11, R12S -1.16 0.37 -0.79 0.09
R12(S) -1.16 0.34 -0.77 0.06
R12S, Q13 -0.97 0.31 -0.62 0.19
R12S, E14 -0.84 0.39 -0.54 0.22
R12S, E15 -0.74 0.32 -0.44 0.14
D58V, R60 -0.55 0.58 -0.26 0.89
D58V, R63 -.065 0.55 -0.69 0.54
D76N, R77 -0.63 0.74 -0.56 0.71
D76N, S78 -0.82 0.68 -0.77 0.68
D76N, G79 -0.63 0.84 -0.62 0.83
K113S, A130 -0.5 0.39 -0.36 0.35
K113S, P132 -0.61 0.36 -0.44 0.44
E163, R166Q, R167Q -0.84 0.68 -0.62 0.44
E164, R166Q, R167Q -1.16 0.73 -0.69 0.48
S165, R166Q, R167Q -1.29 0.58 -0.82 0.35
R166(Q), R167Q -0.89 0.55 -0.38 0.25
R166Q, R167(Q) -0.79 0.42 -0.31 0.16
R166Q, R167Q, Y168 -0.68 0.45 -0.21 0.16
R166Q, R167Q, Y169 -0.55 0.56 -0.10 0.24
V209, R210Q, R213Q -0.79 0.84 -0.56 0.67
R210(Q), R213Q -1.05 0.81 -0.59 0.63
R210Q, K211, R213Q -0.68 0.58 -0.18 0.25
R210Q, D212, R213Q -0.79 0.45 -0.44 0.16
R210Q, R213(Q) -1.32 0.58 -0.90 0.35
R210Q, R213Q, Y214 -0.79 0.55 -0.56 0.51
K291S, A293 -0.63 0.68 -0.38 0.57
K291S, M294 -0.95 0.29 -0.79 0.21
K291S, T298 -0.79 0.32 -0.79 0.32
V322, R324Q -0.61 0.68 -0.36 0.54
V323, R324Q -0.58 0.65 -0.36 0.51
Q403, D409A -0.61 0.29 -0.62 0.29
R406, D409A -0.87 0.29 -0.62 0.14
W407, D409A -0.55 0.37 -0.28 0.22
D409(A) -0.66 0.58 -0.46 0.40

A Mutation in the central PI residue is shown between brackets (bold type).
Additional mutations (inside or outside the PIM) necessary to exclude the PI residue
from the PIM, are shown as well, see text for details. The data were obtained from
the hydrophobic moment plots of Marrec-Fiarly et al. (200) (128).
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exclusion of A293 and M294 from the PIM. T298 remained in the PIM with
approximately the same H and μH values. The sixth segment contained four
PI residues and was located in the ATM of the protein as well. The PI
residues were Q403, R406, W407 and D409. Mutation of D409 into A409
resulted in exclusion of all residues from the PIM, except Q403. This residue
remained at the same spot in the PIM (Table 3).

In the three amphiphilic segments with two PI residues, the first
segment was located in the peptide that connects the membrane anchor to
the non-catalytic module. The residues present in the PIM were R60 and R63,
but mutation of D58, which was outside the PIM, into a valine resulted in the
exclusion of R60 from the PIM. R63 remained in the PIM with unaltered H and
μH (Table 3). The second segment was located on one of the sugar tongues
of the non-catalytic module. A130 and P132 were present in the PIM. The in
silico K113S mutation banned both residues from the PIM. The third segment
contained the PI residues V322 and V323 and was located within the
acyltransferase module. Mutating R324 into Q324 caused the exclusion of
both PI residues from the PIM (Table 3).

What were the results of the in vivo mutagenesis experiments?

FtsQ
The K113, R151, R197 and the D237/R240 residues, which are all located in
the periplasmic domain of FtsQ (Fig. 2 and Fig. 3), were chosen for the in vivo
mutagenesis experiments. More than two residues, which were close together
had to be mutated In the first two described segments (see above), to exclude
most of the PI residues of that segment from the PIM. Therefore, they were
rejected for the in vivo mutagenesis experiments. Residues R151, R197 and
D237/R240 were mutated according to the in silico mutations, resulting in
FtsQ(R151N), FtsQ(R197N), FtsQ(D237N), FtsQ(R240N) and FtsQ(D237N-
R240N) mutants. Additionally, the mutants FtsQ(R151D), FtsQ(R197D) and
FtsQ(D237N-R240D) were constructed.

Apart from being a putative interaction residue, K113 was also a
conserved residue (see Chapter 2). Therefore, it was decided to make a more
dramatic change. Replacement of the positively charged lysine (K) by the
small sized and negatively charged aspartic acid (D) instead of asparagine
(N) was anticipated to cause repulsion of the putative interaction with other
proteins or of substrate without affecting the structure of the protein (see
Chapter 2). These mutated FtsQ proteins were grown to steady state and
characterised with respect to their ability to localise as GFP fusions and their
ability to complement the ftsQ1 (Ts) (LMC531) mutation at the restrictive
temperature.
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Fig. 3. Schematic overview of the mutations in FtsQ, FtsW and FtsI in the amino acid
sequences of the respective proteins. Cp is cytoplasmic domain, Tm is
transmembrane domain, Periplasm is the periplasmic domain, N is the amino-
terminus, C is the carboxy-terminus, NCM is the non-catalytic module, ATM is the
acyl-transferase module. The boxes (1-10) in the sequence of FtsW represent its 10
transmembrane segments.

The amino acid residue K113 was found to be involved in interactions
upstream of FtsQ (Chapter 5) in the localisation dependency hierarchy (see
Fig. 2, Chapter 1). Amino acid residues R151 and R197 were found only to be
possibly involved in very weak protein-protein interactions (Chapter 5). We
have shown that the D237 residue is important for the interaction with FtsL
and FtsB (Chapter 4). In conclusion for FtsQ the prediction of interaction sites,
using the hydrophobic moment plot to determine PI residues, seems to be
only partly correct.

FtsW
All in silico mutations of the residues in the amphiphilic segments 1-3 were
also constructed in vivo (150). This resulted in FtsW(R172S), FtsW(R243Q)
and FtsW(R402Q) mutants (Fig.3). These mutants were characterised with
respect to their ability to localise as GFP-fusions and to their ability to
complement the JLB17 FtsW (Ts) strain at the restrictive temperature.

FtsW(R172S) was not able to complement the Ts strain and was found
to be temperature sensitive regarding localisation. However, if FtsW(R172S)
localised, FtsI was always found at the same position. Thus, this mutant
appeared to be still able to recruit FtsI. Therefore, FtsW(R172S) was thought
to be involved in the conformation of FtsW. It might be important in the
interaction of the amphiphilic segment with another cytoplasmic element of
the divisome, and thereby stabilising the FtsW protein (150). According to this
hypothesis, R172 could be involved in protein-protein interactions.

When FtsW(R243Q) was expressed in Ts or wt cells, they showed a
dominant negative phenotype. However, small amounts of the mutant protein
were detected at midcell and hence it was concluded that amino acid residue
R243 seemed to be essential in the functioning of FtsW, most likely because it
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is an interaction site for other components involved in the peptidoglycan
assembly during division (150). It seems likely that this mutant is involved in
protein-protein interactions, because its presence in only small amounts at
midcell in wt cells already caused a dominant negative phenotype. This could
indicate that the due to the presence of this mutant, the recruitment of
downstream cell division proteins in the localisation dependency hierarchy is
declined.

The FtsW(R402Q)mutant did not seem to have any effect on the
FtsW(wt) strain or the FtsW (Ts) strain and was able to localise to midcell
(150). From the above results and deductions I conclude that possibly the first
two out of the three predictions, based on the hydrophobic moment plot are
correct, because the residues seem to be involved in protein-protein
interactions.

FtsI (PBP3)
The in silico mutations described above and combinations of different
mutations were constructed by Marrec-Fairly et al. (2000) (128) and Goffin et
al. (1996, 1993) (82, 83). This resulted in the following FtsI mutants:
FtsI(R12S), FtsI(D58V), FtsI(D76N), FtsI(K133S), FtsI(R166Q-R167Q),
FtsI(R210Q-R213Q), FtsI(K291S), FtsI(D324Q) and FtsI(D409A). For a
schematic overview of the mutations, see Fig. 3. All mutants were examined
with respect to their functionality. It was determined whether they were able to
complement an FtsI (Ts) mutant strain or an FtsI null mutant strain. The
mutants that were unable to complement these strains were examined with
respect to their ability to bind penicillin in vitro and it was investigated whether
they were able to localise at midcell as GFP-fusions as well (82, 83, 128,
154).

The mutants FtsI(R12S), FtsI(D76N), FtsI(K133S), FtsI(K291S),
FtsI(D324Q) and FtsI(D409A) did not seem to have any effect on the
functionality of the FtsI protein (82, 83, 128). However, the D76N did have a
decreased thermostability (83).

The FtsI(D58V) mutant, which was present in a segment with moderate
amphiphilicty, was still able to localise and to bind penicillin, but was not
functional. Based on the functionality studies it was concluded that the
amphiphilic segment with the D58 residue was important in the proper
orientation and positioning of FtsI during the insertion in the divisome (128).
This means that it is important in intra-protein interactions. However, since it
was able to localise, it was most likely involved in interactions with other
(downstream) cell division proteins and/or in interactions with
peptidoglycan–metabolising enzymes (154). A likely downstream cell division
protein candidate could for instance be FtsN.

When the FtsI(R166Q-R167Q) mutant was expressed in the FtsI (Ts)
strain at 42˚C or in the FtsI-null strain at 37˚C, it was not able to complement
the Ts mutation. Additionally it was unable to bind penicillin. Despite these
characteristics, it was able to localise to midcell. The R166Q and R167Q
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mutations are in the NCM of FtsI and therefore they are not directly involved
in peptidoglycan (or penicillin) binding. Thus, it was concluded that the
segment, including the FtsI(R166Q-R167Q) mutation, might be important for
the interaction between the two modules of the FtsI protein and/or might be
important in the proper folding of the protein. However, for the regulatory
function of the NCM, interaction with presumably other divisome proteins
could be important (2, 63, 128). Therefore, because the FtsI(R166Q-R167Q)
mutant is able to localise, R166 and R167 could also be involved in the
interaction with downstream cell division proteins, such as FtsN.

It was observed that the FtsI(R210Q-R213Q) mutant was not able to
complement the FtsI (Ts) strains (SP1097 and RP41) at the restrictive
temperature and that it gave rise to a dominant negative phenotype at the
permissive temperature. However, this mutant was able to bind penicillin and
it was able to localise to midcell. The R210 and R213 residues seemed
important for interaction with other components of the divisome or of the
peptidoglycan synthesising machinery (128). Wissel and Weiss have
demonstrated in 2004 that R210 is important for interaction of FtsI with FtsN
(202). In conclusion, of the nine predicted possible interaction sites for FtsI,
two seem to be correct and one predicted interaction site (R210) was
accredited.

Discussion

The hydrophobic moment plot has been used to find possible interaction sites
in the cell division proteins FtsQ, FtsW and FtsI (50). The results of the
predictions and the constructed mutations of these three proteins have been
compared to determine whether this method is a valuable tool to forecast
putative interaction sites.

For the FtsQ protein, the prediction of interaction sites, using the
hydrophobic moment plot to determine PI residues (Fig. 1), seems to be only
partly correct. Indeed, the amino acid residue K113 was found to be involved
in interactions upstream of FtsQ (Chapter 5) in the localisation dependency
hierarchy (see Fig. 2, Chapter 1). Conversely, amino acid residues R151 and
R197 were found only to be possibly involved in very weak protein-protein
interactions (Chapter 5). The prediction for the D237 residue was that only the
R240N or the D237N-R240N would cause exclusion of the D237 residue from
the PIM and loss of its interaction potential. However, from the results of the
FtsQ(D237N), FtsQ(R240N), FtsQ(D237N-R240N) and FtsQ(D237N-R240D)
mutants it appeared that the FtsQ(R240N) mutant and the FtsQ(D237N-
R240N) mutant behaved more or less as FtsQ(wt) and that the D237N
mutation caused the loss of interaction between FtsQ and FtsL/B (see
Chapter 4). For FtsW two out of three predictions looked like they were
correct and for FtsI three of the nine predicted possible interaction sites
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seemed to be correct. However, not all in silico mutations have been
performed in vivo.

Differences in the experimental procedures for characterising the FtsQ,
FtsW or FtsI mutants in vivo could be noted. FtsQ mutants were grown to
steady state in glucose minimal medium (GB1), which allowed us, besides
determining whether the mutants were functional, to compare cell cycle
events of FtsQ (wt) and of the mutants, such as the constriction period and
the persistence of GFP-FtsQ fluorescence at midcell (Q-period). A
disadvantage of this method is that there is a possibility that a revertant or
other point mutation is selected during the growth procedure. Therefore,
steady state growth could be important when the mutant cells have small
differences in their phenotype compared to wild type cells. When mutants
exhibit an obvious phenotype, steady state growth is not an advantage.

In the case of FtsI, it was determined whether the FtsI mutants were
able to bind penicillin in vitro with membrane bound mutant proteins on
isolated membranes. The ability of the FtsI mutants to support cell division
was determined at 30˚C and 42˚C in rich medium only. During the localisation
studies of the non-functional FtsI mutants, the GFP-FtsI mutants expressed in
a wt background (LMC500) were grown in GB1 at 28˚C in a “close to steady
state” manner (154). When the GFP-FtsI mutants were expressed in an FtsI
(Ts) or FtsI-null strain, they were grown at 37˚C in LB medium though not to
steady state. Of the FtsI mutants that were functional, it was not determined
whether they were able to localise. A decreased interaction potential for
possibly cell division proteins other than FtsI might not necessarily mean that
the mutant protein is not functional. It could be possible that the functional FtsI
mutants had a decreased ability to localise. These functional FtsI mutants
were not tested for localisation, because it was assumed that functionality
implied the ability to localise. However, the expression of the FtsI mutant
proteins from the pUC plasmids in the complementation assays was most
likely higher than physiological level. Overproduction of a protein with lower
affinity could result in sufficient amounts of protein at midcell to be able to
perform its task in cell division. This could apply to FtsI, which is not a very
abundant protein (200). Generally, this implies that a possible lower affinity of
functional FtsI mutant proteins for the divisome could have been masked by
overproduction.

Because not all the experiments regarding the FtsI mutants were
carried out under steady state conditions, these mutants could not be
compared to each other, neither to the wt protein. Therefore, it was not
possible to determine whether the constriction process was delayed because
a mutant protein was readily available, or whether a mutant protein was
longer or shorter present at the site of division compared to the wt protein. In
this case, this kind of information could possibly have given more clues about
the role of the mutated residues in the interactions with proteins upstream or
downstream of FtsI in the localisation dependency hierarchy. Of the FtsW
mutants, it was determined whether they were able to support cell division
and whether they were able to localise. The phenotypes of the FtsW mutants
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were quite apparent thus, comparison of the results of the steady state grown
mutants would most likely not have added much valuable information. On the
first view, the predictions with respect to putative interaction residues
appeared to be more valuable for FtsW than for FtsQ and FtsI. One could say
that for these three cell division proteins in total roughly 45% of the predictions
were correct.

The method of de Loof et al. (1986) (50) to predict possible interacting
residues does not distinguish between interactions inside the protein (inter
domain interactions) or interactions with other proteins. This is something to
bear in mind if one wants to examine potential interactions of a protein with
other proteins, and thereby possibly unravel the function of a protein. Bearing
this in mind and the finding that only roughly 45% of the predictions regarding
FtsQ, FtsW and FtsI were correct, examination of conserved amino acids
could be a more rewarding approach in order to find possible interaction sites
of proteins (see also Chapter 5).
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CHAPTER 7

General Discussion
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Cell division, it seemed simple indeed. From the beginning of cell division
research up to now, many involved proteins have been discovered. However,
the exact mode of action during the cell division process and the exact role of
all the involved "players" have not been resolved yet. For instance, the exact
function of the majority of the cell division proteins in Escherichia coli is
unknown. One of these cell division proteins of unknown function is FtsQ,
which was already "discovered" in 1984 (163). The different chapters in this
thesis describe efforts to elucidate the role of FtsQ in the cell division process
of E. coli. Four main questions were addressed:

1) When does FtsQ arrive at midcell and could this have implications for
its function?

2) Is FtsQ enclosed by divisomal proteins?
3) Which amino acids of the periplasmic part of FtsQ protein are involved

in its function and could they give a clue about the nature of this
function?

4) Which amino acids of the periplasmic domain of FtsQ protein are
important for its own localisation and/or are important for the
localisation of other cell division proteins to midcell?

Model for the assembly of the divisome

According to the above questions, the experiments described in this thesis
have been designed and the answers that were obtained led to new
questions. For instance the answer to the first question was that FtsQ arrives
at midcell just before the onset of a visible constriction together with FtsK, and
all other known downstream proteins of FtsQ. These proteins arrive
approximately simultaneous with a time lag of about one fifth of the generation
time after FtsZ midcell assembly (Chapter 3).

It has been found that a fusion protein of ZapA and FtsQ could recruit
FtsL/B and most likely FtsI (and thus FtsW as well) in the absence of FtsK or
FtsA. Furthermore, the ZapA-FtsQ fusion was able to recruit FtsK in the
absence of FtsA (81). The localisation of FtsN seems to be ambiguous, FtsN
failed to localise in the absence of FtsA, although FtsI was present at midcell
(see Chapter 1) and it has been reported that filaments depleted of FtsN
formed smooth filaments, without indentations, indicating that it functions early
in the division process (3, 81). Could this mean that FtsK up to FtsI can form a
subcomplex before localisation and that the divisome is build up from a fusion
of subcomplexes? For FtsQ it has already been established that it can form a
complex with FtsL and FtsB prior to their localisation to midcell (30), although
FtsQ is able to localise without FtsL/B as well. This could suggest, together
with the results of Goehring et al. (2005) that the subcomplex might include
FtsI and thus FtsW as well (see Chapter 1). This subcomplex could then be
recruited to the division site via interaction of FtsQ with FtsK, since ZapA-FtsQ
was able to "back-recruit" FtsK in the absence of FtsA. Additionally, it seems
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possible that FtsK could be part of this subcomplex before localisation as well
(Fig. 1A) (81). However, most proteins of this subcomplex are able to reach
the division site independently of the completed subcomplex and this could
indicate that the formation of a subcomplex is not essential for localisation of
the involved proteins.

Many other interactions between cell division proteins have been
demonstrated, using plasmid-encoded two-hybrid systems. Mostly
interactions occurred within either the first group, containing FtsZ up to FtsA
(or FtsEX) or within the second group, containing FtsK up to AmiC (56, 110).
Karimova et al. (2005) (110) added the observation that the interactions could
be grouped into two different clusters, in which the first cluster consisted of
FtsZ, FtsA and ZipA (ZapA and AmiC were not assayed) and the second
cluster consisted of the other cell division proteins. This evidence for the
existence of two subcomplexes evoked the question whether they could be
pre-formed. It is not yet known whether FtsEX (173) and EnvC (15) are
involved in the first or in the second step of the cell division process. Since
FtsEX seems to have an FtsZ-ring stabilising function (173), I considered it a
part of the first group (Fig. 1A) and since EnvC is a murein hydrolase most
likely involved in peptidoglycan cleavage during septation (15), I supposed it
to function in the second group (Fig. 1C). Since all cell division proteins
localise to midcell (see Chapter 1) and some interactions have been reported
between proteins from group one with proteins from group two (43, 56, 110), it
seems likely that the possible pre-complexes subsequently merge into a
divisomal complex (Fig. 1A and 1B). Although it remains somewhat obscure,
which proteins are required at midcell for the localisation of FtsN, its
localisation must be very quick after the assembly of the possible
subcomplexes, regarding the timing of FtsN, which is approximately
simultaneous with FtsQ, FtsW and FtsI (1). After the localisation of FtsN,
AmiC is able to localise, and possibly EnvC (Fig. 1C) (15).

Most cell division proteins are present in a cell with approximately 25-
200 copies, except FtsZ, ZipA and FtsN. FtsZ is present in about 2000-15000
copies and it was suggested that the other cell division proteins form about 50
regularly spaced subassemblies on the FtsZ-ring (113, 140, 141). ZipA is
present in about 100-1000 copies per cell and it was suggested to anchor the
FtsZ-ring to the cytoplasmic membrane both in- and outside the proposed
protein subassemblies on the FtsZ-ring. In this way it could be able to bundle
FtsZ molecules that are not present in the subassemblies (113). FtsN is a
member of the second group of localising cell division proteins, with an
abundancy of 1000 up to 6000 copies per cell. It does not seem likely that in
each divisomal subcomplex about 20-120 molecules of FtsN are present.
Therefore, it might have an additional function at midcell, whereby it is not a
part of the "second-group subcomplex" or the subassemblies on the FtsZ-ring.
Based on the abundance of FtsN, it could form a ring-like structure,
surrounding the cell, although it has not been shown to polymerise.
Furthermore, it could be involved in the attachment of the FtsZ-ring to the
peptidoglycan layer via interaction of FtsN with ZipA. In such way that FtsN
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and ZipA are evenly distributed around the FtsZ-ring (Fig. 1C). However, the
peptidoglycan binding part of the FtsN protein does not seem essential for its
function (188) and it does not explain why FtsN is a late recruit to midcell. An
alternative route for interaction of the FtsZ-ring with peptidoglycan may
involve FtsA, possibly FtsQ and FtsI. The latter route has less interaction
sites, based on abundance of the proteins involved, than the first route,
though could explain why the peptidoglycan-binding part of FtsN is not
essential.

Fig 1A – 1D. Schematic representation of the assembly of the subcomplexes into the
divisomal complex. 1A shows the two separate subcomplexes and 1B demonstrates
the merged divisomal complex. 1C represents the divisomal complex including AmiC,
EnvC and the possible positions of FtsN. 1D illustrates an impression of the
constriction process. B is FtsB, I is FtsI, L is FtsL, N is FtsN and Q is FtsQ. The blue
rectangles represent the outer membrane (OM) and the cytoplasmic membrane (CM).

Possible functions of the time delay in the maturation of the divisome
Other intriguing questions that remain are: what is the reason for the observed
time delay between the two groups of cell division proteins and what is the
trigger for the second group to localise to midcell? It was investigated whether
the time delay was required for the completion of the segregation of the
nucleoids. Therefore, the time delay in the maturation of the divisome in cells
with a normal DNA segregation was compared with that in cells with delayed
DNA segregation. No such correlation was found (1).

Possibly the time delay is linked to the synthesis of the peptidoglycan
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in the new cell poles. During cell growth the peptidoglycan layer is enlarged
by the incorporation of lipid II precursors. This occurs with two enzymatic
reactions, transglycosylation and transpeptidation. Presumably, a large
peptidoglycan synthetase complex ensures the proper insertion of the
peptidoglycan precursors (97). According to Wientjes and Nanninga (1989), in
the constriction process two triggered steps seem to be present (201), the
initiation of constriction, which involves an FtsI-independent peptidoglycan
synthesising activity and an FtsI dependent completion of constriction.
Therefore, Nanninga (1991) postulated a hypothetical protein, called PIPS
(penicillin insensitive peptidoglycan synthesising protein), which might be
involved in a penicillin-insensitive peptidoglycan-synthesising activity during
intitiation of constriction (139). Imaginably the first group of cell division
proteins, being FtsZ and associated proteins is involved in triggering the
initiation of constriction and the second group of cell division proteins, FtsK up
to FtsI, including FtsN, AmiC and EnvC are involved in the completion of
constriction. The time delay we observed could be required to switch from the
initiation of constriction to the completion of constriction (Fig. 1D).

It was found that during elongation the peptidoglycan is most likely
inserted as single strands, whereas during constriction it was inserted in a
multi-stranded (or fast sequential single-stranded) mode (49). This appears to
be consistent with the fact that a sudden acceleration in the rate of
peptidoglycan synthesis was observed at the onset of constriction (201).
Consequently, this could mean that the initiation of constriction is due to a
change in the mode of peptidoglycan insertion and that the trigger for this
change probably resides in the first group of cell division proteins. Initiation of
constriction probably is not a visible process, since the second group of cell
division proteins assemble just before a constriction is actually visible
(Chapter 3). The most likely candidates from group one seem to be FtsZ, and
ZipA, because cells depleted of FtsZ or ZipA formed smooth filaments. ZapA
is not essential and FtsA- cells formed indented filaments (4), indicating that
initiation of constriction already had occurred before the presence of FtsA at
midcell. However, C-terminal mutants in FtsZ, which were defective in binding
FtsA showed filaments with a smooth morphology (123), possibly initiation of
constriction did not occur yet. Perhaps, these FtsZ mutants were defective in
another function (initiation of constriction?) besides binding FtsA, or the
binding of FtsA to FtsZ might be dependent on the initiation of constriction.
From the images in the article of Smith et al. (2004) (173) it could not be
observed whether cells depleted of FtsEX exhibited smooth filaments or
filaments with (blunt) constrictions. Since FtsEX seems to be dependent on
the presence of FtsA at midcell for its localisation (173), it was not regarded to
be involved in the initiation of constriction.

It is known that FtsZ, and ZipA localise approximately simultaneously
to the division site (53, 169) and it was found that the increase in central
peptidoglycan synthesis by the peptidoglycan synthetase, approximately
coincides with the appearance of the FtsZ-ring (53, 1). In a recent article,
some evidence was provided for the suggestion that FtsZ could be indirectly
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involved in peptidoglycan metabolism (190). This gave me the impression,
that the change from single-stranded, during elongation into multi-stranded
insertion, during constriction could imply that bundling of the FtsZ-ring might
be involved in triggering this process. ZipA was found, among others, to
induce bundling in FtsZ polymers (91). However, the R174D FtsZ mutant, that
was able to localise to midcell, was defective in bundling in vitro (114), though
it did show indented filaments (blunt constrictions). It was not determined
whether this FtsZ mutant was still able to bind ZipA. Since ZipA requires the
last 12 amino acids of FtsZ to localise, it seems most likely that it is able to
bind the R174D FtsZ mutant. The indented morphology of the FtsZ(R174D)
filaments indicates that, might the bundling of FtsZ polymers be concerned
with the change in the peptidoglycan insertion mode, it most likely is not the
only factor involved in this process. Whether it is FtsZ, ZipA, or both that
trigger the initiation of constriction remains to be elucidated and would be an
interesting topic for further research. For instance, by investigating if cells
(filaments) depleted of ZipA contain narrow bands of newly synthesised
peptidoglycan (central peptidoglycan synthesis) or if they, just like in FtsZ
filaments only contain bands of the cylindrical type of peptidoglycan synthesis,
whereby the new peptidoglycan is inserted into the old peptidoglycan (51).

What might be the role of FtsQ?

Is FtsQ enclosed by divisomal proteins?
Can different modules be recognised in the periplasmic part of the FtsQ
protein, which is most important for its function? When all 226 periplasmic
residues of FtsQ were removed, the protein was as stable as FtsQ(wt),
though not functional. Truncation of less than the 226 periplasmic amino
acids, but more than the last 16 residues rendered the protein very unstable.
Therefore, we concluded that the periplasmic moiety of FtsQ most likely
functions as a single domain (Chapter 4). Truncation of the last 26 amino
acids (FtsQ(250stop)) made the FtsQ protein very unstable and caused loss
of function, but the induced cells did show localisation of FtsQ(250stop) itself,
although less than in cells with FtsQ(wt). FtsL and FtsB were no longer able to
localise in FtsQ(250stop) cells (Chapter 4). Similar results were obtained by
Chen et al. (2002) with his FtsQ(249stop) mutant, named FtsQ2 (33). When
we "removed" only the last 16 residues, this FtsQ(260stop) protein was able
to localise and function. Therefore, amino acid residues 251-259 of the C-
terminus of FtsQ seemed to be essential for the stability of the protein and
likely for the recruitment of FtsL and FtsB (Chapter 4).

Karimova et al. (2005) found that the last 10 amino acids of FtsQ are
essential for dimerisation using a bacterial two-hybrid system and that
deletion of 30 C-terminal amino acids (FtsQ(246stop)) abolished the capacity
of FtsQ to dimerise as well as to associate with any other cell division protein
(110). However, they did not determine the expression levels of the proteins
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used for their interaction assay. Since an FtsQ(250stop) truncate already was
very unstable, the failure of the FtsQ(246stop) truncate to interact with any
protein apart from the mysterious YmgF membrane protein could probably be
explained by an extreme instability.

Because the periplasmic domain of FtsQ is part of a protein complex
(divisome subassembly) that consists of the periplasmic domains of FtsL,
FtsB, FtsI, FtsW, FtsN and probably more proteins involved in cell division
(141). Extension of the periplasmic domain of FtsQ with an AcrA protein of up
to 54 kDa, even extended with 24 arbitrary amino acids, most likely did not
interfere with FtsQ function, because these two extended proteins were able
to localise and function similar to wild type proteins. Thus, the C-terminus
appeared to be freely accessible (Chapter 4). Since the extreme C-terminus is
freely accessible, it is not likely that the periplasmic domain of FtsQ is
engulfed by a protein complex. Remarkably, several small extensions that had
the potency to fold back on the FtsQ protein caused a trans-dominant
negative phenotype. Of these extensions, the direct binding of the HSV
extension to the C-terminus of FtsQ still allowed the protein to localise,
whereas binding diverse small extensions to the FtsQ-AcrA fusion caused the
loss or significant diminishing of localisation to midcell. The AcrA extensions
appeared to be very stable and no inclusion bodies in the membrane of the
cells that expressed the trans-dominant negative AcrA extensions were
observed (Chapter 4). Therefore, it was assumed that these trans-dominant
C-terminal extensions do not affect the folding of either, the C-terminus of
FtsQ or of the AcrA protein dramatically. They might have caused steric
hindrance of the interaction of the C-terminus of FtsQ with another protein or
possibly proteins. Given the different localisation results, the FtsQ-HSV
extension might have obstructed a different part of the C-terminus of FtsQ
than the several extended FtsQ-AcrA fusions.

Up to now the structure of FtsQ remains unknown. Recently, some
clues about the structure of the FtsQ protein came from experiments on an
FtsQ homologue, DivIB from Bacillus stearothermophilus. The extracellular
part of this protein (similar to the periplasmic part of FtsQ) seems to consist of
two autonomously folded N-terminal domains (a and b) and an unstructured
C-terminal segment (the g "tail") (164). It is not clear whether this structure
represents a functional fold of DivIB.

Almost certainly, amino acids 251-259, are involved in the interaction
with FtsL and FtsB. Furthermore, it could be plausible that the Q232 up to
V244 amino acid part of FtsQ, containing the D237 residue is involved in the
interaction with FtsL and FtsB as well. Because a fully stable FtsQ mutant
D237N was able to localise but failed to recruit FtsL and FtsB (Chapter 4).
Additionally another mutant FtsQ65, containing four amino acid replacements
(I207F, Q232R, V244D, and L259S), reported by Chen et al. (2002) (33), was
unable to recruit FtsL as well. Of the replacements in this mutant, residue
Q232 and V244 are close to amino acid residue D237. Despite the fact that
FtsQ65 had a very reduced expression level or stability, it is seems possible
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that residues Q232 up to V244 of FtsQ could be involved in the interaction of
FtsL. Because FtsL and FtsB are co-dependent for localisation (30), most
likely these residues are involved in the recruitment of FtsB as well. In
conclusion, the C-terminal part of FtsQ, probably contains binding-sites for the
FtsL/B complex. Most likely, this applies to amino acids 251-259 and Q232 up
to V244 of which in particular amino acid D237.

Which amino acids of the periplasmic part of FtsQ protein are involved
in its function and/or localisation?
Several mutagenesis experiments have been performed on FtsQ to reveal
amino acids of this protein that are important for localisation and/or function
(33), Chapters 4 and 5). From the results of these experiments, we could
observe three mutant types. Firstly, mutants that were not able to localise and
did not support cell division. Presumably, they were not able to interact with
cell division proteins that recruit FtsQ to the division site. Secondly, mutants
that were able to localise and that delayed cell division and were unable to
continue cell division, suggesting that they had a reduced ability to recruit
another cell division protein to the division site (D237N, see above and
Chapter 4). Thirdly, mutants that showed a defect in function and that caused
lysis at the division site (Fig.2, Chapter 5).

The single K113D and E125Q/K mutants were not able to localise and
did not support cell division, indicating that they might have lost their affinity
for FtsK or another upstream protein (Type I, Chapter 5). Furthermore, these
mutants might be able to bind other (downstream) cell division proteins and
thereby sequestering them away from the division site. For instance, FtsL,
FtsB, and FtsQ seem to be capable of forming a complex before they localise
to the division site (30).

FtsQ6 (F145L and L181R) (8) and FtsQ15 (Q108L, V111G, Y227D) (8)
could not compete with FtsQ(wt) for localisation and were not able to
complement FtsQ(Ts). However, in an FtsQ depletion strain, these mutants
were able to localise at 30˚C and showed a normal morphology. The
mutations were required to be present together to yield the non-functional
phenotype (33). According to our mutant classification these FtsQ mutants
could be described as temperature sensitive Type I mutants. The amino-acid
sequence of FtsQ is not very well conserved. However, the sequence from
amino acid 104 up to amino acid 132 seems to be considerably more
conserved than the rest of the protein (Fig. 2, Chapter 2). Like K113 and
E125, V111 is a conserved residue from this most conserved region in the
amino acid sequence of FtsQ; Q108 is present in this region as well. This
designates this region as possibly essential for localisation of FtsQ and
therefore, probably involved in interaction with FtsK or another upstream cell
division protein.

The K113E-E125K double mutant, showed weak localisation and
despite its presence in very low numbers it had severe effects on the viability
of the cells, including lysis at midcell (Type III). The K113 and E125 amino
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acid residues are only 12 residues apart and could possibly be in each other's
vicinity by a turn in the polypeptide. Switching the charges of both residues
would result in the same net charge as in the FtsQ(wt), although the charge is
likely to be differently oriented. This possibly would allow the double mutant to
interact with FtsK (likely with a somewhat lesser affinity than the FtsQ(wt)),
but might cause the protein to be inactive. Therefore, we propose that the
conserved amino acid sequence between residues 104 and 132 of FtsQ could
not only be involved in the interaction with FtsK or any other upstream protein
but in the cytokinetic function of FtsQ as well.

Could FtsQ in collaboration with FtsL and FtsB be a switch to
completion of division?

The lysis at the division site in the LMC531 cells, expressing the K113E-
E125K double mutant (Fig. 6B, Chapter 5), suggests that the protein affects
the integrity of the peptidoglycan layer, because lysis is not possible without a
damaged peptidoglycan layer. The presumed imbalance between the
synthesis and hydrolysis of the peptidoglycan layer in the presence of the
FtsQ double mutant does not have to be caused by a defect in a synthetic
activity of FtsQ itself and because FtsQ contains none of the very-conserved
peptidoglycan-synthesising boxes, this does not seem likely. However, it is
possible that FtsQ guides the activity of another protein as soon as it takes on
its position in the divisome. FtsQ could be a direct or indirect initiator of FtsI
(PBP3), which presumably is specificially activated during cell division (143).
Two different in vitro binding assays did not show a direct interaction of FtsQ
with FtsI (27, 143). Perhaps initiation of FtsI action is mediated by an indirect
interaction with FtsQ via FtsL and/or FtsB. Furthermore, the interaction with
FtsI could be dependent on proper binding of FtsQ to FtsK or another
upstream protein. It could be envisioned that correct binding of FtsQ to an
upstream protein directs a conformational change in the FtsQ/L/B complex,
which could lead to interaction with, and initiation of FtsI. Alternatively, the
FtsQ based indirect initiation of FtsI could be mediated by PBP1B, because it
has recently been shown that PBP1B localises to midcell and that FtsI and
PBP1B are able to interact (17).

The lysis at midcell in the K113E-E125K mutant was in cells without a
visible (deep) constriction (Fig. 6B, Chapter 5), indicating that the deleterious
effect of this mutant occurs early in the septation process. This might imply
that FtsQ, most likely in collaboration with FtsL and FtsB has a function just
after the initiation of constriction. Could this mean that the FtsQ/FtsL/FtsB
complex is involved in the initiation of the completion of constriction? This may
possibly be executed just plainly by (indirectly) activating FtsI. Alternatively,
FtsQ might mediate the interaction of FtsZ with PBP5 (190), probably via FtsA
(110). This perhaps will position enough PBP5 at the site of division to
generate the appropriate level of tripeptide sidechains, which are preferably
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used as acceptors in the transpeptidation reaction of FtsI (13). Additional to
the lysis at midcell, spherical cells have been observed in the K113E-E125
double mutant (Fig. 6C, Chapter 5). This phenotype was detected as well
when PBP5 was overexpressed (127). Furthermore, it has been shown that
overexpression of PBP5 re-established normal cell division in FtsI (Ts) cells
(13). Clearly, much remains to be done to clarify the cytokinetic function of
FtsQ.
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Summary

Before an E. coli cell is able to divide, the cell doubles in size and by
invaginating the cell envelope in the middle, two identical parts are separated
(cytokinesis). However, to ensure that the newborn cells are genetically
identical, the replication and segregation of the genome and the synthesis of
the new cell poles have to be properly coordinated in time and space. From
the beginning of cell division research up to now, many involved proteins have
been discovered. These proteins cooperate in a protein complex (divisome) to
ensure that the coordinated invagination of the three-layered cell envelope
progresses until the two daughter cells separate. The presently known cell
division proteins are recruited to the site of division in a specific
interdependent order, FtsZ, FtsA, ZipA, ZapA, FtsEX, FtsK, FtsQ, FtsL/FtsB,
FtsW, FtsI, FtsN, and AmiC. However, the exact mode of action during the
cell division process and the exact role of all the involved "players" have not
been resolved yet. One of these cell division proteins of unknown function is
FtsQ, which forms the main topic of this thesis.

We have investigated whether the interdependent localisation
behaviour of the cell division proteins reflected a sequence in time. Therefore,
the cell age at which FtsQ and four other cell division proteins arrived at their
midcell position was determined. It was found that the assembly of the
divisome is a two-step process that is separated in time by about one fifth of
the generation time (Chapter 3). In multiple experiments it was observed that
FtsQ arrived at least one-fifth of a generation time after FtsZ (the first protein)
at midcell. Consequently, it could be concluded, that FtsQ most likely is a
component of the second step in the divisome assembly. This suggests that
FtsQ is not involved in the initiation of constriction.

To reveal the function of FtsQ a series of mutants was made. Either
conserved residues or residues that were predicted to be involved in the
interaction with other cell-division proteins, were mutated by site-directed
mutagenesis. This means that the code of one amino acid is changed into the
code of another amino acid. In addition, a series of C-terminal truncates and
extensions were made to identify possible parts with different functions in the
protein. These mutated FtsQ proteins were characterised with respect to their
ability to localise as GFP fusions and their ability to complement the
temperature sensitive FtsQ1 (Ts) (LMC531) mutation at the restrictive
temperature. In wild type E. coli cells, FtsQ is present in only 25-50 copies per
cell. Therefore, the expression level of the mutants was decreased to a more
physiological level by a “down” mutation in the pTrc promoter and by insertion
of the mutants in a single copy in the E. coli chromosome. The cells,
expressing the mutant FtsQ proteins, were grown to steady state in which the
age distribution remains constant. The equation of the age distribution was
used to calculate the average percentage of the mass doubling time in which
the cells constricted or showed GFP-FtsQ fluorescence at midcell. This
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allowed the comparison of the effects of different GFP-FtsQ-mutant proteins
and the GFP-FtsQ(wt) protein, expressed in various genetic backgrounds.

We could discriminate three conceptual types of mutants. Firstly,
mutants that were not able to localise and did not support cell division (GFP-
FtsQ(K113D), and GFP-FtsQ(E125Q), Chapter 5). Presumably, they were not
able to interact with cell division proteins that recruit FtsQ to the division site.
Secondly, mutants that were able to localise and that delayed cell division,
suggesting that they possessed a reduced ability to recruit other cell division
proteins to the division site (GFP-FtsQ(D237N), Chapter 4). The fully stable
FtsQ mutant FtsQ(D237N) was able to localise but failed to recruit FtsL and
FtsB. Thirdly, mutants that showed a defect in function and that caused lysis
at the division site (FtsQ(K113E-E125K), Chapter 5). Because of the latter, we
suggest that FtsQ might be involved in peptidoglycan metabolism during the
cell division process.

The method of De Loof et al. (50), which was used to predict putative
interaction residues, was evaluated in Chapter 6. The in silico mutations (by
computer simulation) of this method were compared to the in vivo obtained
results of several mutated residues in FtsQ, FtsI and FtsW. This revealed that
this method was not very reliable. Only roughly 45% of the predictions for
these protein was correct.

Truncation of the FtsQ protein revealed that the C-terminal amino acid
residues 251-259 were most likely essential for the recruitment of FtsL and of
FtsB and for the stability of the periplasmic domain of the protein.
Furthermore, the periplasmic C-terminus of FtsQ appeared to be freely
accessible since it could be extended with proteins up to 54 kDa. Remarkably,
small extensions that had the potency to fold back on the FtsQ protein caused
a trans-dominant negative phenotype. Because these extensions did not
affect the stability of the FtsQ fusion proteins as such, we attribute the trans-
dominant effect to a reduction in their affinity for proteins that interact with
FtsQ (Chapter 4).

The results of the experiments, described in this thesis have given the
idea that FtsQ in collaboration with FtsL and FtsB could possibly be a switch
from intiation of constriction to completion of constriction. Nevertheless, it is
clear that much remains to be done to elucidate the exact cytokinetic function
of FtsQ.
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Samenvatting

Voordat een E. coli cel zich kan delen, verdubbelt zij haar lengte en door het
invagineren van de celenveloppe in het midden, wordt de cel in twee gelijke
delen gesplitst (cytokinese). Om er zeker van te zijn dat de nieuwgeboren
cellen genetisch identiek zijn, moeten de replicatie en segregatie van het
genoom en de synthese van de nieuwe celpolen goed worden gecoördineerd
in tijd en ruimte. Veel eiwitten die hierbij betrokken zijn, zijn al geïdentificeerd.
Deze eiwitten werken samen in een eiwitcomplex (divisoom) om de
invaginatie van de drie lagen van de celenvelop goed te laten verlopen zodat
de twee dochtercellen zich van elkaar kunnen scheiden. De celdelingseiwitten
die nu bekend zijn, worden naar de celdelingsplaats gerecruteerd in een
specifieke van elkaar afhankelijke volgorde: FtsZ, FtsA, ZipA, ZapA, FtsEX,
FtsK, FtsQ, FtsL/FtsB, FtsW, FtsI, FtsN en AmiC. De exacte rol van al deze
eiwitten in het celdelingsproces is nog niet bekend. Eén van deze
celdelingseiwiten met een nog onbekende functie, FtsQ, is het voornaamste
onderwerp van dit proefschrift.

Wij hebben onderzocht of de afhankelijke volgorde van localisatie naar
het midden van de cel ook een tijdsafhankelijke volgorde is. Daarom is de
leeftijd van de cel waarop FtsQ en vier andere celdelingseiwitten naar het
midden van de cel localiseren bepaald. Het bleek dat de opbouw van het
divisoom in twee stappen verdeeld was, die van elkaar gescheiden werden
door een periode die ongeveer een vijfde van de totale generatietijd besloeg
(Hoofdstuk 3). Door meerdere experimenten is vastgesteld dat FtsQ een
vijfde deel van de generatietijd later in het midden van de cel arriveerde dan
FtsZ (het eerste eiwit). Daarom is geconcludeerd dat FtsQ zeer waarschijnlijk
betrokken is bij de tweede stap in de opbouw van het divisoom. Dit suggereert
ook dat FtsQ niet is betrokken bij het begin van de constrictie.

Om de functie van FtsQ te achterhalen, is een reeks van mutanten
gemaakt door “site directed mutagenese” d.w.z. dat de code van één
aminozuur is veranderd in de code van een ander aminozuur. De aminozuren
van het FtsQ eiwit, die veranderd (gemuteerd) zijn, zijn zodanig gekozen dat
ze geconserveerd waren of omdat ze voorspeld waren belangrijk te zijn bij
interactie met andere celdelingseiwitten. Daarnaast zijn C-terminale
verkortingen en uitbreidingen gemaakt om eventuele verschillende modules in
het FtsQ eiwit te kunnen identificeren. Van alle gemuteerde FtsQ eiwitten
werd onderzocht of ze, gefuseerd met een GFP eiwit (een fluorescent eiwit),
in staat waren om naar het midden van de cel te localiseren en of ze in staat
waren om een temperatuur gevoelige FtsQ1 (Ts) (LMC531) stam te
complementeren bij de beperkende temperatuur. Omdat wild type cellen
slechts 25-50 kopieën van het FtsQ eiwit bevatten, werd de expressie van de
mutanten verlaagd naar een meer fysiologisch niveau. Dit werd gedaan door
een “down” mutatie aan te brengen in de pTrc promoter en door een enkele
kopie van de gemuteerde genen in het genoom van E. coli aan te brengen.
De cellen die de gemuteerde FtsQ eiwitten tot expressie brachten werden op
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een “steady state” manier gegroeid, zodat de leeftijdsdistributie constant
bleef. Daardoor kon de gemiddelde leeftijd waarop GFP-FtsQ in het midden
van de cel localiseerde berekend worden vanuit het percentage cellen met
een GFP-FtsQ signaal in het midden van de cel. De gemiddelde leeftijd
waarop een cel begint met de constrictie kon worden berekend vanuit het
percentage cellen met een constrictie. Hierdoor konden de effecten van de
verschillende GFP-FtsQ mutanten onderling en met het GFP-FtsQ(wt)
vergeleken worden, bij expressie in verscheidene genetische achtergronden.

Drie afzonderlijke typen van mutanten konden conceptueel
onderscheiden worden. Als eerste mutanten die niet in staat waren in het
midden van de cel te localiseren en geen celdeling konden ondersteunen
(GFP-FtsQ(K113D) en GFP-FtsQ(E125Q), Hoofdstuk 5). Hoogstwaarschijnlijk
konden deze mutanten geen interactie meer aangaan met celdelingseiwitten,
die FtsQ naar de celdelingsplaats moeten brengen (upstream eiwitten). Als
tweede werden er mutanten onderscheiden die wel in staat waren om het
midden van de cel te bereiken, maar het celdelingsproces vertraagden. Dit
suggereerde dat deze mutanten een verminderde capaciteit bezaten om
andere celdelingseiwitten (downstream eiwitten) naar de celdelingsplaats te
brengen (GFP-FtsQ(D237N), Hoofdstuk 4). Van het volledig stabiele
FtsQ(D237N) eiwit is vastgesteld dat deze wel in staat was om zelf naar het
midden van de cel te localiseren, maar niet meer in staat was om zowel FtsL
als FtsB te recruteren. Als derde zijn mutanten geobserveerd die onjuist
functioneerden, waardoor er lysis in het midden van de cel ontstond (GFP-
FtsQ(K113E-E125K), Hoofdstuk 5). Vanwege deze laatste observatie,
suggereren we dat FtsQ een rol zou kunnen spelen in het peptidoglycan
metabolisme tijdens de celdeling.

De methode van de Loof et al. (50), die gebruikt is om te voorspellen
welke aminozuren van FtsQ belangrijk waren bij interactie met andere
celdelingseiwitten, is geëvalueerd in Hoofdstuk 6. Daarvoor zijn de in silico
(d.w.z. door middel van een computersimulatie) mutaties van deze methode
vergeleken met de resultaten verkregen uit de experimenten met de in vivo
mutanten van de drie celdelingseiwitten FtsQ, FtsW en FtsI. De vergelijking
van deze resultaten onthulde dat deze methode niet erg betrouwbaar was,
slechts ruwweg 45% van de voorspellingen was correct.

De verkorting van het FtsQ eiwit liet zien dat de C-terminale
aminozuren 251-259 zeer waarschijnlijk essentieel zijn voor het ophalen van
FtsL en/of FtsB en voor de stabiliteit van het periplasmatische domein van
FtsQ. Verder bleek dat de C-terminus vrij toegankelijk was, omdat het FtsQ
eiwit verlengd kon worden met eiwitten tot 54 kDa. Opmerkelijk was dat kleine
verlengingen die de mogelijkheid hadden om “terug te vouwen” in het FtsQ
eiwit, een transdominant negatief fenotype veroorzaaakten. Omdat deze
kleine verlengingen de stabiliteit van de FtsQ-fusie-eiwitten niet beïnvloedden,
schreven we dit transdominante negatieve effect toe aan een vermindering
van de affiniteit van de fusie-eiwitten voor andere eiwitten die een interactie
aangaan met FtsQ (Hoofdstuk 4).
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De resultaten van de onderzoeken beschreven in dit proefschrift
hebben ertoe geleid dat het idee is ontstaan dat FtsQ in samenwerking met
FtsL en FtsB mogelijk een schakelaar zou kunnen zijn van het begin van
constrictie naar het afmaken van de constrictie. Het is desondanks duidelijk
dat er nog veel moet gebeuren om de exacte cytokinetische functie van FtsQ
op te helderen.
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Nawoord

Denkend aan de mensen die ik allemaal zo ontzettend veel dank verschuldigd
ben, wordt ik overspoeld door mooie herinneringen. Allereerst herinneringen
aan de prettige sfeer op het lab, de koffie/thee pauzes, de leuke labuitjes,
barbecues, etentjes, maar ook bijvoorbeeld de cake-bak wedstrijd (Fred, ik
ben nog altijd onder de indruk van je echt zelfgebakken cake!) en de
speculaasjestest. Wat heb ik het toch getroffen met zoveel fijne collega's,
allemaal heel erg bedankt hiervoor!

Bedankt, Nanne voor je nuchterheid, je levenswijsheden en je
inspanningen om allerlei zaken zo goed mogelijk voor me te regelen.
Tanneke, mijn waardering voor jouw inzet is enorm. Ik heb diep respect voor
de manier waarop jij met tegenslagen omgaat en mijn wens is dat je veel
geluk, gezondheid en mooie dingen op je pad mag vinden, waarbij je lekker
jezelf kunt blijven. Mirjam, zonder jou zou de dagelijkse gang van zaken op
het lab een chaos geweest zijn. Daarbij heb je me ook nog ontzettend veel
geleerd, vele lastige experimenten uitgevoerd en prachtige foto's gemaakt,
waarvan er veel in dit boekje staan. Ik wens je veel geluk, gezondheid en
harmonie, dit heb je echt verdiend!

Ook de inzet van de stage-studenten mag niet onvermeld blijven,
Maarten en Iris bedankt voor de vele cloneringen en Luísa thanks a lot for
your efforts on getting started with the lInCh protocol. Good luck with your
final steps as a PhD student! I wish you lots of nice weather in Lisbon!

In mijn tijd bij het Lab Moleculaire Cytologie heb ik verschillende leuke
en gezellige kamergenoten gehad. Allereerst Evelien, jouw optimisme en
enthousiaste uitstraling waren altijd voldoende om me meteen op te vrolijken.
Ik heb je zeker gemist de laatste tijd! Sónia, jij zorgde altijd voor het
relativeren van mijn soms door stress groter lijkende problemen, en ik kon
altijd bij je terecht voor een luisterend oor. Marc, ik heb veel gehad aan al je
goede tips! En ons gezamelijk gezellig tegen de computer keuvelen heeft al
menig rare blikken opgeleverd. Fabio, thank you for the many talks we had
about "the scientific life" and for your funny nicknames, see you and your
family in Napels!

Ginette, bedankt voor je vriendschap, ondersteuning in zware tijden,
het zijn van een luisterend oor en voor het zijn van mijn paranimf! Norbert,
zonder jouw kennis van de Mac, Object Image en goede ondersteuning bij
wat voor computer probleem dan ook, was dit proefschrift niet tot stand
gekomen.

Natuurlijk zijn er ook buiten het lab veel mensen geweest die me door
dik en dun gesteund hebben, ook al wisten ze niet allemaal precies wat het
inhield, AiO zijn. Popcorners bedankt voor de ontspanning, gezelligheid en
interesse (Hoe gaat het met je proefschrift?).
John, Berna, Pierre, Margriet en alle andere Amwayanen, ook jullie zijn heel
belangrijk, niet alleen voor de "positieve input" maar vooral ook voor het beter
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leren kennen van mezelf. Iedereen veel succes met het bereiken van jullie
persoonlijke doelen in goede gezondheid!

Dan een speciaal plekje voor de OCN-ers! Robert, Rogier, Christine,
Geert, Jeen en Eelke, jullie vele grappige en interessante e-mails helpen om
"de dingen wat te relativeren". Ook de culinaire en sportieve ontspanning (!)
wordt niet vergeten. In ieder geval tijdens het jaarlijkse MGA oud-leerlingen
volleybaltoernooi, waarbij Edward, Linda en Hanskje ook altijd van de partij
zijn Volgende keer gaan we als een echt "team Hanskje" toch wel weer
winnen van het lerarenteam?!

Vrienden en familie waren en zullen altijd enorm belangrijk voor me
zijn, Stéphanie, Marije, Anouk, Nynke, Edgar, Fred & Bianca, Barbara &
Michel, Marco & Daniëlle, Yolanda & Ronald (gelukkig bestaat er telefoon en
e-mail!), Marcel & Kitty bedankt voor jullie vertrouwen, steun, geduld (als ik
weer eens geen tijd had) en gezelligheid! Alex, mijn trouwe dans-maatje,
bedankt voor het op me passen en de af en toe subtiele hints als ik beter
even weer wat gas terug kon nemen. Veel plezier in je nieuwe appartement!

Lies, Klaas, Jurriaan en Judy, jullie geïnteresseerde telefoontjes en
attente kaartjes werden en worden zeer gewaardeerd. Net dat ene kleine
steuntje in de rug extra kan zoveel verschil maken. Heel fijn dat ik bij jullie
mezelf mag en kan zijn.

Pap ("vader") en Mam, bedankt voor jullie humor, het vertrouwen, het
mezelf laten zijn, mijn eigen keuzes laten maken, het meegeven van een
positieve instelling, doorzettingsvermogen en gewoon het zijn wie jullie zijn! Ik
hou van jullie. Lieve zusjes, Marlous, Céline, Astrid en Christel, ik ben echt
heel blij met jullie en ook trots op wat jullie allemaal al bereikt hebben.
Bedankt voor jullie interesse, geduld, en warmte. Astrid, bedankt voor het
aanvaarden van het paranimfschap!

Jack, we hebben het "overleefd", mijn AiO-schap! Als mijn rots in de
branding heb je me al die jaren bijgestaan, ondersteund, beschermd en de
boel draaiende gehouden tijdens de vele stress-volle periodes. Ik kan het nog
bijna niet geloven wat je er allemaal voor over hebt gehad om dit voor mij
mogelijk te maken. Mijn liefde voor jou kent geen grenzen.

Liefs, Thessa






