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ABST
MinC is the principle inhibitor of cell division in the Gram negative coccus Neisseria
gonorrhoeae. Multiple alignment of 28 minC homologues from prokaryotic organisms
revealed the conservation of four glycines in the C-terminus. Radical mutations of these
residues, G138D, G157D, G164S, and G174E, were introduced to minCyg using site-
directed mutagenesis and were expressed heterologously in Escherichia coli.
Microscopic analysis of cellular morphology revealed abrogation of MinCyg function as
indicated by the inability of the overexpressed protein to induce filamentation, and flow
cytometry substantiated these data. The radical mutation of a non-conserved residue was
also performed, and no impact on MinCyg function was observed. Circular dichroism
was employed to confirm the preservation of protein structure in all mutants. Using the
crystal structure of MinC from Thermotoga maritima, the position of the mutations of
conserved and non-conserved residues was ascertained. The glycine residues were thus
demonstrated to be of paramount importance to protein functionality and their
conservation indicates a role for these residues in MinC function among bacterial
species. The N-terminus of MinCy, is not conserved across species, but contains
common structural motifs that were similarly mutagenized with moderate effect on the
resultant protein as ascertained using similar methodology. Truncations of MinCyg
revealed the necessity of the thirteenth amino acid for division inhibition function.
Although the first ten amino acids were not necessary for protein function, the resultant
protein was expressed and present in abundance, implicating a role for the extreme N-
terminal region in protein stability. Plasmids for MinCy, localization and purification

were also constructed to facilitate future experimentation.
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1. INT

Cell division is a fundamental process of all living organisms that ensures
equipartitioning of genetic and cellular materials between two daughter cells. Bacterial
binary fission, which results in the establishment of two equal-sized daughter cells, is no
less complex or critical a process than what is observed in cukaryotic organisms.
Bacterial growth and viability is dependent on proper and efficient cell division (Adler ez
al., 1967, de Boer et al., 1988; Lutkenhaus and Adinall, 1997). Bacterial cell division
has been studied intensively in model rod-shaped organisms such as Escherichia coli
(Gram-negative) and Bacillus subtilis (Gram-positive), where several mechanisms for
proper placement of the division septum to ensure successful cell division have been
elucidated. Two complex genetic loci, the dew and min gene clusters (de Boer e al.,
1988; Yura ef al., 1992), encode a number of proteins that have been implicated in
midcell site selection and cell division in most prokaryotic species and are currently the
subject of much investigation. While these proteins have been highly scrutinized in rod-
shaped bacteria, studies of their homologues in round bacteria have been largely
neglected. Division in cocceal ceﬁs remains enigmatic, as no distinct midcell is present in
these round cells. Our laboratory has selected the Gram-negative coccus Neisseria
gonorrhoeae as a model organism to determine the mechanism by which spherical

Gram-negative cells divide.

1.1 Cell division in prokaryotes: An overview
Bacteria divide by the process of binary fission. In rod shaped bacteria such as E. col

and B. subtilis, division occurs with high fidelity at midcell perpendicular to the long



axis to produce two daughter cells of similar size and containing a complete bacterial
chromosome {(Nanninga and Woldringh, 1985; Figure 1A). Although seemingly simple,
this division requires a host of highly specific and perfectly choreographed events to
result in two viable cells. Division is essential to the growth and propagation of bacteria;
should any link in the division chain falter, reduced viability and cessation of growth
will result.

Binary fission relies on a series of events including chromosome replication,
segregation of the newly-formed nucleoids, selection of the midcell septation site,
invagination of the cytoplasmic membrane at midcell, and synthesis of peptidoglycan to
complete the emancipation of one cell from the other. Different bacterial species rely on
various mechanisms to achieve cellular division; of particular interest in this discussion
is that of the Gram-negative organism.

Cell division is most highly characterized in the Gram-negative rod E. coli. After
chromosome replication, septation begins almost immediately at a specific cellular
location as determined by a complex network of proteins (Donachie, 1993). Cytokinesis,
the separation of cytoplasmic compartments, and septation occur together; this requires
the coordinated ingrowth of the cell membrane, peptidoglycan, and outer membrane
(Donachie, 1993). This process requires the synthesis of peptidoglycan, which is initially
covalently bonded between the two cells prior to complete separation (Donachie, 1993).
Division occurs in one plane, with the septum forming at midcell, perpendicular to the
long axis of the cell (FigurelA). After separation, E. coli daughter cells increase in
length in one dimension, with elongation proceeding from the pole at which the septum

was present in a prior division (Donachie and Begg, 1970). Daughter cells then grow in



Figure 1: Bacterial cell division. A: Rod-shaped bacteria such as E. coli divide in one
plane paraliel to cell poles. A’: Electron micrograph of cell division in E. coli
(www.bio.mtu.edu/campbell/prokaryo.htm ). B: N. gonorrhoeae divides in alternating,
perpendicular planes. Two divisions result in a tetrad of daughter cells. B’1: Electron
micrograph of N. gonorrhoeae cell division (Dillon laboratory). B'2: Phase conirast
micrograph of a N. gonorrhoeae tetrad (Dillon laboratory).
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opposite directions, and are then capable of repeating the division process. Subseguent
cellular divisions of the daughter cells occur on the same plane.

N. gonorrhoeae also divides by forming a septum in a similar manner as occurs
in E. coli, however the process varies slightly from that occurring in Gram-negative
rods. Division involves asymmetrical invagination of the membrane opposite from the
nucleoid (Fitz-James, 1964), and cells grow perpendicular to the invagination. Prior o
the complete division of these daughter cells, another division is initiated in a plane
perpendicular to the nascent septum (Westling Higgstrom er al., 1977). This bi-
directional growth gives rise to tetrads of gonococcal cells, a phenomenon that is also
observed in the case of N. meningitidis and N. pharyngitis (Westling Higgstrém et al.,
1977). Figure 1B illustrates the growth of N. gonorrhoeae through alternating,
perpendicular cell divisions; this growth pattern is in marked contrast to that observed in

the Gram-negative rod.

1.2 Cell division proteins: the dcw cluster

The dcw (division and cell wall synthesis) locus has been implicated in cell division and
synthesis of peptidoglycan (Yura et al., 1992). The dcw cluster in E. coli comprises 16
genes located at the 2 min chromosomal region and encodes several proteins that are
essential to cell growth and survival (Yura ef al., 1992; Ayala er al., 1994; Lutkenhaus
and Adinall, 1997; Tamames er al.,, 2001; Figure 2). These genes are close together,
occasionally overlapping, and oriented in one direction (Yura ef al., 1992). The dew
cluster has homologues identified in 24 bacterial species, and phylogenetic analysis has
shown that the relationships between genes in the dew clusters might represent

evolutionary events in shape determination and growth in bacteria (Vicente ef al., 1998;



Figure 2: Genetic organization of the dew gene cluster in E. coli, B. subtilis, and N.
gonorrhoeae. Adapted from Francis er al., 2000, Tamames et al., 2001, and Snyder ez al.
2003.
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Tamames ef al., 2001). The order of the dcw genes is mostly conserved between species
(Figure 2), although organization sometimes varies; in Helicobacter pylori, the genes are
located at seven different chromosomal locations (Vincente ez al., 1998).

One of the most ubiquitous and conserved proteins in the dew gene cluster is
FisZ, a cytoskeletal element and homologue of the eukaryotic tubulin, which forms a
ring at the midcell site where septation is to occur and is involved in the cytokinetic
event leading to the realization of two separate daughter cells (Bi and Lutkenhaus, 1991;
Ayala et al., 1994). FtsZ has intrinsic GTPase activity that is required for self-assembly
into protofilaments (FtsZ homopolymers) that subsequently form a contractile ring at
midcell prior to cytokinesis (Bi and Lutkenhaus, 1991; Bramhill and Thompson, 1994).
The Z-ring, composed of polymerized FtsZ, also serves as a scaffold with which other
division-associated proteins such as ZipA, ZapA, FtsA, FtsQ, FtsL, FtsK, Ftsl, FtsN, and
FtsW associate (Dewar and Dorazi, 2000; Margolin 2001; Margolin, 2003). It is
believed that accessory proteins such as ZipA and ZapA serve to bundle the FisZ
protofilaments to form the contractile Z-ring (Margolin, 2003). FtsZ has also been found
in chloroplasts where it is essential for organellar division functioning in a manner
similar to that observed in prokaryotic organisms (Osteryoung and Vierling, 1995). E.
coli mutants lacking fisZ formed long, smooth, filamentous cells, while cells over-
expressing fisZ from medium copy-number plasmids exhibit the minicell phenotype
(Begg and Donachie, 1985). The minicell phenotype is characterized by cell populations
that are heterogeneously comprised of small, anucleate cells and elongated,
multinucleate rods (de Boer et al.,, 1988). Extremely high intracellular levels of FisZ
expressed from high copy-number plasmids induce a filamentous phenotype (Begg and

Donachie, 1985).



Eight other essential division-associated proteins are encoded by the E. coli dew
cluster include FtsA, FsQ, FsW, Fisl, FisK, FsL, FisN, and ZipA (Rothfield and
Justice, 1997). A complete list of genes encoded by the dew cluster and their genetic
order is depicted in Figure 2. FtsA, a protein that associates with the Z-ring early in cell
division, is similar in structure to the ATP-binding cytoskeletal eukaryotic protein actin
(Sanchez et al., 1994). Other proteins encoded by this region (i.e. the mur proteins) are
involved in peptidoglycan biosynthesis (Ayala er al., 1994). The fis/ gene encodes a
penicillin-binding protein that is present in all microbes possessing peptidoglycan cell
walls and is essential for cell viability (Curtis er al, 1985). It is involved in
peptidoglycan synthesis at the septum during division (Curtis er al, 1985). These
proteins, in concert with those encoded by the minB locus (see below), enable division
site selection, septation, and cytokinesis, resulting in the formation of two daughter cells.

A dcw cluster exists in N. gonorrhoeae and is comprised of 17 genes including
homologues of FtsZ, Ftsl, FtsW, and FtsA (Francis et al., 2000; Snyder er al., 2001;
Figure 2). The ftsL gene is the least conserved dcw gene among species, and there is
some debate as to whether or not its homologue has been identified in N. gonorrhoeae
and should be included as an eighteenth gene at this locus (Snyder ef al., 2001). Most of
the dew genes are involved in cell division, although two genes that are present in the E.
coli dew cluster are lacking from the gonococcal cluster and three novel genes are
present (Francis ef al., 2000). These three genes, dcaA, deaB, and dcaC (division cluster
competence-associated genes) have been characterized by Snyder er al. (2001; 2003)
and it has been determined that dcaA is involved in natural competence in N,
gonorrhoeae and is also subject to phase variation. The fis] (penA) gene encodes a

penicillin-binding protein involved in cell wall synthesis named penicillin-binding



protein 2 (PBP2); alteration in this protein through genetic mutation has been
demonstrated to cause decreased susceptibility to penicillin (Sparling ef al., 1975; Spratt,
1988).

FisZyg from N. gonorrioeae has also been characterized (Salimnia ez 4., 2000).
It is a 41.5 kDa protein containing the conserved GTP-binding motif of other FisZ
proteins (Salimnia ef al., 2000). FisZng has been shown to be essential for gonococcal
cell viability and is functional in E. coli, as filamentation results from its heterologous
overexpression (Salimnia ez al., 2000). GFP-tagged FisZy, localizes at midcell in E. coli
as has been demonstrated in E. coli with native FtsZg. (Salimnia er al., 2000).

Regulation of the dew genes is complex and has been intensely studied in E. coli.
Perfect choreography of division-associated events is essential for the successful
generation of two equal-sized daughter cells (Dewar and Dorazi, 2000). Regulation of
gene expression occurs at both the transcriptional and post-transcriptional levels
(Vicente et al., 1998). The dcw genes are transcribed in one direction, although several
promoters are present, including at least six promoters for ftsZ alone (Aldea et al., 1990;
Cam et al., 1996).

Five transcription start sites are found at the 5° end of the E. coli dew cluster as
well as three LexA (a repressor of SOS response gene transcription) binding sites
(Vicente er al., 1998). Several cis- and frans- acting signals regulate gene expression
from these various promoters (Vicente et al., 1998). The cluster lacks termination
signals, allowing for transcription of even the furthest gene downstream, envA (Vicente
et al., 1998). Gearbox promoters, or promoters that are used for high levels of
transcription of genes during periods of slow bacterial growth, are present in the cluster

and regulate expression of fisA, fisQ, and fisZ (Aldea et al., 1990, Vicente et al., 1991).



Consequently, the rate of transcription of these genes varies with cell growth; more
transcription occurs during periods of slow growth (Aldea er al., 1990). Many of the dew
genes are transcribed as polycistronic mRNA, including the fisQAZ transcript (Vicente
et al., 1998). Antisense RINA is also transcribed and used to regulate gene expression
(Vicente et al., 1998),

Additional regulation of gene expression occurs at the level of mRNA stability;
RNAse E sites have been identified (Cam er al., 1996). One such site exists within the
ftsA transcript that could account for the differences in protein levels of FtsZ and FtsA
despite relatively similar levels of transcription. It has also been proposed that FtsA
might have an autoregulatory role in repressing gene expression from both ftsQ and fisA
promoters (Dewar er al., 1989). All of these strategies are employed to carefully
coordinate events leading to the division of the bacterial cell.

Our laboratory has investigated the regulation of dew gene transcription in N.
gonorrhoeae and has determined that complex mechanisms for gene expression exist in
this bacterium (Francis et al., 2000). The dcw cluster in N. gonorrhoeae is divided into
four transcriptional units (Francis ez al., 2000) as compared to one transcriptional unit in
E. coli (Yura et. al., 1992). Transcriptional terminators consisting of paired neisserial
uptake sequences flank the gonococcal dew cluster, and four internal terminators (three
of which contain paired neisserial uptake sequences) have been discovered. A Correia
element (a repeated sequence from the gonococcal genome) was also identified as a
transcription terminator. Six promoters, some of which are preferentially used under
conditions of anaerobiasis, were also identified in the dew cluster; three of these
promoters were located upstream of fisZ. It is thus evident that the extreme regulation of

dew genes in many bacterial species is essential to complete functionality of the cell
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division process. While the dcw proteins are essential for the division event, selection of
the site at which division should occur is critical and is achieved through the Min system

that is both intricate and dynamic,

1.3  Midecell site selection: the min locus

The first recognized step in bacterial cell division is the selection of the division
site that typically occurs between the two newly-separated nucleoids at midcell (Sullivan
and Maddock, 2000; Errington et al., 2003). When the proper midcell division site is
selected, two equal-sized, nucleated daughter cells result (Figure 1). In 1967, Adler e al.
observed populations of E. coli cells that were small and anucleate. These miniature
cells were subsequently observed and characterized in both Gram-positive and Gram-
negative bacteria (Frazer and Curtiss, 1975) and were called minicells. This phenotype
was speculated to result from improper division site selection resulting in division
occurring at typically neglected potential division sites at the cell poles (Teather ef al.,
1974). de Boer er al. (1988) subsequently characterized a genetic locus in E. coli that,
when over- or underexpressed resulted in a phenotype characterized by the presence of
long, multinucleate cells and smaller anucleate cells (minicells). This locus, the minB
(minicell) locus, encodes three proteins, MinC, MinD, and MinE, which are responsible
for determination of division site placement in E. coli (de Boer er al., 1989). Several
mutations in the minB locus give rise to cells that exhibit the minicell phenotype (Adler
et al., 1967, Jaffe et al., 1988).

MinC and MinD comprise the principal proteins that inhibit cell division while

MinE imparts topological specificity (determines the cellular location) to the site at

which septation will occur (de Boer er al., 1989). Deletion of the minB locus in E. coli



resultes in the minicell phenotype since no control is exerted over division site selection
and polar sites are utilized (de Boer er al., 1989). Overexpression of E. coli MinC
(MinCg.) together with E. coli MinD (MinDg.) or sufficiently high concentrations of
MinCpg, zlone (i.e. 25X naturally occurring intracellular levels) results in cellular
filamentation (multinucleate, aseptate cells reaching lengths in excess of 6X the wild-
type cell length) due to the inability of the bacterium to divide at both midcell and polar
sites (de Boer et al., 1989, Donachie, 1993). Consequently, MinCg, function can be
ascertained morphologically as the ability to induce filamentation in bacteria when
expressed from a high copy-number plasmid.

In E. coli, placement of the division septum is partially determined by the
location of the nucleoid, the region of the cell containing the bacterial chromosome (Sun
and Margolin, 2001). Additional regulation of midcell site selection is performed by the
minB-encoded proteins (de Boer et al., 1989). The Min proteins are the principal
determinants of where the Z-ring will form and where the cell will consequently divide
(de Boer et al, 1989). Homologues of MinCg,, MinDg., and MinEg. have been
identified in many prokaryotic organisms (Varley and Stewart, 1992; Ramirez-Arcos et
al., 2001a), however Gram-positive bacteria such as Bacillus subtilis lack a functional
MinEg, homologue and subsequently utilize a different protein, DivIVA, in the
determination of proper septal placement (Cha and Stewart, 1997). Other prokaryotes
lack a min system, and their mechanisms of cell division site selection remain largely
enigmatic. FtsZ from E. coli (FtsZg.), self-assembles by hydrolyzing GTP to form a ring
at the site of septation, and constitutes the primary structure facilitating the cytokinetic
event leading to cell division (Hu er al., 1999). MinC is the principle inhibitory protein

of cell division in rod-shaped bacteria. MinCg, prevenis septation by promoting the



depolymerization of FtsZg, which forms the cytoskeletal ring at midcell during the
septation event (Hu ef al., 1999).

Overexpression of MinCg, results in cellular filamentation as cell division is
prevented at all potential division sites, including the proper site at midcell (de Boer et
al., 1989). In the absence of MinCg,, the minicell phenotype is observed as division is
permitted at all potential division sites due to lack of FtsZg, polymer destabilization,
resulting in a heterogeneous population of elongated cells and small minicells that lack
chromosomal material (de Boer ef al., 1989).

MinDg, is an ATPase that dimerizes when bound to ATP in the cytosol and has a
molecular mass of approximately 30 kDa (de Boer ez al., 1989; de Boer et al., 1992; Hu
et al., 2003; Lackner et al., 2003; Lutkenhaus and Sundaramoorthy, 2003). It recruits
MinCpg. in the cytosol and moves to the cell membrane where it interacts with
phospholipids (Hu er al., 2002; Hu ez al., 2003; Lackner et al., 2003; Lutkenhaus and
Sundaramoorthy, 2003). It has been hypothesized that the MinCg-MinDg, interaction
brings the N-terminal domain of MinCpg. in close proximity to FtsZg, to enable
depolymerization and prevent Z-ring formation at polar sites (Johnson ez al., 2002).

MinEg,, the smallest of the Ming, proteins with a molecular mass of only 10 kDa,
is the topological specificity factor that ensures division is inhibited at incorrect, non-
polar sites while permitting division at midcell by relieving inhibition by MinCg (Shih
et al., 2002). MinEg, comprises two domains, a small N-terminal domain that interacts
with MinCg-MinDg, and a C-terminal domain that imparts topelogical specificity for
the alleviation of division inhibition at midcell (de Boer e7 al., 1989; Zhao er al., 1995).
MinEg, dimerizes through interaction be@sen central portions of the molecules (Pichoff

et al., 1995). Overexpression of MinEg, results in minicell formation as division is
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permitted to occur at cell poles (de Boer er al., 1989; Pichoff et al., 1995). The Min
system, in association with other accessory proteins, achieves proper cell division in E.
coli, and homologues to these proteins have subsequently been established in a number
of other bacterial species including N. gonorrhoeae by our laboratory (Ramirez-Arcos
et. al, 2001, Errington et al., 2003).

The Min proteins from E. coli have been shown to be dynamic, oscillating from
pole to pole to prevent septation at polar division sites (Meinhardt and de Boer, 2001). In
the current model of cell division in E. coli (Figure 3), MinDg, dimerizes in the presence
of ATP. This MinDg~ATP complex binds a MinCpg, dimer in the cytosol and recruits it
to the membrane, forming a tube-like structure originating at a cell pole and elongating
towards midcell (Hu et al., 2003; Lackner ez ai., 2003; Shih et al., 2002; Lutkenhaus and
Sundaramoorthy, 2003). At the membrane, MinCg, inhibits FtsZg. polymerization,
preventing cell division (Hu et al., 1999). MinEg, occurs both in the cytosol and as a
ring-like complex. A MinEg, dimmer interacts with the MinCD complex to stimulate the
release of MinCg, from the MinDg, and cause ATP hydrolysis which subsequently
releases MinDg. from the membrane and initiates oscillation (Hu er al., 2003).
Additionally, MinEg, forms a ring at midcell which is also dynamic, occluding MinCg,
division inhibition at the proper septation site (Shih ez al., 2002). MinEg; causes the
dissociation of MinDg,, leading to its own local destabilization and it moves towards the
higher concentration of MinDg, that has been displaced to the other cell half in a wave-
like patiern (Meinhardt and de Boer, 2001). The dissociated MinCg, and MinDg.
oscillate to the opposite pole of the cell where the process is repeated, effectively
lowering the concentration of the division inhibitor MinCg, at midcell and allowing for

FtsZg, ring formation to occur and initiate the cytokinetic event which will lead to the
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Figure 3: Proposed model of the Min cell division system in Escherichiu coli. Dimeric
MinD-ATP recruits dimeric MinC to the membrane where it inhibits FisZ
polymerization. A tubule-like MinCD structure forms at a polar region of the cell and
elongates towards midcell. MinE initiates hydrolysis of MinD-bound ATP and displaces
MinC; MinD dissociates from the phospholipid. The monomers oscillate to the other end
of the cell and repeat this process; the midcell concentration of MinC remains low
enough to allow FisZ to form the cytokinetic ring.



‘5

g

1 A ARSI A ///////

v ¥

/

7

/{X/

#

#

/
s R s

|

//////% T /%////%//////////%/%/ S //////

mm

» o?///%///éé/%%//%///

///%

i

A

. /////////// o //////////////// ////ﬂ////%///// Y™

v

/W///////////////// /////////%%/////%/ S

2

<

E

i

/%%///ﬂ///w/

%/%///%//%%%//////%%///%%///f%///ﬂ///%////////f//f///%%/////// ST /////%///////// N

-
. w%léé//

&

"
‘//

i

Zi

4//

N z%%w
//rx;ﬁ/%
//,,,,//)/M/
/////,7/1//

.
éMM
- %,,,2%
SE——

£y

T,

% T T T T T .



formation of two separate daughter cells. The ATPase activity is essential (o the
oscillation of these proteins, but the exact mechanism of the oscillation is unknown. It is
assumed that MinDg. dissociates more rapidly from the membrane than MinEg,
enabling the remaining MinEg, to inhibit the reformation of the MinCDg, complex at
that site (Lutkenhaus and Sundaramoorthy, 2003). Other factors including changes in the
membrane and polar nucleation sites may contribute to the reformation of the MinCDg,
complex at the opposite pole (Lutkenhaus and Sundaramoorthy, 2003). A proposed
model of cell division is shown in Figure 3.

It has recently been demonstrated that the E. coli Min proteins are associated
with helical structures that extend between the two cell poles (Shih er al., 2003). The
structures are present at both poles of the cell, although the Ming. proteins are
concentrated at one end and then oscillate to the opposite pole. These investigations
show that the helical structure might act as a scaffold for the Ming, proteins, or that it
serves as a nucleation site for the synthesis of more helices containing the Ming,
proteins. It is unclear at this time if the coils are composed entirely of Ming, proteins or
if other unidentified scaffolding proteins are involved. The MinEg, ring appears to be a
part of the coiled array that moves towards the polar zone and promotes oscillation of

the MinCDg, complex to the opposite pole.

1.4  Division in Gram-positive cells

Cell division in B. subtilis, a Gram-positive, rod-shaped, sporulating soil bacteria (Krieg
and Holt, 1984), has been investigated by numerous laboratories. Following the
discovery of the min locus in E. coli, homologues to the minCy; and minDg. genes in the

divIVB locus were discovered (Levin ef al., 1992; Varley er al., 1992). No homologue to
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MinEg, was detected, however another gene, diviVA, encodes a non-homologous protein
that imparts topological specificity to the MinCp, and MinDg; complex (Cha and
Stewart, 1997). DivIVAjg, is encoded by a different genetic locus from the ming, and
dewsys genes. The dew cluster of B. subrilis contains homologues of the E. coli dew genes
with the inclusion of sporulation-specific genes (Daniel and Emrington, 1993; Daniel es
al. 1996). Organization and transcription of the dew genes are similar between these
species, although some genes including murC, murF, and the ddl genes are located
elsewhere on the B. subtilis chromosome (Daniel and Errington, 1993; Figure 2).

In contrast to the Ming, proteins, the Min proteins and DivIVA proteins of B.
subtilis do not appear to oscillate (Edwards and Errington, 1997, Marston ef al., 1998).
DivIVAg; is instead concentrated primarily at the cell poles during vegetative growth,
forming a polar cap, and at the division site (Edwards and Errington, 1997, Marston et
al., 1998). It retains MinCp; and MinDgs at nascent cell poles following division,
although MinCpgs and MinDg, can be recruited in the absence of DivIVg, (Marston and
Errington, 1999). MinCg, and MinDys perform the same division inhibition role as
observed in E. coli (Edwards and Errington, 1997). It has recently been demonstrated
that the Ming, system is not required for placement of the FisZy, ring at midcell during
vegetative growth, indicating that other proteins might be involved in cell division
during this phase of the B. subrilis life cycle (Migocki et al., 2002; Harry and Lewis,
2003). Additional differences in cell division between E. coli and B. subtilis exist
because of the asymmetrical division that occurs in B. subtilis during sporulation (Levin
and Losick, 1996),

Few studies of division in Gram-positive cocci have been initiated. It has been

shown that the Gram-positive cocci examined to date possess fewer dew genes than E.
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coli, indicating that essential cell-division associated genes must be located elsewhere on
the chromosome (Pucci ef al., 1997). In Streptococcus pneumoniae, the dew cluster is
divided, with dcw genes found at three chromosomal locations (Massida et al., 1998). A
genetic locus has been identified in S. prewmoniae that has five novel open reading
frames (yimD, ylmE, yimF, yvimG, and yimH) and a homologue of diviVAg, (Massida ez
al., 1998; Fadda er al., 2003). Insertional inactivation of these genes results in abnormal
cellular phenotypes characterized by chain formation of unseparated cells, altered cell
diameter, irregular margins, and unclosed division septa (Fadda et al., 2003). ylmH null
cells experience cell lysis (Fadda er al., 2003). divIVA homologues have also been
identified in a number of Gram-positive cocci (Fadda er al., 2003). The order of genes
among Gram-positive organims is conserved among all species that have been examined
(Pucci et al., 1997; Massida et al., 1998). No homologues of the Min proteins have been
identified in Gram-positive cocci. Further research is necessary to determine the precise

mechanism by which these cells divide.

1.5  The Min system in N. gonorrhoeae

N. gonorrhoeae divides in alternating, perpendicular planes and exhibits
asymmetric invagination at the division site {Westling-Héggstrom ez al., 1977, Figure
1B). Prior to the discovery of the min genes in N. gonorrhoeae by our laboratory, it was
widely believed that cocci had no requirement for a min system. In N. gonorrhoeae, the
min genes are encoded by a 27 kb cluster comprising 17 genes, three of which are minC,
minD, and minE homologues (Ramirez-Arcos ef al., 2001a). Our laboratory is currently
involved with the thorough examination of each of these proteins, including the division

inhibitor MinCyg. Our laboratory has demonstrated that overexpression of gonococcal
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MinC (MinCyy) and gonococcal MinD (MinDy,) in the heterologous background of E.
coli is capable of inducing filamentation, indicating the cross-complementation of these
proteins and providing a suitable E. coli background for laboratory manipulations and
research. Insertional inactivation of gonococcal MinCyyg prevents division in gonococci,
leading to reduced viability, abnormal morphology, and cell lysis (Ramirez-Arcos ef al.,
2001a). Similarly, MinDy, insertionally-inactive mutants exhibit aberrant division in M.
gonorrhoeae (Szeto et al., 2001). Heterologous expression of either MinCyg or MinDyg
in E. coli induces extreme filamentation, demonstrating that the functionality of these
proteins as inhibitors of cell division is conserved across species (Ramirez-Arcos ef al.,
2001a; Szeto et al, 2001). A study of MinCng by Greco (2001) revealed that
replacement of conserved residue R136 with a stop codon resulted in production of a
non-functional protein as indicated by the inability of transformants to form filaments. It
has also been demonstrated that expression of fisZyg, fisEng, and the minng genes is
regulated by environmental factors including anarobiosis, pH, and the presence of
isoleucine and urea (Ramirez-Arcos ef al, 2001b). MinCy, self-interaction and
interaction with MinDy, has not been demonstrated using the yeast two-hybrid system
(unpublished data), thus a chimeric MinC containing the N-terminal domain of MinCg,
(amino acids 1-99) and the N-terminal domain of MinCyg (amino acids 103-237) was
constructed and shown to be capable of interaction with MinCy, (Ramirez-Arcos ef al.,
2003).

We also showed that MinDyg and MinEy, are capable of oscillation in various E.
coli backgrounds using green fluorescent protein (GFP)-labeled MinDyg and GFP-
labeled MinEy,. MinEy, formed a ring at midcell in addition to oscillating, and required

the presence of MinDyg in cis for oscillation to occur (Ramirez-Arcos er al., 2002).

15



These proteins oscillated in round E. coii rodA™ mutants, thus it is speculated that similar
results would be seen in N. gonorriiveae. Gonococcal cell division is asymmetric, with a
preliminary invagination of the cell membrane occurring opposite the nucleoid (Fitz-
James, 1964); the MinCDy, complex oscillates perpendicular to this cleft to prevent
division and the two opposite ends of the cell when expressed in E. coli backgrounds
(Ramirez-Arcos et al., 2002). Once the primary division has taken place, the oscillation
changes planes, enabling another division to occur perpendicular to the original division
plane, resulting in tetrad formation (Figure 4). The intracellular localization of MinCy,
and whether or not it oscillates with the other Minng proteins remains to be discovered.

This dynamic behaviour is currently the subject of much investigation.

1.6  MinC: The principle inhibitor of cell division

MinC is the principle inhibitor of cell division in prokaryotes. In E. coli, MinC is
composed of 231 amino acids having a molecular weight of 26.3 kDa (de Boer et al.,
1989). The N- and C-terminal domains of MinC are separated by a hypervariable linker
(Cordell et al., 2001). The N-terminal domain of MinCg. has been shown to interact with
FtsZz, and the C-terminal domain with MinDg. (Hu and Lutkenhaus, 2000). In E. coli,
amino acids 1 to 99 comprise the N-terminal domain, 100 to 124 the linker region, and
125-231 the C-terminal domain (Hu and Lutkenhaus, 2000). Protein stability
determinants are located in the C-terminal region between amino acids 160 and 231 (Sen
and Rothfield, 1998). Nonsense and missense mutations minC25, minC27, min(C28,
min(C36, and minC37 render the resultant proteins susceptible to Lon protease (Sen and
Rothfield, 1998; Table 1). Several other missense and nonsense mutations that resuit in

MinCg, non-functionality have been recognized to date (Table 1). Inactivity of MinCg
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Table 1: MinCg, mutations resulting in the minicell phenotype.

Mutation Name Phenotype Source
GI10D minC19  Minicell, Lon protease Labie et al. 1980, Sen and
stable Rothfield, 1998
P4T7L minC24  Minicell, Lon protease  Mulder er al. 1992, Sen and
stable Rothfield, 1998
61Stop(TGA) minC3 Minicell Labie er al. 1990, Mulder e
al, 1992
85Stop(TAA) minC30 Minicell Mulder ef al. 1992
117Stop(TAA) minC23 Minicell Mulder ef al. 1992
142Stop(TAA) minC22 Minicell Mulder ef al. 1992
D160N; G161K minC32 Minicell Mulder ez al. 1992
GI61E minC17 Minicell Labie ef al. 1990
G1718" minC25  Minicell, Lon protease ~ Mulder ez al. 1992, Sen and
sensitive Rothfield, 1998
G171D" minC18 Minicell Labie et al. 1990
R172L minC34 Minicell Mulder et al. 1992
R172C minC35 Minicell Mulder et al. 1992
AL73V minC27  Minicell, Lon protease ~ Mulder et al. 1992, Sen and
sensitive Rothfield, 1998
G176R minC28  Minicell, Lon protease =~ Mulder ef al. 1992, Sen and
sensitive Rothfield, 1998
Al1TTV minC31 Minicell Mulder et al. 1992
A17TT minC33 Minicell Mulder et al. 1992
183Stop(TAA) minC5 Minicell Labie ef al. 1990
S196F minC20 Minicell Labie er al. 1990, Mulder et
al. 1992
202Stop(TGA) min(C29 Minicell Mulder ez al. 1992
206Stop(TAA) minC26 Minicell Mulder ef al. 1992
216Stop(TGA) minCl16 Minicell Labie er al. 1990
Nonsense (C- minC36  Lon protease sensitive Sen and Rothfield, 1998
terminal
truncation)
Nonsense(C- minC37  Lon protease sensitive Sen and Rothfield, 1998
terminal
truncation)

* Indicates conserved glycine residue



Figure 4: Proposed model of cell division in Neisseria gonorrhoeae. Invagination
occurs opposite the replisome; the MinD and MinE interact and oscillate perpendicular to
the replisome to inhibit division at cell ends. Following one round of division, the
complex oscillates perpendicular to the previous division site, inhibiting division at these
ends of the cell. The result is a tetrad of equal-sized daughter celis. Adapted from
Ramirez-Arcos et al., 2002).
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is determined morphologically by the presence of minicells, indicating lack of inhibition
of cell division at the cell poles. The majority of mutations studied have been located in
the C-terminal region of MinCg,.

The crystal structure of MinC from the thermophilic bacterium Thermotoga
maritima (MinCry) has recently been determined (Cordell er ai,, 2001). This protein
contains an N-terminal domain composed of two alpha-helices and five J-strands and a
C-terminal domain composed of fifteen beta-strands, twelve of which form a right-
handed B-helix that possesses A, B, and C surfaces (Cordell er al., 2001; Figure 5). The
hydrophobic A-face was proposed to be the surface responsible for homodimerization of
MinCry, (Cordell et al., 2001). The core of the B-helix is primarily hydrophobic and
consists of small, aliphatic amino acids with short side chains. A flexible linker that is
hypervariable among species connects these two domains. The N-terminal domain is
speculated to be responsible for interaction with FtsZryy,, (Cordell er al., 2001). The
surface responsible for MinDry, interaction has not yet been elucidated. MinCry, has
been determined to be a dimer in solution and aggregates to form a homotetramer
(Cordell er al., 2001). Preliminary gel filtration studies of purified MinCy, from our
laboratory have determined that MinCyg also forms a dimer in solution (unpublished
data}. The importance of conserved residues and their implicated role in protein-protein

interactions will be the subject of the present investigation.
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Figure 5: Three-dimensional structure of a MinC dimer from 7. marifima. Adapted
from Cordell er al., 2001; A, B, and C surfaces of the C-terminus P-helix as designated
by Cordel ef al.
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1.7  Rationale, hypothesis, and objectives

1.7.1 Rationale

Antimicrobial resistance in V. gonorrhoeae

The sexually-transmitted infection gonorrhea, caused by N. gonorrhioeae, is second in
prevalence only to chlamydial infection as a cause of sexually transmitted infections and
is a substantial cause of morbidity world-wide (www.cde.gov). After a 13 year decline,
the incidence of gonorrhea has increased dramatically in North America, rising 9% in

the United States and 8% in Canada between 1997 and 1998 (www.cdc.zov, www.he-

sc.gce.ca). Strains of N. gomorrhoeae resistant to antimicrobial agents have been
documented and are increasing in prevalence, challenging efforts to combat the disease
(Johnson and Morse, 1988; Ison, 1996; Ison et al., 1998; Sefton, 2002). Resistance to
single and multiple antibiotics is a global phenomenon; while the prevalence of
resistance to one antimicrobial might wane with the increased use of a different agent,
resistance to the latter rapidly ensues (Johnson and Morse, 1988; Sefton, 2002).

Both chromosomal and plasmid-mediated resistance to penicillin and tetracycline
in N. gonorrhoeae isolates has been well documented (Morse ef al., 1986; Johnson and
Morse, 1988; Sefton, 2002). Resistance to other antibiotics such as fluoroquinolones
also occurs (Knapp er al., 1997; Sefton, 2002). For example, in Canada, both
chromosomal and plasmid-mediated resistance to tetracycline has been documented
since 1986, but the frequency of these resistances has been declining since 1994 with the
decrease in treatment of uncomplicated gonococcal infections with doxycycline for

concomitant chlamydial infection (Greco er al., 2003). Resistance to penicillins by

production of plasmid-encoded [-lactamases has also been declining steadily since
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penicillins are no longer used to treat gonococcal infections (Greco et al, 2003).
Consequently, in recent years, resistance to fluoroguinolones among gonococcal isolates
in Canada has been rising with the increased use of ciprofloxacin (Sarwal et al., 2003).
Third-generation cephalosporins (i.e. cefixime and ceftriaxone) are currently used fo
treat gonorrhea and azythromycin is typically administered concurrently to control any
potential chlamydial co-infection {(Health Canada, 1998). However, cefixime-resistant
isolates of N. gonorrhoeae were recently identified in China (Ye er al., 2002); spread of
these resistant strains will ultimately reduce the arsenal of antimicrobial agents with
which N. gonorrhioeae infection can be treated.

Due to the rapid increase in the number of multi-drug resistant strains of N.
gonorrhoeae it has become pertinent to initiate a search for novel antimicrobial
compounds to control gonococcal infection. Components of the bacterial division
apparatus present an attractive target for the development of new antimicrobial
compounds since proper cellular division is necessary for the survival and propagation
of the organism. Furthermore, the division machinery is not currently targeted by any
commercially-available antibiotics. Typical antimicrobials previously used to treat
gonococcal infection target the 30 S or 50S ribosome, cell wall biosynthesis machinery,
DNA gyrase, or metabolic pathways (Johnson and Morse, 1988; Fox ef al., 1997). It is
subsequently unlikely that modern strains of N. gonorrhoeae will be resistant to
compounds that target the division apparatus as no anfimicrobial to date has exploited
interruption of cell division as a candidate for antimicrobial interference. In order to
develop novel chemotherapeutic agents that inhibit cell division it is necessary to have a

fundamental knowledge of the proieins involved in bacterial cell division.
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Molecular analysis of MinCy,

MinC interacts with other components of the division machinery, such as FtsZ
and MinD, as has been demonstrated in E. coli, and its structure is important for its
function as a division inhibitor in N. gonorriiceae. Both the N- and C-terminal domains
play unique and critical roles in the division process, and through characterization of
these domains through mutagenesis and truncation analyses it will become possible to
understand the significance of conserved glycine residues (G138, G157, G164 and G174
in MinCyyg), thus contributing to the understanding of the division process in round
bacteria.

The C-terminal domain of MinCyg is highly-conserved and contains four
completely conserved glycine residues; these residues must therefore be critical to
protein function across species. Glycines are of specific interest, as they have been
implicated in protein flexibility, protein-protein interactions, and positioning of other
residues (Alix ef al., 2001; Heinrichs and Baker, 1997; Sprinzak and Margalit, 2001; Lo
Leggio and Larsen, 2002). Site-directed mutagenesis of conserved residues has been
employed to ascertain the necessity of conserved residues in many bacterial and
eukaryotic proteins including the bacterial 50S peptidyl transferase and ADP-glucose
pyrophosphorylase (Cooperman et al., 1995 and Ballicora ef al., 2003, respectively).
These data proved that conserved residues, in the cases of these two proteins, were
imperative to protein function. In the present study, mutagenesis of conserved residues
will be performed to ascertain their necessity to protein function and potentially
determine their roles within the protein.

The N-terminal domain is not conserved, but contains structural motifs that

should be necessary for protein-protein interaction and function. Disruption of critical
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residuss within these motifs should cause loss of protein function, possibly by
abrogation of certain protein-protein interactions. Site-directed mutagenesis will be a
useful tool for the disruption of ¢-helical motifs in the N-terminal domain of MinCy, by
targeting semi-conserved residues as discussed above.

Truncation of N-terminus residues is also expected to result in loss of protein
functionality. C-terminus fruncated mutants of MinCg, are non-functional (Jaffe er al.,
1988; Sen and Rothfield, 1998; Table 1), and it is thus reasoned that loss of a certain
portion of the N-terminus should have the same effect. The 10" amino acid of MinChg, is
suspected to be essential to protein function as indicated by loss of division inhibition
function of the minCI19 mutant (Table 1) in which an aspartic acid is substituted for a
glycine residue at position 10 (corresponding to gonococcal position 13; Labie et al.,
1990). 1t is thus expected that a certain portion of the N-terminus of MinCy, is essential
for protein function; loss of the 13" amino acid should be deleterious to the function of
this protein.

The long-term goal of the present research is to characterize MinCyg at the
molecular level through structural and functional analysis. Investigation of cell division
proteins may lead to the discovery of novel antimicrobial targets for the treatment and

prevention of bacterial infection.

1.7.2 Hypothesis

N- and C-terminal domains of MinC from N. gonorrhoeae must play unigue roles during

the cell division process in this Gram-negative coccus. The C-terminus of MinC is highly

similar across species and contains five completely conserved residues including four
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glycines. Alteration of these glycine residues will prevent division inhibition by these
MinCy, mutants. Similarly, it is anticipated that substitution of key residues contained
within conserved structural motifs of the N-terminus and truncation of the extreme N-

terminus residues will result in abrogation of protein function.

1.7.3 Objectives

Objective #1: Functional analysis of the C-terminus of MinCy; and localization of
MinCyg in E. coli and N. gonorrhoeae.

1.A. Mutagenesis of conserved glycine residues: Residues G138, G157, G164, and
G174 of MinCyg are completely conserved among bacterial species. Site-directed
mutagenesis of these residues will be performed to elucidate their role in protein
function. Introduction of a radical mutation in a non-conserved residue will act as a
control to determine the importance of a non-conserved amino acid.

1.B. MinCy; functionality assays: MinCy, mutants will be studied in terms of
functionality as determined by the ability to inhibit cell division using both phase
contrast microscopy and flow cytometry.

1.C.  Quantitation of mutant MinCy, mutant expression in E. coli PB103: Western
blot analysis will be used to confirm the expression of these mutants to ensure that lack
of division inhibition functionality does not result from lack of MinCy, expression.

1.D. MinCyg purification and circular dichroism (CD) analysis: Native and
mutant MinCyg will be purified by nickel affinity chromatography by constructing 6X
histidine fusion plasmids. Purified proteins will be submitted for CD analysis to confirm
that the secondary structure of the proteins is not affecied by site-directed mutagenesis

of conserved residues.
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1.LE. Determination of protein-protein interactions between MinCy, mutant and
MinDwg. A chimeric MinC containing the N-terminus of MinCg, and the C-terminus of
MinCy, used by our laboratory for yeast two-hybrid analyses will have a neutral
mutation introduced in a non-conserved residue to determine the impact on protein-
protein interaction.

1.F. Localization of MinCy,; in E. coli PB103: Plasmids for the localization of
MinCyg in both native and heterologous environments will be constructed. Future
experiments using these plasmids will enable the determination of the intracellular
location of MinCyg and whether or not the protein oscillates in live native and

heterologous cells using fluorescence microscopy.

Objective #2: Structural and functional analysis of the N-terminus of MinCy,

2.A. Mutagenesis of structurally-significant amino acids and truncation of N-
terminus amino acids: Alteration of important amino acids L35 and L68 in the N-
terminus O-helices of MinCy, using SDM should indicate if these residues are critical
for protein function. Residues from the extreme N-terminus of MinCy, (10 and 13 aa)
will be eliminated to determine which amino acids are necessary for function and which
are superfluous.

2.B. MinCy, functionality assays: Both phase contrast microscopy and flow
cytometry will be employed to determine if mutant and truncated MinCy, proteins are
functional.

2.C.  Quantitation of MinCy, expression: Western blot analysis will be used to

confirm the expression levels of MinCyg mutant proteins in E. coli PB103.
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2.D. Determination of protein-protein inferaction among MinCg, C-terminal

domains: Plasmids will be construcied to determine whether or not C-termini of MinCg,
alone are capable of self interaction and interaction with MinDg,. These results can be
used to test protein-protein interactions of N-terminus MinCyg mutanis using a chimeric
MinC containing the N-terminus of MinCyg and C-terminus of MinChg.

2.E. Construction of a glutathione S-transferase (GST) fusion vector: Based on
information obtained from other bacterial species, it is expected that MinCy, will
interact with MinDy, and FtsZyg, and potentially other proteins involved in the cell
division process. It is additionally possible that novel proteins that have not been
previously implicated in cell division play a role in this process in N. gonorrhoeae.
Since yeast two-hybrid methodology has proven inefficient at establishing MinCyg
interactions, the GST-pulldown assay will be useful in determining protein-protein

interactions; a plasmid will be constructed in the present study to facilitate GST-

pulldown assays in the future.
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Overview
Several methodologies will be employed to investigate the MinCy, protein in these
studies. Site-directed mutagenesis, gene truncation, and other standard molecular
biological techniques will be employed in the construction of plasmids for this research.
The functionality of proteins encoded by these constructs will be ascertained using a
morphological assay performed in E. coli. The ability of MinC to induce filamentation
when expressed from a high copy-number vector is indicative of its functionality as an
inhibitor of cell division (de Boer ef al., 1989), and mutants in this study will be
evaluated for MinCyg function on this basis by phase contrast microscopy when
expressed heterologously in E. coli. Flow cytometry will also be employed to quantitate
the number of filamentous and standard-sized cells within transformant populations; this
is a novel technique for which a protocol will be established in the course of this
investigation. Together, flow cytometric and morphological analysis using phase
contrast microscopy will demonstrate the functionality of each site-directed and
truncated MinCyg mutant. Western blot analysis will confirm the expression of each
protein investigated.

Purification of MinCyg will be performed using nickel affinity chromatography.
This procedure involves the construction of fusion vectors in which the protein of
interest (MinCyg) is fused to a 6X histidine tag at either the N- or C- terminus (Novagen,
2002). Proteins from cell lysate bearing the 6X his tag bind nickel-treated sepharose
beads in a2 column and are eluted by competition with varying concentrations of

imidazole {Novagen, 2002). Purified protein is then analyzed using circular dichroism



spectroscopy (CD). CD is a techmigue that is used to evaluate protein secondary
structure based upon characteristic absorption spectra produced by certain structures
when a protein is exposed to left- and right-circularly polarized light (Greenfield and
Fasman, 1969). This technique is used to confirm that the secondary structure of MinCyg
proteins is not altered by mutagenesis of single amino acids.

To study the localization and dynamics of Min proteins, green fluorescent
protein (GFP) fusions will be employed (Meinhardt and de Boer, 2001; Ramirez-Arcos
et al., 2002). Fluorescence microscopy of live cells shows the intracellular location of
these fusion proteins, and repeated photography of these cells at specific time intervals
demonstr:ates their movement within the cell. In this study, the plasmids for such
research will be constructed; low copy-number plasmids will be created to obtain a more
accurate representation of MinCyg localization when the protein is expressed at levels
close to those of the native levels in N. gonorrhoeae.

Finally, a plasmid for the performance of glutathione S-transferase (GST) pull-
down assays will be constructed containing a gst-minCyg fusion gene. The GST-labelled
MinCyg will be passed through an affinity column and be eluted with any interacting
proteins that can subsequently be identified by Western blot and nuclear magnetic

resonance (NMR) analyses in future experiments.

2.1  Bacterial strains and growth conditions
Strains and plasmids used for this study are presented in Table 2. E. coli DHSa was the
host used for cloning. E. coli PB103 (wild-type) was used for expression studies. E. coli

cells were grown at 37°C for 16-24 hours with agitation in Luria-Bertani (LB) broth
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Table 2. Strains and plasmids used in this study.

Strains/Plasmids Relevant Genotype Source/Reference
Strains
E.coli DHSa [supEA4AlacU169 (80lacZAM1S) Gibco-BRL
hsdR17 recAl endAl gyrAS6 thi-1
relAl]
E.coli PB103 dadR 1 trpE61 trpA62 ma-5 purB* Ramirez-Arcos et al., 2001°
E.coli C41 B F dem ompT hsdS (1 mp) gal Miroux and Walker, 1996°

$. cerevisiae
SFY526

N. gonorrhoeae
CHS11

N. gonorrhoeae
F62

Plasmids®

pUC18
pSR2

pSR12
pSR15
pSR13
pSR24

pSR32
pFP20
pVG4
pVG6
pVG8
pVG10
pPEF1
pVGI12
pVGI13
pVGl4
pVGIS
pVGlé6
pVG17
pVGI18
pGADAT4

AMDE3) and containing at least one
additional uncharacterized mutation
MATa ura3-52 his3-200 ade2-101
lys2-801 trpl-901 leu2-3 112 can’
gal4-542 gal80-538 URA3::GALI yss-
GALI TATA-Z&CZ

Auxotype (A)/ serovar (S)/ plasmid
content (P) : Non-requiring
(NR)/IB/plasmid free

ASP: Proline-requiring (Pro)/IB/2.6

AmpRPIac

Amp PpciiminCng

Amp Prac::GFP-minCyg
Amp Prac:GFP-minDEy,
Amp“Plac minDEyg-GFP

Amp"® Py::minC(MinCCh: MinCe 99,

MmC 103-237y

Amp Plac minCre

Kan® Py, oriJRDS
Amp®PrciminCig(G138D)
Amp®Pyc:minCig(G157D)
Amp®Pic::minCig(G164S)
AmpRPlac :minCng(G174E)
Amp Phac::minCng(E1441)

Kan Plac :GFP-minCng oriJRDS
Kan® Flac :GFP-minDEyg oriJRDS
Kan® P;ac minDE-GFPyg oriJRD3
Amp Pigci:minCng(L35P)

Amp PiaciiminCreg(LO8P)

Amp Praci:minCng H-237

Amp Pigc:minCug
AmpRPapu: gaM (ADY

Clontech

Picard and Dillon, 1989

West and Clark, 1989

Amersham Pharmacia
Ramirez-Arcos et al. 2001
Unpublished data
Unpublished data
Unpublished data
Ramirez-Arcos et al. 2003

Ramirez-Arcos et al. 2003
Pagotto et al. 2000
Greco, 2001
Greco, 2001

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
Clontech




pSRAD-C AmpRPADm:: gald (AD)y-minCg, Ramirez-Arcos ef al. 2003

pSRAD-D Amp*Papy;::gald (AD)-minDg, Szeto et al. 2001
pGADminD Amp Papui::gald (AD)-minDy, Szeto et al. 2001
pGBT9 Amp*Papii::gal4 (BDY Clontech
pSRBD-C AmpRP spui::gal4 (BD)-minCs, Ramirez-Arcos ef al. 2003
pSRBD-D AmpRP apui:gal4 (BDY-minDy, Szeto er al. 2001
pGBT9minD AmMp“P sppi::gal4 (BD)-minDyg Szeto et al. 2001
pSRBD-Ch Amp Papui::gal4 (BD)- Ramirez ef al., 2003
minC(MinCg, ™ -MinCyg %)
pPEF2 AmpRPADm::gaifﬁ (BD)- This study
minC(MinCg, -MinCyg ") E1441
pGADminCe.C  Amp®Papu;::gald (AD)- This study
minC(MinCg. %)
pGBTminCe,C  Amp Papui::gal4 (BD)- This study
minC(MinCg 2
pET30a Kan*Py::lacl%:6XHis Novagen
pHLCC KanRPlac::lach::minCNg—ﬁXHis Unpublished data
pET30aG138D Kan®Py,.::lacl®: :minCng(G138D)- This study
6XHis
pET302G157D KanRPlac::lach::minCNg(GIS7D)— This study
6XHis
pET30aG164S  Kan"Py.::lacl®:minCng(G1648S)- This study
6XHis
pET30aG174E KanRPlac::lach::minCNg(G174E)— This study
6XHis
pET30aCh Kan®Py,::lacl%:: minC(MinCg - This study
MinCyg' **")-6XHis
pGEX-4T-3 AmpRPtac::lach::GST Amersham Biosciences
pVAL2 Amp®Pyc:lacl®:GST-minCye This study

a) Gift from P. de Boer

b) Gift from J.E. Walker

cy All pVG- plasmids, pVAL2, pGADminCgC, and pGBTminCgC plasmids
constructed by Valerie Greco. Other plasmids constructed by: Sandra Ramirez (pSR-,
pSRAD-C, pSRAD-D, pSRBD-C, pSRBD-D, and pSRBD-Ch); Pierre Fabre (pPFl and
pPF2); Hui Li (pHLCC); Franco Pagotto (pFP20); Dan Tessier (pET30aG138D,
pET30aG157D, pET30aG164S, pET30aGI74E, and pET30aCh); Jason Szeto
(pGADminD and pGBT9minD)

d) Papui: Yeast promoter, which regulates expression of gal4

e) Encodes for the activation domain (AD) of GAL4

f) Encodes for the DNA-binding domain (BD) of GALA



(Difco, Detriot, MI), supplemented with 100 ug of ampicillin {Amp)Yml, 50 pug of
kanamycin (Kan)/ml, and/or 40 pum IPTG, when required (antibiotics from Sigma-
Aldrich, St. Louis, MO). All IPTG inductions were performed by diluting 5 ml overnight
(16-20 hour) culture in 500 ml LB broth and incubating for 3 hours at 37°C with
agitation. For MinCy, localization studies, cultures were grown at both room
temperature (~25°C) and 37°C both with and without agitation for 16-24 hours.
Transformants were selected on LB agar containing the aforementioned antibiotics for
selection.

Saccharomyces cerevisiae strain SFY 526 (Clontech, Palo Alto, CA) was used in
yeast two-hybrid assays to examine protein-protein interactions. Yeast was grown at
30°C on yeast extract-peptone-adenine-dextrose (YPAD; Clontech) medium, or on the
appropriate synthetic dropout (SD) media to select for transformants, as outlined in the
Clontech Yeast Two-Hybrid Manual (Clontech Laboratories Inc, 1999).

N. gonorrhoeae strains CH811 and F62 were grown on GC Medium Base
(GCMB; Difco) augmented with 1% Kellogg’s defined supplement (GCMBK; Kellogg,
1963; Dillon, 1983) which contains 10 mM MgCl,, and 0.042% NaHCO;. Cells were
grown at 35°C for 18 to 24 hours in a humid incubator with 5% CO,.

Both E. coli and N. gonorrhoeae strains were preserved at =70°C in Brain-Heart

Infusion broth (BHI; Difco) containing 20% glycerol.

2.2  Polymerase chain reaction (PCR) and Inverse PCR (IPCR)
Oligonucleotide primers used for PCR and IPCR in this study are listed in Table 3.

Primers were designed in the laboratory using Primer Designer {Scientific and Education



Table 3. Oligonucleotide primers used for PCR reactions in this study.

Primer Sequence (5’ 3)° Restriction Product
Endonuclease
Site

minl0 5" GCG CCT GCA GAT GAT Psil minCng 5° end
GGTTTATAT AATS

minl2 5" GCG CGC GAATIC ATG EcoRI minCyg 5" end
ATGGTTTAT ATA AT

min29 5" GCG CGG ATC CCA AAC BamHI minCng 3’ end
AATTACTCT GAGCC 3’

min298ail 5" GCG CGT CGA CCA AAC Sall minCng 3* end
AATTACTCTGAGCC ¥

EcChlup 5" GCG CGA ATT CAC GCC EcoR1 C-terminus minCge
GGT CAC AAA AACGCG

EcMinCdo 55 GCGCGGATCCTC AAT  BamHI

wn TTA ACGGTT GAACGG ¥

CNg-up 5" GCG CACTAGTCA TTC Spel C-terminus minCng
GGA AAATGTTAAAGY

HLC-2 5" GCG CCA TAT GAT GGT Ndel minCng 5° end
TTATAT AATTGA ATG 3

HI.C-3 5" GCG CAAGCTTCT CTG HinDIII minCng 3’ end
AGC CAATTGCACTG?3

minCG138- 5 ACCGAT CAGCAGGIT Sau3A minCng G138D

1 TAT GCC 3°°

minCG138- 5 ACG GAC AGG GGA TGT None

2 AATCAA Y

minCG157- 5 CAG GAC GCG GAATTG Hgal minCng G157D

1 ATT GCA 3’

minCG157- 5 GCT GAC CGC CCCCGT None

2 AAC AATS

minCG164- 5 GATTCG AAT ATG CAT Taglo minCng G164S

1 ATTTAT Y

minCGl64- 5 TGC AAT CAATTC CGC None

2 CCCCIG®

minCG174- 5 AGA GATCGT GCTTTIG Sau3A minCng G174E

1 GCCGGC 3

minCG174- 5 CAT CGG CGC ATA AAT None

2 ATGCATZ

minCE144- 5" GCCATC GAT GGC GAT Clal minCng E1441

1 TIGATTGITACG 3

minCE144- 5 ATA AACCTG ACC GGT None

2

ACGGACAGG>




minCL35P-
:fninCLB SP-
?ﬁin@LﬁSP—
iﬁnCLﬁSF—
2

Truncl
Trunc2
Trunc3
Trunc4
GFP-1
GFP-2
GFP-3
GFP-4

GFP-5

5 GAT GTG CCG GTC AAA
TIGGGC 3

5" TTC CAA ATC AAA CAA
GTCTGATIG 3

5" GCT GCA CCG GTT TCG
TIGTITCG 3

5" AAG ATC CAA AGA CTC
GGG ATAAT®

5" GCG CAC GAA TTC GAT
GAT AAAGTCGACAAZ
5’ GAG CAC GAA TTC GAT
GACAAAGATGGACG ¥
5" GCG GAC GAA TTC GAT
GAAGTCGACAAAGAY
5" GAG CAC GAATTC GAT
GTCGAC AAAGATGG ¥
5’ GCG CGG TAC CGC TGT
GGTATGGCTGTIGC 3

5" GCG CCT GCA GTT ACT
CTGAGCCAATIGCY

5’ GCG CCT GCA GCT ATA
CCTTTTTCT GTTCCG ¥’
5’ GCG CGA ATT CAATAC
GCAAACCGCCTCTCC 3
5’ GCG CGG TAC CTT ACT
TGT ACAGCT CGTCC 3

Hpall
None
Hpall
None
EcoRI
EcoR1
EcoRI
EcoRI
Kpnl
Pstl
Pstl
EcoR1

Kpnl

minCyg L35P

minCyg LO8P
min CNgl 1237
min CNgm-z:«n
mi nCNg12-237
min CNg13-237
GFP-minCng;

GFP-minDEyg
GFP-minCng

GFP-minDEng
minDEyng-GFP

minDEng-GFP

a) Restriction endonuclease sites are underlined

b) Mutagenized codons are indicated in bold



Software, Durham, NC) and were synthesized by the University of Ottawa Core DNA
Sequencing and Synthesis Facility (formerly University of Ottawa Biotechnology
Research Institute). All PCR reactions were carried out in the Perkin Elmer GenAmp
PCR System 9600 Thermocycler (Perkin Elmer, Wellesly, MA) as foliows: 3 minutes at
94°C; 30 cycles of denaturation for 15 seconds at 94°C, annealing for 15 seconds at
temperatures varying from 48°C to 53°C (depending on the primer pair used), and
extension for 1 to 7 minutes at 72°C (depending on the expected product size; 1
minute/kb); 5 minutes at 72°C; and hold at 4°C. The PCR reactions were carried out in a
final volume of 100 pul containing the following reagents: 75.5 pl of double distilled H,0
(ddH,0), 10 ul of 1X PCR Buffer containing 1.5 mM MgCl, (Roche Diagnostics, Laval,
QUE), 2 pl dNTPs (100mM; Boehringer Mannheim, Laval, QUE), 1 ul of each primer
(0.2 pug/ml), 0.5 pl of Tag DNA polymerase for PCR amplifications (Roche Diagnostics)
or Pfu DNA polymerase (Stratagene, La Jolla, CA) for IPCR amplifications, and 10 ul
of template DNA. Template DNA was prepared from a 1:50 dilution of plasmid DNA
recovered by miniprep. N. gonorrhoeae CH811 and E. coli PB103 cell suspensions were
prepared by diluting cells from overnight cultures in ddH,O. Cell concentrations were
adjusted to ~1 X 10° cells using the McFarland Equivalence Turbidity Standard 0.5
(Remel, Lenexa, KA) to provide chromosomal DNA templates for PCR. Concentration
of the plasmid DNA templates was determined spectrophotometrically using the
GeneQuant RNA/DNA calculator model #80-2103-98 (Amersham Pharmacia,

Piscataway, NJ) and adjusted to 0.01 pg/mi with ddH,0 for IPCR reactions.
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2.3  Plasmids and plasmid construets
2.3.1 MinCyg site-directed mutagenesis (SDM) constructs

SDM was employed to mutagenize conserved N- and C-terminus residues of
minCyg to enable the structural analysis of this protein. All SDM consiructs were
prepared by IPCR from the pSR2 template (minCy, in pUCL8; Ramirez-Arcos ef al.,
2001a; Table 2). pSR2 was harvested from DHS5a transformants using the QIAgen
HiSpeed Miniprep Kit (QlAgen, Mississauga, ONT) as directed by the manufacturer
{QIAgen, 2003). Mutated minCyg encoding for G138D, G157D, G164S, G174E, E144],
L35P, and L68P were created using primer pairs minCG138-1/minCG138-2,
minCG157-1/minCG157-2, minCG164-1/minCG164-1, minCG174-1/minCG174-2,
minCE144-1/minCE144-2, minCL35-1/minCL35-2, and minCL68-1/minCL68-2 (Table
3). Figure 6 indicates the positions where the primers anneal to minCyg. Each primer pair
contains one primer that introduces a novel restriction site to minCyy; these sites are
listed in Table 3 and mutagenized codons are indicated. Introduction of novel restriction
sites facilitates screening of plasmids prior to DNA sequencing. Figure 7 graphically
outlines the IPCR process. Figure 8 provides an overview of the construction of site-
directed mutant minCng plasmids,

All PCR products in this study were cleaned using the QIAquick PCR
purification kit (QIAgen) according to manufacturer’s protocols (QIAgen, 2002) using
the Sorvall® MC 12V centrifuge (Sorvall, Guelph, ONT). Products of all PCR, IPCR,
restriction digests, and other manipulations were screened by electrophoresis using the
Bio-Rad Power Pac 300 (Bio-Rad Laboratories, Mississauga, ONT) on 1% agarose gel

{made with TAE buffer; Sambrook er al. 1980) at 100 V for 1 hour and visualized by
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Figure 6: DNA sequence of MinC from N, gonorrhoeae. The start of the sequences to
which mutagenic primers anneal are indicated with labeled arrows. The start and stop
codons are highlighted in bold font and are underlined. Nucleotide numbering
corresponds to that of the NCBI minCy, sequence (accession number AF345908); the
first and last nucleotides of the minCyg gene are indicated (1 and 711).
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Higure 7: Inverse polymerase chain reaction of pSR2 to generate min(y, mutant
plasmids. Mutagenic primers were used to amplify pSRZ containing wild-type minCng.
Plasmids were then ligated and transformed into E. coli DHS0 for screening.
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Figure 8: Overview of the construction of site-directed mutant minCng-containing
plasmids. pVG4, pVG6, pVGE, pVGI0, pVGLS, and pV(G16 were created in this
manner.



verview of site-directed mutagenesis procedure

Inverse PCR of minCy -containing pSR2 with mutagenic primers containing novel restriction sites

ﬁ

Phosphorylation and ligation of linear mutagenized plasmid

%

Transformation of CaCl,-competent E. coli DH5a with circular plasmid

h

Selection of transformants on LB agar containing ampicillin

H

Screening of transformant colonies for ~3.4 kb plasmids by “cracking”; positive colonies are subcultured
and mutagenized plasmids are recovered by miniprep

H

Amplification of minCy, from mutagenized plasmids determined positive by cracking

H

Digestion of minCy, amplicons with specific restriction endonucleases to screen for the introduction
of mutations

|

DNA sequencing for confirmation of introduction of mutation; if not present, another amplicon with a novel
restriction endonuclease digestion pattern is sequenced

|

Confirmed plasmid is used to transform E. coli PB103 for morphological analysis (phase contrast microscopy
and flow cytometry) and protein expression (Western blot)



staining with ethidium bromide (10 ug/mL.) and destaining in ddH;0 for 10 min. DNA
size markers used in this study include the 1 Kb Plus DNA Ladder, Low DNA Mags™
Ladder, and Supercoiled DNA Ladder (Invitrogen, Burlington, ONT). Gels were
photographed in the Multilmage Light Cabinet using the Alpha Imager 1220 software
file version 5.04 (Alpha Innotech, San Leandro, CA).

The IPCR products were linear pSR2 variants containing the desired mutations in
minCng. These linear plasmids were phosphorylated in a 37 pl reaction including 1X T4
DNA ligase buffer (Invitrogen), 15 pl linear plasmid DNA (from 10 pl digested plasmid
DNA prepared by miniprep), and 2 gl of T4 polynucleotide kinase (New England
Biolabs (NEB), Beverly, MA). This reaction was incubated at 37°C for 20 minutes
followed by the addition of 3 pl T4 DNA ligase (Invitrogen). This mixture was then
incubated for 18 hours at 16°C. Plasmids pVG4, pVG6, pVGS, pVG10, pPFl, pVG15,
and pVG16 (Table 2) were generated in this manner, respectively.

The entire ligation mixtures were used to transform CaCl, competent E. coli
DHS5a cells using the heat shock method (Sambrook ef al., 1980). Transformed cells
were incubated for 16 to 24 hours at 37°C and screened for recombinant plasmids using
a “cracking” method (Ramirez-Arcos et al., 2001a). Cracking involves the suspension of
individual transformant colonies in 25 pl ddH,0 followed by the addition of 25 pl of a
1:9 cracking buffer (0.2 ml 0.5 M EDTA (pH 8), 0.1 g SDS, 0.005 g bromophenol blue,
1.0 mi glycerol, and 7.8 mi ddH;O):1 M NaCl solution. Colonies positive for a
recombinant plasmid (i.e. containing bands corresponding to the size of the expected,
3.4 kb supercoiled product as compared to the supercoiled DNA marker) were selected

and subcultured on LB agar containing ampicillin, Plasmids from these colonies were
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purified using the QIAgen HiSpeed Miniprep Kit (QIAgen) according to the
manufacturer’s instructions (QIAgen, 2003) and resuspended in 50 ul ddH,0. This
protocol for colony selection and plasmid harvesting was used in the creation of all
constructs in this study.

Plasmids were screened for the introduction of mutations in minCyg by PCR
amplification of minCy, using primer pair minl0/min29 (Table 3; Figure 6) and
restriction digestion of the purified amplicon. Each site-directed mutation introduced a
novel restriction site in the mutated minCng that was not present in wild-type minCygy,
such as Sau3Al in pVG4. It was thus possible to screen for minCng mutants by
examining the restriction endonuclease digestion patterns of the transformants as
compared to that of the wild-type minCyg from pSR2. Digestion took place in 20 i
reactions including 1X buffer, 2 pl of the minCng amplicons, and 1 U of the appropriate
restriction endonuclease. A Sau3Al (Invitrogen) site was generated in pVG4
(minCngG138D), Hgael (NEB) in pVG6 (minCnG157D), Tagloe (NEB) in pVG8
(minCngG164S), Sau3Al in pVGI0 (minCngG174E), Clal (NEB) for pPEF2
(minCngE144D), and Mspl (NEB) in pVGIS (minCngL35P) and in pVGI6
(minCngLO8P); these enzymes were used to screen the plasmids. All buffers for these
reactions were supplied with the enzymes from the manufacturers. Digests were
electrophoresed on 2% agarose gels and stained with ethidium bromide for visualization.

DNA sequencing of entire minCyg amplicons from positive clones was
performed by the University of Ottawa Core DNA Sequencing and Synthesis Facility

using the Applied Biosysiems 373A Sequencer (Perkin Elmer). This sequencer uses the
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dideoxy chain termination method of DNA sequencing (Slatko, 1994). This sequencing

ensured the absence of frameshift mutations and the fidelity of the amplifications.

2,32 N-terminus truncations

Truncations of the N-terminus of minCyg were performed to ascertain the effect of these
mutations on protein function when heterologously expressed in E. coli. These plasmids
were constructed by amplifiying minCy, from pSR2 using a primer pair whose forward
primer annealed downstream from the beginning of the gene to eliminate the desired
number of amino acids from the N-terminus of the protein. Plasmids pVG17 and
pVG18, were constructed by using the Truncl and Trunc2 primers, respectively, in
combination with the min29 primer (Table 3; Figure 6). Primers included the EcoRI and
BamHI sites for use in cloning. Amplicons were digested with EcoR1 (NEB) and BamHI
(NEB), cleaned, and ligated in 20 pl reactions containing 12 pl amplicon, 2 pl similarly
digested pUCI18 plasmid (Amersham Pharmacia, Piscataway, NJ), 2 ul 10X buffer
(NEB), 2 pl ddH20, and 2 pl of appropriate enzyme. The vectoriinsert ratio necessary
for ligation was determined by comparison of relative concentrations of digested pUC18
and minCyg amplicon using the Low Mass™™ DNA Ladder (Invitrogen) and a 1:9 ratio
was ligated based on band intensity and size of the vector and insert. Constructs were
transformed into E. coli DHS0 and screened for the presence of plasmids by cracking
methods. Positive colonies were subcultured on LB agar containing ampicillin and
plasmids from these subcultures were purified as described above. Plasmids were then

submitted for DNA sequencing of the minCy, gene.
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2.3.3 pET30a-minCy, constructs

pET30a (Novagen, Madison, WI) was used to construct minCng-6XHis fusions for
protein purification by nickel affinity chromatography. Purified wild-type MinCy, was
used for antibody preparation (Ramirez-Arcos er al., 2001a) and circular dichroism
analysis of protein structure. The plasmid pHLCC containing a C-terminus fusion of
minCng-6XHis (Table 2) was previously constructed in our laboratory. C-terminus
fusions with G138D, G157D, G164S, G174E, and chimeric MinC (amino acids 1-99 of
MinCpg, fused to amino acids 103-237 of MinCy,) were constructed for purification.
Mutant minCng sequences were PCR-amplified from plasmids pVG4, pVG6, pVGS,
pVG10, and pSR24 using primer pair HLC-2/HLC-3 (Table 3). Fragments were digested
with enzymes Ndel (NEB) and HinDIII (NEB) that were selected in order to maintain
the reading frame of the fusion protein. Products were cleaned and ligated into similarly-
digested pET30a. Plasmids were transformed by heat shock methodology into E. coli
DHS5a and selected on LB agar containing kanamycin. Colonies were screened for
plasmids by cracking methods and positive colonies were subcultured, purified, and
confirmed by DNA sequencing of the fusion region. Resultant recombinant plasmids
were named pET30aG138D, pET30aG157D, pET30aG164S, pET30aG174E, and
pET30aCh (Table 2). Confirmed plasmids were then transformed into by heat shock into

E. coli C41 for protein expression and purification experiments.

234 GFP-Miny, fusions

GFP-Miny, fusions were constructed for localization studies of the gonococcal Min

proteins in bacterial cells by fluorescence microscopy. An overview of the construction
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of these plasmids is shown in Figure 9. Amplicons containing gfp-minCyg, gfp-minDEyg,
and minDEng-gfp were amplified from plasmids pSR12 (derived from pDSW207),
pSRI15 (derived from pDSW207), and pSR13 (derived from pEGFP; Clontech, Palo
Alto, CA; Table 2), respectively, using primer pairs GFP-1/GFP-2, GFP-1/GFP-3, and
GFP-4/GFP-5 (Table 3). pDSW207 (Weiss er al., 1999) is derived from pTrc99A
(Pharmacia, Piscataway, NJ). These amplicons were digested with Kpnl (NEB)/Psil
(NEB), Kpnl/Pstl, and EcoRI/Kpnl, respectively, cleaned, and ligated into similarly
digested and cleaned pFP20 (Pagotto ef al., 2000; Table 2), a low copy-number shuttle
vector for N. gonorrhoeae and E. coli, using the aforementioned techniques. E. coli
DH5c was transformed with these plasmids and colonies were selected on LB agar
containing kanamycin. Colonies were screened for recombinant plasmids by cracking
methods and these plasmids were recovered and verified by restriction digestion with the
aforementioned, appropriate enzymes. The QIAgen HiSpeed Midiprep Kit (QIAgen)
was used to recover plasmids according to the manufacturer’s protocol (QIAgen, 2001)
in a final elution volume of 500 ul using Buffer EB (provided with the QIAgen HiSpeed
Midiprep Kit). Plasmids were named pVGI12 (gfp-minCyg), pVG13 (gfp-minDEy,), and

pVG14 (minDEng-g/p).

2.3.5 pGEX-MinCyg construct

In future work, GST-pulldown assays will be used by other researchers in our laboratory
to screen for suspected and novel protein-protein interactions of MinCy,. To facilitate
these future studies, a gst-minCy, fusion-containing construct is required, thus pvVAL2

containing this fusion was constructed. PCR was used to amplify minCy, from a M.
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Figure 9: Construction of gfp-fusion plasmids. Fusions were amplified from plasmids
previously constructed in the laboratory and ligated into low copy number shuttle vector
pFP20.
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gonorrhoeae CHS811 cell suspension (0.5 McFarland turbidity) using primers
minl2/min295all (Table 3). Both pGEX-4T-3 (Amersham Biosciences, Baie D’Urfe,
QUE; Table 2) and the amplicon were digested with EcoRI and Sall (NEB), cleaned,
and ligated. Plasmids were then transformed into E. coli DHS« and selected on LB agar
containing ampicillin. Recombinant plasmids were screened by cracking methods, and
positive colonies were subcultured and purified by miniprep (QIAgen). The presence of
the minCng insert in recombinant plasmids was verified by restriction endonuclease
digestion with EcoRI and Sall. Plasmids that released the insert (720 kb) were submitted

for DNA sequencing of the minCyg gene; the fusion site was verified to be in frame.

2.4  Fixed cells and microscopy

The induction of filamentation indicating the inability to form proper septa at midcell in
E. coli has been used as an indicator of MinC functionality (de Boer et al., 1989;
Hayashi er al, 2001; Hu and Lutkenhaus, 2003). Visualization of cells expressing
minCyg mutants is necessary to ascertain if the MinCy, protein is functional using
cellular morphology as an indicator. Since MinCy, is functional when heterologously
expressed in E. coli (Ramirez-Arcos et al., 2001a), overexpression of MinCy, results in
filamentation since division is inhibited. When a MinCyg mutant is non-functional as a
division inhibitor, filamentation will not occur and a wild-type cellular morphology will
be seen.

Wild-type E. coli PB103 CaCl, competent cells were divided into 50 ul aliquots
and were transformed as previously described with 2 puL of the following plasmids:

pUCI18 (negative control), pSR2 (minCyg, positive control), pVG4, pVG6, pVGS,



pVGl0, pVGILS, pVGI6, pVGL7, pVGIE, pPFl, and pPF2. Transformed cells were
recovered and fixed with 6% formaldehyde (Sigma® Chemical, ST. Louis, MO) and
0.2% glutaraldehyde (Fisher Chemical, Nepean, ONT) using the protocol described by
Ramirez-Arcos er al (2001a). This method involves washing transformed cells three
times with phosphate buffered saline (PBS) followed by fixation with 6% formaldehyde
and 0.2% glutaraldehyde in PBS for 45 minutes. Cells were then washed an additional
three times in PBS and resuspended in variable volumes of 100 ul to 500 ul of PBS (pH
7) depending on the size of the bacterial pellet in order to assure equivalent amounts of
cells per slide. Fixed cells (10 ul) were then adhered to 0.01% polylysine pre-treated
cover slips. Cover slips were then placed onto clean slides containing 10 ul drops of
50% (v/v) glycerol and sealed with transparent nail enamel.

Since no significant morphological differences were observed in cells with or
without the addition of 40 pM or 100 uM IPTG, all expression assays were conducted
without induction and were repeated at least three times. Ten microscopy fields, each
containing a minimum of 100 cells, were analyzed to determine percentage of filaments
or normal-sized short rods.

Cells were visualized by phase contrast microscopy using a Zeiss Axioskop
microscope (Zeiss X100 oil immersion objective 100-w HBO lamp; Carl Zeiss Canada,
Toronto, ONT) under the 100X oil emersion objective. Images were obtained using a
Sony Power HAD 3CCD Color Video Camera (model DX 950) and Image Analysis

Software version 6.0 (Northern Eclipse, Mississauga, ONT).
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2.5  Flow Cytomeiry

Flow cytometry was used to discriminate the percentage of filamentous cells (>10 um)
and wild-type-sized rods (2-5 pum) within the whole population of E. coli cells as a
quantitative indicator of MinCyg functionality. Novel flow cytometry protocol was
developed by S. Ramirez-Arcos and V. Greco in concert with representatives from
Beckman Coulter for use in the present study. Cells expressing MinCy, and the mutant
variants were suspended in 1 ml of filter sterilized PBS to reduce the presence of
background particles. Transformants were analyzed using a Beckman Coulter® Epics
XL-MCL flow cytometer (Beckman Coulter, Mississauga, ONT) at a voltage and gain
of 50 and 1.0, respectively, for side scatter, and 127 or 459 and 1.0 for forward scatter,
respectively. Event retrieval was set to 300 seconds and a maximum of 100,000 cells.
Data retrieval and analysis was done using EXPO32 ADC XL 4 Color software and
EXPO32 v.1.2 software (Beckman Coulter), respectively. Gate A was created around
wild-type sized rods using PB103 transformed with pUC18 as a negative control. Gate
B was created around the population of larger cells, presumed to be filamentous, as
determined using PB103 transformed with pSR2 expressing wild-type MinCyg as a
positive control for filamentous cells. The percentage of cells within each gate was
calculated as the percentage of total gated cells within each gate to exclude background
noise and particulate matter. Exact size of filaments could not be ascertained using this
instrument. Each sample was subjected to flow cytometric analysis three times, and a

second set of transformants was likewise analyzed.
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2.6  SDS-PAGE and Western blot analysis

SDS-PAGE was used to determine relative levels of protein expression, the presence of
purified proteins, and for Western blot analysis (to confirm MinCy, expression).
Competent cells of E. coli PB103 were distributed into 50 ul aliquots and were
separately transformed with 2 ul of the following plasmids by heat shock: pUCIS,
pSR2, pPFl, pVG4, pVG6, pVGSE, pVGIO0, pVGIS, pVGI6, pVGLT7, and pVGIS.
Plasmids had been previously prepared by miniprep and concentrations ranged from ~80
ug/ml to ~300 pg/ml. Transformants were prepared for Western blot analysis by
suspension in I ml PBS (pH 7.0). The suspensions were then centrifuged for 5 minutes
at room temperature at 12,000 rpm and the supernatant discarded. The pellet was then
resuspended in 500 ul PBS (pH 7.0) with 100 ul loading buffer (10 ml of loading buffer
contains: 0.5 mL 1 M Tris pH 8.0, I ml 1 M DTT [0.77g DTT in 5 ml sodium acetate
0.01 M (pH 5.2)], 2 ml 10% SDS, 0.01 g bromophenol blue, and 1 ml glycerol and
completed to a final volume of 10 ml with ddH,0). Samples in 600 pl were then boiled
in a 100°C water bath for 10 minutes, centrifuged for 5 minutes at 12,000 rpm at room
temperature to remove cellular debris, and the supernatant collected in a sterile 1.5 ml
microfuge tube and stored at -20°C.

Proteins were separated by sodium dodecy! sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) using the protocol described by Sambrook er al. (1980).
The protein running buffer contained 25 mM Tris base, 250 mM glycine, and 0.5% SDS
for a 5X solution. Prior to loading the samples onto the gels, they were thawed and
boiled for 5 minutes to ensure denaturation. Protein loading was standardized by three

repetitions of densitometric analysis using Alpha Imager 1220 software (version 3.04;
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Alpha Innotech Corporation) and the amount of each sample loaded for the Western blot
analysis was adjusted to equalize protein concentration. Gels contained two phases
including a 5% acrylamide stacking phase and a 12% acrylamide resolving phase.
Proteins were separated using the Mini-PROTEAN II Electrophoresis Cell (Bio-Rad) at
100 volts until the loading buffer ran off the end of the gel. For the densitometric
analysis, proteins were visualized by staining with Coomassie solution as described by
Sambrook er al. (1980). Gels were destained by washing in the same solution in the
absence of Coomassie Blue.

The Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad) was used for the
Western transfer according to the manufacturer’s instructions. Immobilon-P™
membranes (Millipore Corporation, Nepean, ONT) were washed in methanol for 15
seconds then in ddH,0 for 2 minutes prior to equilibration in transfer buffer (Sambrook
et al., 1980) for 15 minutes. The SDS-PAGE gels were similarly washed with transfer
buffer for 15 minutes prior to the transfer to remove salts. The transfers took place for 1
hour at 100 V at room temperature. MinCy; was detected as described by the
instructions of the Immune-Blot® Assay Kit (Bio-Rad) with the exception that 3% skim
milk was used for the blocking solution and antibody buffer instead of gelatin. The
primary antibody, rabbit polyclonal anti-MinCyg, was previously prepared in our
laboratory (Ramirez-Arcos ef al.,, 2001a). Dilutions varying from 1:100 to 1:1000 of the
primary antibody were used depending on the antibody preparation. The secondary
antibody was goat anti-rabbit IgG conjugated to alkaline phosphatase (Bio-Rad) and was
diluted 1:3000. The Atto Phos Plus Kit (JBL Scientific, San Luis Obispo, CA) was used

to develop the blot and results were visualized under UV light after 5 and 30 minute
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exposure intervals. The membrane was photographed using Alpha Imager (Alpha
Innotech Corporation) as described above.

Purified protein samples from the nickel affinity chromatography were diluted to
2 pl sample:800 ul PBS, added to 200 pil loading buffer and boiled for 10 minutes prior
to loading the gel. Western blot analysis was the same as for the samples prepared from

cell lysates.

2.7  Protein purification

MinCy, proteins were purified for circular dichroism analysis of protein structure.
Plasmids pHLCC, pET30aG138D, pET30aG157D, pET30aG164S, pET30aG174ED,
and pET30aCh were transformed by heat shock into E. coli C41(DE3). 500 ml log-phase
cultures (with optical densities at 600 nm [OD 600] greater than 0.4 as determined
spectrophotometrically using the Beckman DU-640B) were induced with 0.4 mM IPTG
for 0.5 h at 37°C with shaking at 250 rpm. Protein purification was completed using the
procedure described by Szeto e al. (2001). Briefly, the cultures were centrifuged in the
Sorvall RC 5C+ centrifuge (Sorvall) at 5000 rpm and the resultant pellet resuspended
with binding buffer [prepared as described by Novagen (2002) and containing 5 mM
imidazole, 0.5 M NaCl, and 20 mM Tris-HCl (pH 7.9)] containing 0.1 mg/ml of
lysozyme (Sigma-Aldrich) and left at room temperature for 30 minutes. Samples were
then sonicated in a Fisher Scientific 60 Sonic Dismembrator (Fisher Scientific) and
centrifuged at 25,000 rpm in a Beckman L8 55M ultracentrifuge (Beckman Coulter) for
20 minutes at 4°C. The lysate was decanted into a polypropylene column (QIAgen) that

had been loaded with Novagen His-Bind Resin and charged with a NiSQOy solution as
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described in the Novagen pET30a System Manual (2002) and allowed to flow by gravity
at a rate of one drop per three seconds. The column was then washed with 30 ml binding
buffer, 30 m! wash buffer (same composition as binding buffer but with 30 mM
imidazole), and eluted with the elution buffer (containing 250 mM imidazole).

Protein concentration was determined by the method of Bradford (Bradford,
1976) using the Bio-Rad Protein Assay Kit II containing 450 ml dye reagent concentrate
and bovine serum albumin (BSA) standard (Bio-Rad). In brief, known concentrations of
BSA were serially diluted and dyed with a Coomassie blue-based reagent to generate a
standard curve on which the unknown could be placed based on optical densities of the
samples. Optical density was determined spectrophotometrically in plastic cuvets using

the Beckman DU-640B.

2.8  Circular dichroism analysis

For purposes of this MinCyg investigation, circular dichroism is used to predict whether
or not the structure of a MinCy, mutant is grossly affected by the introduction of a
mutation. CD spectroscopy was performed by collaborators Dr. J. Wang and D. Fan
(Southern Illinois University) using an AVIV Model 62DS CD specirometer (AVIV
Instruments, Lakewood NJ). A 1 mm path length quartz cell was used and
experimentation took place at 20°C. The temperature of the sample was computer
controlled to within 0.2°C. For the wild-type protein and each mutant, far-UV CD
spectra were recorded at a protein concentration of 0.1-0.2 mg/ml in 10 mM ammonium

bicarbonate buffer. All CD experiments were repeated three times to ensure
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reproducibility. Following the baseline subtraction, the CD data were normalized to the

protein concentration and were expressed as molar ellipticity.

2.9  Gonococcal transformations

N. gonorrhoeae strain F62 was transformed with pVGI12, pVG13, and pVG14 using the
spot transformation ’technique described by Gunn er al. (1996) for use in future
gonococcal Min protein localization experiments. Piliated T2 colonies (Kellogg et al.,
1963) from these strains were selected for all transformations. These colonies were
resuspended to a turbidity of 0.5 using the MacFarland standard in GCMBK broth
(Gunn ez al., 1996). Cells were then diluted 10%, 10°, and 10° times in GCMBK broth
and mixed with 100 ng of plasmid DNA. The mixtures were incubated at 35°C with 5%
CO; for 30 minutes to promote DNA uptake. Mixtures were then spotted onto agar
plates and incubated for 18 hours after which individual colonies were isolated and
subcultured by streaking onto GCMBK agar containing kanamycin. Cultures were
incubated for an additional 18 hours, following which colonies were screened by
cracking and subcultured on GCMBK agar containing kanamycin. Plasmids from these
colonies were purified using the QIAgen HiSpeed Plasmid Midi-prep Kit (QIAgen).
Purified plasmids were screened by PCR amplification of the gfp-containing amplicon
using primer pairs GFP-1/GFP-2 (pVG12), GFP-1/GFP-3 (pVG13), and GFP-4/GFP-3

(pVG14).

2.10  Yeast two-hybrid screening
The yeast two-hybrid system is an assay that enables the determination of

protein-protein interactions (Fields and Song, 1989; Chien er al, 1991). The
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Saccharomyces cerevisiae transcriptional activator GALA is composed of two subunits,
the activation domain (AD) and DNA binding domain (BD). When these units are
brought within close proximity, transcription of lacZ (encoding f3-galactosidase) occurs.
The yeast two-hybrid system elegantly exploits the bipartite nature of this system fo
determine intermolecular protein interactions between suspected and unknown protein
partners. In brief, the gene for the protein of interest is fused to the yeast GALA AD (this
protein is the “bait”) and the protein to be tested (a suspected partner of the bait or
unknown cDNA) is fused to the GAI4 BD in two separate plasmids. These are
transformed into §. cerevisiae, and if protein-protein interaction occurs, transcription of
lacZ will result. Transcription is detected by the colormetric change that occurs when B-
galactosidase enzymatically metabolizes IPTG, a galactose-like substrate, in the
presence of the indicator X-gal. Both liquid and colony lift assays can be employed to
detect and quantify this colour change from white (no interaction) to blue (positive
interaction; Fields and Song, 1989).

To date, our laboratory has been unable to show self-interaction of MinCy, and
interaction of MinCyg with MinDy, using the yeast two-hybrid system (Matchmaker
GALA4 Two-Hybrid System by Clontech) as has been demonstrated in E. coli Min
proteins. Consequently, a chimera containing amino acids 1-99 of E. coli MinC and
amino acids 103-237 of N. gonorrhveae MinC has been constructed and has been shown
to interact with MinDy, (Douglas, 2002; Ramirez-Arcos ef al., 2003; Table 4). In this
study, chimeric MinC containing the E1441 mutation (encoding the protein MinCChgian
in pPF2) was constructed from pPF1 (minCyE1441) and pSRBD-Ch (Ramirez-Arcos ef

al., 2003; Table 2). A 425 bp fragment encoding amino acids 103-237 of minCnE1441
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Table 4. Summary of functionality of MinCy, and MinCh mutants.

Protein Mutation Meorphology in Interaction
E. coli PB103
MinC MinD
MinCg, wild-type Filamentous + +
G135D short rods + -
G154D short rods + -
Glels short rods - +
GI71E short rods weak -
P141A° Filamentous + +
MinCCh wild-type Filamentous - +
G135D short rods NT* -
G154D short rods NT -
G161S short rods NT +
G171E short rods NT -
E1411° Filamentous NT +

a) NT : Not tested. Since a self-interaction of wild-typeMinCCh was not detected, we
did not test self-interactions of the MinCCh mutants

b) These experiments were performed in this study; data from H. Douglas, 2002 and
Ramirez-Arcos et al., 2003



from pPF! was amplified with primer pair CNg-up/min29 containing Spel (NEB) and
BamHI restriction sites at their 53' and 3’ ends, respectively (Table 3). This minCynE1441
fragment was digested and ligated as described above into pSRBD-Ch that had been
previously digested with Spel and BamHI, generating pPF2. Plasmids were purified with
the by miniprep (QIAgen) and integrity and frame of the fusion gene were confirmed by
DNA sequencing.

pGADminCg,C and pGBTminCpC, the C-terminal domain of minCg, fused with
the GALA4 activation and binding domains, were constructed by amplification of from
pSR32 which contains minCg, (Table 2; Ramirez-Arcos ef al., 2003) using primer pair
EcCh-upl/EcMinC-down (Table 3). This amplicon was digested with EcoRI and BamHI
and ligated as above into the similarly digested pGAD4T4 (AD) and pGBT9 (BD).
Recombinant plasmids were confirmed by restriction endonuclease digestion with EcoRI
and BamHI to release the insert and by DNA sequencing.

Plasmids were transformed into S. cerevisiae SFY526, singly as a negative
control, or in pairs to test for protein-protein interactions, using the lithium acetate
(LiAc) method (Clontech, 1999). Double transformants included pPF2 with MinDy; (to
test interactions of the neutral mutation in MinCyg) and pGADMInCgC with
pGADMInCgC (to determine MinCg, termini can self interact). Interactions of the other
MinCy, mutants expressed as chimeras had been previously tested in the laboratory
(Ramirez-Arcos et al., 2003; Table 4). Yeast transformants were assayed for PB-
galactosidase activity, with IPTG as a substrate, using the colony-lift method (Clontech,
1999). Briefly, yeast colonies transformed with one or both plasmids were transferred (o

sterilized filter paper disks, frozen in liquid nitrogen and thawed, and developed
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overnight in Z-buffer {Clontech, 1999) containing the X-gal indicator. Assays were

performed in triplicate, at least twice, for each interaction.

2.11 Protein alignment and modeling

MinC sequences from 36 different prokaryotic microorganisms were obtained
from the National Center for Biotechnology Information (NCBI) web site
(www.ncbi.nlm.nih.gov) and 28 of these sequences were selected representing different
genera (Figure 10). As sequences from different species of the same genus were usually
100% identical, 8 sequences were omitted. Sequences were aligned using Clustal W
software (www.searchlauncher.bcm.tme.edu/multi-align/multi-align.html).

The structures of MinC from Thermotoga maritima (Tm; Cordell et al., 2001)
and MinD from Pyrococcus furiosus (Pf; Hayashi, ef al., 2001) were used as templates
for protein modeling of gonococcal Min proteins. To obtain predicted three-dimensional
(3D) structures of MinCry and MinDypg, the MinCy, and MinDps sequences were
submitted  for  automated  protein  modeling  using  SWISS-MODEL
(www.expasy.org/swissmod/SWISS-MODEL.html). All images were retrieved using
Swiss Viewer PDB. MinDyr has been previously modeled as a dimer using the dimeric
structure of the iron protein NifH (dinitrogenase reductase; Lutkenhaus and
Sundaramoorthy, 2003). A similar approach was employed and MinDp; was
superimposed on NifH to obtain a MinDp; dimer where the exposed «-7 helix was
localized. All hydrophobic amino acids within the helix were localized as being exposed
on the surface or to the interior. The MinDps dimer was aligned with the C-terminus of a

MinCry, monomer in a position where a MinCpp-MinDp interaction might occur
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between the MinDp; o-7 helix and the B/C surface junction of MinCry,. Two views were

analyzed corresponding to a 90° rotation to observe the interaction face of the proteins.
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SULTS
3.1  Mutation of four conserved C-terminus glycines causes loss of MinCy,
functionality
3.1.1 Four conserved glycines are selected for site-directed mutagenesis
Multiple alignment of MinC from 36 prokaryotic species revealed the complete
conservation of five amino acids (Figure 10). These residues correspond to N.
gonorrhoeae R136, G138, G157, G164, and G174. In E. coli, the corresponding glycine
residues are G135, G154, G161, and G171 (Figure 10). Mutagenesis of the conserved
R136 residue was previously performed (Greco, 2001) by introduction of a nonsense
mutation at this codon resulting in a non-functional protein as determined by
morphological analyses. The four conserved glycines were of paramount interest in the
present investigation.

Glycines were radically mutagenized to G136D, G157D, G164S, G174E, and
E144] by IPCR, generating plasmids pVG4, pVG6, pVGS8, pVGIO0, and pPF1 (Table 2).
Radical mutations were expected to have the greatest impact on protein function (Labie
et al., 1990; Mulder er al., 1992). To assay the effect of a radical mutation in a non-
conserved residue, E144 was mutagenized to E1441 generating pPF1. Construction of
one plasmid, pVG8 (G164E), is depicted in Figures 11 and 12. The amplified, linear
product of the IPCR reaction using pSR2 as a template and mutagenic primers
minCG164-1 and minCG164-2 generating pYVG8 is shown Figure 11A. The product is
3,410 bp, the size of the progenitor plasmid pSR2. A sample of the cracking procedure
used to screen transformants is depicted in Figure 11B. Lanes containing a suspected

recombinant plasmid (later named pVG8) include lanes 5 through 10, 14, and 15; the



[

Figure 10: Multiple alignment of the conserved C-terminus of prokaryetic Min(. A:
Multiple alignment of 36 MinC sequences. Ng, N. gonorrhoeae; N, N. meningitidis; Ec,
E. coli; St, 8, flexneri; St, 8. typhi; Yp, Y. pestis; Kp, K. pneumoniae; B, Buchnera; Ve,
V. cholerae;, Xf, X. fastidiosa; Xc, X, campestris, At, A. tumefaciens; Sm, Sinorhizobium;
Bj, Bradyrizobium japonicum; Sy, Synechocistis sp.; Ta, T. elongatus; So, S. oneidensis;
Ml, Mesorhizobium; Pa, P. aeruginosa, Dr, D. radiodurans; Tt, T. tengcongensis, Cp, C.
perfringens; Bs, B. subtilis; Oh, O. iheyensis; Lm, L. monocytogenes; Lp, L. plantarum;
Tm, T. maritima, Hp, H. pylori. Black boxes highlight residues that are completely
conserved while gray boxes show related amino acids. Asterisks indicate the location of
the four conserved glycine residues investigated in the present study. B: Three-
dimensional structure of the C-terminus B-helix of MinC from Thermotoga maritima.
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Figure 11: Inverse PCR and screening of pVG8 (MinCy, with G164D). A:
Amplification of pSR2Z by IPCR. Lane | — 1 kb ladder; lane 2 — linear pVGE. B:
Screening of pVG8 transformants by cracking.
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Figure 12: Screening of pVG8 transformants for introduction of the G164D
mutation. A: minCy, is amplified from cell suspensions of the transformants. Lane 1 -1
kb ladder; lane 2 - amplification of minCyg from pSR2Z (wild-type minCng)
transformants; lanes 3-7 — amplification of minCyg from pVG8 transformants. B: Taglo
digestion of amplicons from (A). Lane 1 — 1 kb ladder; lane 2 and lane 3 — digests of
pVGS clones that are positive for the G164D mutation; lanes 4 to © — digests of negative
pVG8 clones; lane 7 — digest of minCy, from pSR2 (negative control).
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supercoiled 3,410 bp supercoiled plasmid is emphasized with a box. Amplification of
min{ng from cell suspensions of these colonies using primer pair minl0/min29 is shown
in Figure 12A; the resultant amplicon (minCyg) is 720 bp in length. Figure 12B
demonstrates the difference in restriction endonuclease patterns between pVG8 positive
clones (lanes 2 and 3) and negative clones (lanes 4 to 6) when minCy, amplicons from
these clones was digested with Tagla. Digestion with Tagla results in the cleavage of
the G164S mutant minCyg into 490 bp and 230 bp fragments, while the wild-type gene
lacks this site and remains 720 bp. The DNA sequence of the mutated minCy, gene was
obtained for verification of the mutation and fidelity. An example of a site-directed
mutant sequence from pVG8 is shown in Figure 13 in which a glycine residue has been
changed to a serine residue. A section of the DNA sequencing results from pVG8 is

shown in Figure 14.

3.1.2 Conserved glycine residues are mapped to the C-terminus of MinCry

The mutated glycine and control residues were mapped to specific surfaces of the 12-
standed B-barrel of the C-terminus of MinCyy, based on the solved structure by Cordell
et al. (2001). It was found that G138y, G157ng, and G174y, lie on or within close
proximity to the B and C surface junction and that G164y, is located near the A surface
(Figure 15). The non-conserved amino acid E144y, is located on the C face near the A
and C junction. Cordell et al. speculate that the A face is responsible for self-interaction;
it was predicted that A face glycine MinCyg mutant G164S would lose self-interaction.
However, the surface responsible for MinDyg-MinCy, interaction has yet to be

identified.
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Figure 13: Site-directed mutation G164S in minCyy in pVG8. Upper sequence is from
the pSRZ template; lower sequence is from the linear pVGE product containing the
mutation. Nucleotide numbers are indicated and correspond to those of the gene in the
NCBI database.
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Figure 14: Excerpt of the automated DNA sequencing results for pVG8 (G164S).
The complementary strand was sequenced and is illustrated in the 5°-> 3’ orientation.

The mutagenized codon is indicated with a box.
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Figure 15: Location of mutagenized C-terminus residues of MinCy, mapped to the
C-terminus of Thermotoga maritime MinC. 7. maritima structure from Cordell ef al.,
2001. Red arrows indicate the position of the radical glycine mutations in MinCy, and
blue arrows represent the mutation in a non-conserved glutamic acid residue in MinCy,.
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3.1.3 Glycine mutants are non-functional as determined by inability to induce
filamentation in E. coli PB103
Phase contrast microscopy was employed to determine the cellular morphology of the
indicator E. coli strain PB102 when expressing the mutant variants of MinCyg
constructed in this study. Morphology is an indicator of MinCy, functionality since this
protein is heterologously expressed in E. coli and induces filamentation when
overexpressed (Ramirez-Arcos ef al, 2001a). Figure 16’ demonstrates cellular
populations captured at the 100X oil emersion level. Cells that were at least six times the
wild-type length (2-3 pum) were considered filamentous. Ten fields of >100 cells were
for each of the transformants. The negative control transformed with pUC18 (Figure
16A), demonstrated 100% standard-sized short rods (~3 pm in length). These cells were
used to determine a gate (Gate A) around wild-type sized populations of cells in the flow
cytometric analysis (Figure 16A’). In contrast, the positive control transformed with
pSR2 encoding wild-type MinCyg (Figure 16B) was 95.3 + 3.1% filamentous, with the
presence of a few “ghost” (lysed) cells. Gate B was determined using these cells for flow
cytometric analysis (Figure 16B’). Filamentous cells were seen that exceeded 50 um in
length. The neutral E1441 mutant exhibited the characteristics of the positive control,
with 77.6 + 7.6% filamentation (Figure 16C). The corresponding flow cytometry data is
shown in Figure 16C’, in which a large amount of the population of cells are found in
Gate B, corresponding to the filamentous phenotype (see below).

E. coli PB103 cells transformed with plasmids containing the four mutations in
conserved MinCy, glycine residues, pVG4 (G138D), pVG6 (G157D), pVG8 (G1648),

and pVG10 (G174E) retained the characteristics of the wild-type MinCyg-expressing
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Figure 16: Microscopy and flow cytometry of MinCy, controls when expressed in E.
coli PB103. Phase contrast micrographs were taken using 100X cil immersion objective.
A: pUCI18 transformant exhibits wild-type cellular morphology. B: Division inhibition
due to overexpression of wild type MinCy, from pSRZ2 results in extreme filamentation.
C: Mutation in non-conserved MinCy, E1441 residue does not inhibit division inhibition
function of this protein as demonstrated by filamentation. A’- C’: Flow cytometric scatter
graphs corresponding to each MinCyg control. Gate A represents wild-type sized cells and
Gate B represents filamentous cells.
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cells (Figures 17 and 18). The GI38D (Figure 17A) and GI157D (Figure 17B)
transformants comprised exclusively short rods as well as the presence of lysed cells
(examples are indicated with boxes). Lysed cells are ruptured and devoid of cellular
contents; these are also known as ghost cells. Non-lysed cells exhibited a typical length
of 3 to 6 um. Some lysed cells were elongated (~6 to 10 um in length). Inclusion bodies
were also present in these two transformants. Corresponding flow cytometry scatter
graphs are shown in Figures 17A’ and 17B’, in which it is evident that the majority of
the cells are gated as wild-type sized. The remaining two mutants, G164S and G174E
(Figures 18A and 18B, respectively) were comprised heterogeneously of short rods (~2
to 3 pum in length). Flow cytometric scatter graphs show that the both mutants are gated
in the wild-type GateA (Figure 18A’ and 18B’). The population size dynamics were

studied more intensely using flow cytometric technology.

3.1.4 Glycine mutants are unable to induce filamentation in E. coli PB103 as
determined by flow cytometry.

Flow cytometry was employed in this study to discriminate between different
populations of cells based on size. Filaments appear in a different population than wild-
type sized rods when sorted using this technique. Figure 19 depicts the percent of
filamentation of the E. coli PB103 transformants as assessed using this method.

The wild-type MinCy, transformants (pSR2) induced the highest amount of
filamentation (87.81 + 13.61%) with only the E1441 mutation (pPF1) being comparable
to this extent of filamentation (64.5 + 14.84%). All MinCy, mutants with mutations in

conserved glycine residues exhibited little or no filamentation (>0.15%), similar to the
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Figure 17: Microscopy and flow cytometiry of the GI38D and GISTD MinCy,
mutants expressed in E.coli PB103. Phase contrast micrographs were taken using 100X
oil immersion objective. A: Microscopy of G138D mutant; B: G157D mutant. Both
mutants exhibit normal cellular morphology. Examples of ghost cells present in the
G138D and G157D mutants are indicated with a box. A’and B’: Flow cytometric scatter
graphs corresponding to each MinCy, mutant. Gate A represents wild-type sized cells and
Gate B represents filamentous cells.
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Figure 18: Microscopy and flow cytometry of the G164S and G174E MinGCy,
mutants expressed in E.coli PB103. Phase contrast micrographs were taken using 100X
oil immersion objective, A: Microscopy of G164S mutant; B: G174E mutant. Both
mutants exhibit normal cellular morphology. A’and B’: Flow cytometric scatter graphs
corresponding to each MinCyg mutant. Gate A represents wild-type sized cells and Gate
B represents filamentous cells.
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Figure 19: Flow cytometric analysis of MinCy, mutants expressed in E. coli PB103,
Data is shown with a standard deviation that is almost imperceptible in some mutants.
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pUCI18 negative controls (0.0%, used to establish Gate A, the wild-type morphological
population). The glycine mutants and pUCI8 transformants were uniform in population
size and were grouped almost exclusively into Gate A, whereas various sizes of
filaments were detected for the pSR2 (wild-type MinCyg, positive control) and pPFl
(neutral mutant) transformants. Some filaments were detected outside of Gate A, but not
within Gate B, the limit set for the detection of filamentous cells, so it is possible that
more aberrantly-sized cells were present within these populations that were not detected
due to abnormal size. These results substantiate the above findings that MinCyg is non-
functional as a cell division inhibitor when conserved glycine residues are radically

altered.

3.1.5 MinCy,; mutants are expressed in E. coli PB103

Western blot analysis was performed to ensure that the mutant MinCy, proteins were
being expressed in PB103. Western blots were performed in triplicate; an example of
one such blot is shown in Figure 20. All mutants, including the four glycine mutants, the
neutral mutant, and the chimera containing the neutral mutation (for use in yeast two-
hybrid analyses) were expressed. Trace amounts of wild-type MinCg; were detected
from pUCI8 transformants (lane 1); levels of wild-type MinCyg were ~ 1.8 fold higher
(lane 2). The glycine mutants G138D (lane 3) and G164S (lane 5) were expressed with
the similar abundance as wild-type MinCy; from pSR2 (lane 2). The G157D mutant
(lane 3) was expressed at levels 25 % greater than wild-type MinCy,. Additionally, the
migration of this mutant was retarded on the SDS-PAGE gel as compared to wild-type
MinCyg and the other glycine mutants. The G174E mutant protein expression was

reduced 33% as compared to wild-type MinCyg. The E1441 and MinCChgi4; mutants
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Figure 20: Mutant MinCy, is expressed in E. coli PB103 as determined by Western
blot analysis. A: Lane 1- pUCI8 transformant (negative control}; lane 2 - MinCy, from
pSR2 transformant {(positive control); lane 3 - MinCy, G138D mutant; lane 4 - MinCy,
G157D mutant; lane 5 - MﬁnCNg (1648 mutant; lane 6 - MinCNg G1174E mutant. Note
the overexpression of the G157D mutant and the retarded migration due to replacement
of an aliphatic residue by a charged residue. B: Lane 1 - MinCy, (positive control); lane 2
- MinCy, E1441 mutant; lane 3 - MinCCh E1441 mutant.






(Figure 20B, lanes 2 and 3, respectively) were not expressed to the same extent as the
wild-type protein; they were expressed at levels ~2.0 fold less than the wild-type
MinCy, protein. Despite reduced expression as compared to wild-type MinCy, from
pSR2, the E1441 mutant was still capable of inducing filamentation in E. coli PB103
(Figure 16C) whereas the conserved glycine mutants MinCyg were not (Figures 17 and
18). This phenomenon indicates the complete non-functionality of the conserved glycine

mutants as inhibitors of cell division,

3.2 Neutral MinCy, chimeric mutant retains interaction with MinDg,

Since MinCyg and MinDyg have not been demonstrated to interact using the yeast two-
hybrid system, chimeric MinC containing the N-terminal region and linker of MinCg,
(amino acids 1-99) and the C-terminal region of MinCy, (amino acids 103-237) was
constructed (MinCCh; Ramirez-Arcos er al., 2003). Interactions of this chimera and
chimeras containing mutations in conserved glycine residues have been previously
performed in our laboratory (Table 4). The neutral mutation was not previously
examined, therefore MinCCh containing the E1441 mutation (MinCChgjs) was
constructed and ligated in frame with the yeast GALA activation domain (pPF2) for
yeast two-hybrid analysis. MinCCh does not self interact, therefore the interaction
between MinCChg;4:; and MinCCh was not tested. Interaction between the MinCChgisn
and MinDyg was tested by co-transforming yeast with both the MinCChg;41/AD fusion
and the MinDn/BD fusions (plasmids pPF2 and pGBT9minD, respectively) and
performing the colony lift assays. When single transformation of pPF2 alone was
performed, no interaction was detected since all transferred colonies were white (Figure

21A). This was the anticipated negative reaction from this control. However, when the
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Figure 21: Chimeric MinC with the E1441 mutation maintains interaction with
MinDyg. A: pGADMinCyy MinCyg) + pPF2 (MinCChgisar); B: pGADMinDyg and
pPF2.
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two plasmids were co-transformed, all blue colonies were present, indicating the
interaction of MinCChg;4;y with MinDyg (Figure 21B), which is the case with MinCCh

(Table 4). Experiments were performed in triplicate to confirm these data.

3.3 MinCyg is purified at high concentration from E. coli C41

Plasmids containing MinCy, and mutant variants fused to a 6X His tag were transformed
into the expression strain E. coli C41 and assayed to determine in which cell fraction
MinCyg was expressed (Figure 22A). C41 is used as an expression strain as it encodes
the T7 RNA polymerase under control of a galactose-inducible promoter; pET30a fusion
genes are transcribed by the T7 polymerase. This system is ideal for protein expression
since fusion proteins are not expressed in the strains used for cloning (which reduces
toxicity in cloning strains), and the galactose-sensitive nature of the system enables tight
control over gene expression. The majority of the MinCyg was determined to be located
in the insoluble fraction of induced C41 cultures (Figure 22A, lane 5; MinCyy is
indicated with an arrow). Utilizing this information, a protocol was developed for the
purification of MinCyg. MinCyg was optimally eluted at 250 mM imidazole following
extensive washing of the affinity column (see Materials and Methods). Wild-type and
glycine mutant MinCy, proteins were purified in high yield (in quantities in excess of 10
ug/mi) as shown in Figure 22B. Bradford analysis was used to determine protein
conceniration; a sample Bradford curve used in the determination of a wild-type MinCy,
sample is shown in Figure 23 in which 10.8 pg/ml purified protein was recovered.

MinCCh was also purified in high vield using the same methodologies as were employed
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Figure 22: Nickel affinity column purification of MinCy; and mutant MinCy,
proteins. A: MinCyg is determined to be in the insoluble protein fraction. Lanel —
molecular weight marker; lane 2 — pre-induction soluble fraction; lane 3 — pre-induction
insoluble fraction; lane 4 — post-induction soluble fraction; lane 5 — post-induction
insoluble fraction. MinCy;g is determined to be most abundant in the induced insoluble
fraction and is indicated with an arrow. B: MinCyg mutants are purified. Lane 1 —
molecular weight marker; lane 2 — G138D mutant; lane 3 — GI157D mutant; lane 4 —
G164S mutant; lane 5 — G174E mutant; lane 6 — wild type MinCy,. C: Purification of
E1441 MinCy, mutant. Lane 1 — molecular weight marker; lane 2 — cell lysate; lane 3 -
100 mM imidazole eluted fraction; lane 4 — 250 mM imidazole eluted fraction.
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Figure 23: Determination of wild-type MinCy, protein concentration using the
Bradford assay. Concentration of MinCyy, is marked with an “x”.
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for the wild-type and mutant MinCy, samples (Figure 22C). Purified protein was

subsequently used for circular dichroism analysis.

3.4 Circular dichroism analysis reveals that the MinCy, structure is preserved in
the glycine mutants

Far-UV circular dichroism spectra indicated that all four of the MinCy, glycine mutanis
retained their structure as compared to the wild-type MinCyg (Figure 24). The calculated
a-helix contents of wild-type, mutants G138D, G157D, G164S and G174E were 53.6%,
54.3%, 52.8%, 54.1%, and 54.4%, respectively. These data confirm that the overall
secondary structure of the MinCy; mutants was conserved. MinCCh (MinCEcl'
99MinCNgm'm) was also analyzed and was determined to be similar to wild-type
MinCyg in structure (Figure 25). Spectra differed slightly as three amino acids from the
flexible linker of MinCg, were deleted in this protein. Additionally, three-dimensional
analysis of the chimera using the protein modeling software SWISS-MODEL showed
that an additional B-sheet appears near the beginning of the C-terminal domain,
increasing the size of the 8-helix. These studies demonstrate that structure of MinCyg
mutants is conserved and that abrogation of function due to mutation is not a result of
protein misfolding or structural deficiency or change and that MinCCh is structurally

similar enough to MinCyg to be useful for protein-protein interaction studies.
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Figure 24: Circular dichroism spectra of four conserved glycine MinCy, mutants.
Far UV circular dichroism spectra indicated that all of the single glycine mutations did
not change the overall secondary structure of MinCy,. The calculated a-helix contents of
the wild type, mutants G138D, G157D, G164S, and G174E are 53.6%, 54.3%, 52.8%,
54.1%, and 54.4%, respectively. Wavelength is measured in nm. All samples were
dissolved in 10 mM ammonium bicarbonate buffer and all measurements were made at
20°C.
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Figure 25: Circular dichroism spectra of chimeric MinC. Far UV circular dichroism
spectra indicated that the chimera has the same overall secondary structure as MinCy,.
All samples were dissolved in 10 mM ammonium bicarbonate buffer and all
measurements were made at 20°C.
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3.5  The N-terminus of MinCyg is essential for inhibition of cell division

3.5.1 Disruption of o-helical structural metifs in the N-terminus of MinCy, result
in loss of protein function

N-termini of MinC proteins are not conserved across species as determined by multiple
alignment analysis (Ramirez-Arcos et al., 2001a; Figure 10), but structural motifs, two
o-helices in particular, are preserved and are thus expected to be integral to protein
function. The N-terminal domain of MinCg, interacts with FtsZ (Hu and Lutkenhaus,
2000) to promote FtsZp, polymer destabilization (Hu et al., 1999). It thus suspected that
alteration of the N-terminus of MinCy, will lead to abrogation of MinCyg function by
annihilating this interaction. It has been demonstrated that proline disrupts o-helices and
subsequently abrogates or alters protein function (Marin et al., 2002; Nilsson ez al.,
1998). Alteration of the helices by inserting proline, a helix-disrupting amino acid, in
place of leucine, a aliphatic residue, was performed in the L35P and L68P mutants
encoded by pVG15 and pVGI6, respectively. Division inhibition was impaired in both
of these mutants as indicated by inability to induce filamentation when over-expressed
in E. coli PB103 (Figure 26). The L35P mutant was characterized by the presence of
elongated rods (~10 to 15 um) accounting for 50.7 + 7.0% of the population (Figure
26A). The L68P mutant exhibited longer filaments (~30 to 50 um) accounting for 34.0 +
8.0% of the population (Figure 26B). These mutations were not sufficient to completely
render MinCyg inactive as demonstrated morphologically by the presence of filaments.

Ten fields containing a minimum of 100 cells were examined.



Figure 26: Microscopy of N-terminus site-directed and truncated MinCy, mutants.
Phase contrast micrographs were taken using 100X oil immersion objective. A: L35P
mutant demonstrates some ability to induce filamentation, as does the L68P mutant (B).
C: 10aa truncated MinCy, mutant induces filamentation. D: 13aa truncated mutant loses
ability to function as a division inhibitor by failing to induce filamentation.






3.5.2 The 13" amino acid of MinCy, is critical to protein function

The minC19 mutation in E. coli (G10D) renders MinCg. non-functional (Labie ef al,
1990; Table 1). The corresponding residue is the 13" amino acid of MinCyg, and it was
thus speculated that this residue would be critical to protein function. Truncations at this
site (pVG17) and at the 10™ amino acid (pV(G18) were constructed to determine how
much of the N-terminus is necessary for protein function, and E. coli PB103 was
transformed with these truncated mutants (Figure 26). The 10 aa truncation retained its
functionality as 99.3 + 1.2% of cells were filamentous (Figure 26C) and the phenotype
was indistinguishable from that of the pSR2 (wild-type MinCyg) transformants. In
contrast, the 13 aa truncation was completely non-functional, as no filaments were
present in the transformant cell population (0.0% filamentous; Figure 26D) and the

phenotype was comparable by microscopy to the negative control pUC18 transformants.

3.5.3 MinCy,; 10 aa-truncated mutant retains ability to induce filamentation as
determined by flow cytometry

Flow cytometry was employed to determine the percent filamentation of large numbers
of transformend cells as was performed for the C-terminus glycine mutants (Figure 27).
The 10 aa truncated mutant was virtually indistinguishable from the wild-type MinChy,-
transformed celis (80.5 + 3.5% and 82.0 + 2.8% of the population, respectively), while
the L35P and L68P retained some protein functionality (19.5 + 3.5% and 28.5 + 6.4% of
the population, respectively). The pUCI8 negative control demonstrated 13.5 + 4.9%
filamentation; conservative gating did not encompass larger-sized pUCI18 transformants,
causing some larger cells to be counted as small filaments. The 13 aa truncated mutant

only demonstrated 13.5 + 2.1% filamentation, indicating abrogation of protein function
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Figure 27: Flow cytometric analysis of N-terminus MinCy, mutants, Only the 10 aa
truncated mutani retains full ability to inhibit cell division resulting in the filamentous
phenotype.
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and confirming the findings of the microscopic analysis as this amount of filamentation
is comparable to the pUC18 negative control. Flow cytomeiric analysis more accurately
reflects the morphology of transformant cell populations than microscopy due to the

large number of celis examined (100,000 celis per trial).

3.5.4 N-terminus truncations and mutants are expressed in E. coli PB103

Western blot assays were performed to ensure expression of the mutant and truncated
constructs in E. coli PB103 (Figure 28). All proteins were expressed to the same extent
as wild-type MinCy, from pSR2 with the exception of pVG17, the 10 aa mutant, which
was over expressed by ~ 30 % as determined by densitometric analysis (Figure 28, lane
5). Migration of this protein was also slightly retarded. Wild-type MinCg; was barely
detectable (Figure 28, lane 1). MinCy, degradation products can be seen at the bottom of

the lanes. Western analysis was performed in triplicate.

3.6 MinCyg. C-termini self interact but lose interaction with MinDg,

Future experimentation to assay the protein-protein interactions of N-terminus MinCyg
mutants will require the use of chimeric proteins with the N-terminus of MinCy, and the
C-terminus of MinCg. To determine if the C-termini alone are capable of self-
interaction and interaction with MinDg., pPGADMInCg C and pGBTMinCgC yeast two-
hybrid vectors were constructed with the C-terminus of MinCg, fused to the GALA
activation and binding domains, respectively. The colony lift assay was performed in
triplicate, and it was shown that the C-termini of MinCg, lost interaction with MinDxg,
but retained self interaction (data not shown). Single transformants of each construct

were used as negative controls and did not display any interaction (data not shown).
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Figure 28: N-terminus MinCy, mutants are expressed in E. coli PB103 as
determined by Western blot analysis. Lane 1 - pUCI18 negative control; lane 2 -MinCy,
positive control; lane 3 - MinCy, with L35P mutation; lane 4 - MinCy, with L68P
mutation; lane 5 - MinCNg with 10aa truncation from the N-terminus; lane 6 - MinCNg
with 13aa truncation from the N-terminus. Note the overexpression of the 10aa truncated
mutant pVG17.
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These data indicate that a chimeric MinC containing the N-terminus of MinCyg and the
C-terminus of MinCg, could be used to determine if mutations in the N-terminal region

of MinCyg have any effect on interaction with MinDyg,.

3.7  Construction of gfp-minCng and gst-minCyg fusion vectors

Additional constructs for future studies were prepared during the duration of this study
including GFP-MinCyg, GFP-MinDEng, and MinDEn,-GFP encoding-constructs for
protein localization in the N. gonorrhoeae and a GST-MinCyg encoding-construct for
use in immunoprecipitation and GST-pulldown assays to elucidate protein-protein
interactions of MinCy,. Figure 29A schematically represents the pVG12 construct, gfp-
minCyg cloned into the low copy-number shuttle vector pFP20. Figure 29B depicts
pVAL2, the gst-minCyg fusion vector based constructed from pGEX 4T-3 (Table 2).

N. gonorrhoeae strain F62 was transformed with pVG12, pVG13, and pVGl4
(containing gfp-minCyyg, gfp-minDEyng, and minDEng-gfp, respectively). Transformation
was confirmed by recovery of plasmid DNA from transformants by miniprep and PCR
amplification of the fusion genes. These constructs and transformants will consequently

be available for study by our laboratory.
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Figure 29: Schematic representation of pVAL2 and pVGI12 vectors. A: pVALZ is
derived from pGEX 4T3 and will be used in GST pull down assays 1o detect protein-
protein interactions of MinCy,. B: pVGI2 is a derivative of pFP20 and will be used for
fluorescence microscopy localization studies.



SON

oouanbas
ayeldn

8

Noyugu- 3,10

zzeagd uo




ISCUSSION

41  Conserved glycine residues in the C-terminus of MinCy, are essential for
protein function.

This research has demonstrated the necessity of conserved glycine residues of
MinCyg for protein functionality as an inhibitor of cell division. Replacement of these
completely conserved glycine residues, G138, G157, G164, or G174, resulted in a
protein that was non-functional as an inhibitor of cell division (i.e. could not induce
filamentation) as determined by both microscopic and flow cytometric analyses. Due to
the interspecies conservation of these glycines, these data can be extended to encompass
MinC protein functionality in different bacterial species. Our laboratory has recently
substantiated the involvement of these glycines in intermolecular interactions between
MinCg, and MinDg, and itself (Ramirez-Arcos ez al., 2003). Circular dichroism analysis
confirmed that abrogation of protein function resulted from the glycine substitutions and
not from protein misfolding or alteration of secondary structure, implicating glycine as a
critical amino acid involved in protein function. Together, these data present a
comprehensive analysis of essential, conserved residues in the C-terminus of MinC that

are imperative to protein function.

4.1.1 FKlow cytometry as a tool for morphological analysis

This research employed flow cytometry to discriminate and gquantify bacterial
populations based on size. In the present study, filamentous cells were distinguished
from short rods using novel flow cytometric protocol as an indicator of MinCyg

functionality. Flow cytometry has been shown to be an accurate and precise alternative
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to the guantification of bacterial populations using microscopy alone (Bouvier ef al,
2001); up to 100,000 cells were quantified per experiment in the present study. Dr.
Ramirez-Arcos and I designed a protocol for the quantification of microorganisms using
flow cytometry based on size discrimination; previously, the small size of bacterial cells
was considered an impediment to morphological analysis and cells were only studied
using flow cytometry when they were sorted by fluorescent signal (Winson et al., 2000).
In the present research, flow cytometry was used to accurately and quantitatively
corroborate the data obtained microscopically regarding the size of bacterial cells as an
indicator of MinCyg functionality and has proven to be an asset to this field of research.
Correlation between the flow cytometric and microscopic data was good, and the flow
cytometric analysis provided the means to assess vast numbers of cells, a limitation of
microscopic techniques. Microscopic morphological data is subjective, whereas flow
cytometry is capable of discriminating distinct populations of different-sized cells. The
limitation of flow cytometry is that it is not possible to determine the actual size range of
cells within a particular gated population, and gates are determined by the researcher and
are arbitrary once established. However, taken together, microscopic and flow
cytometric analysis accurately demonstrated the function of MinCy, and mutant variants
of this protein by indicating the presence of filamentous cells among transformant

populations.

412 The GIS7D MinCy, protein exhibits increased accumulation when
expressed in E. coli PB103
All of the MinCy, glycine mutant proteins were expressed at similar levels to the wild-

type MinCy, from pSR2 with the exception of the G157D mutant (Figure 20A).

60



Although all four of the radical glycine mutants of MinCy, are non-functional, it is
interesting to observe the extreme accumulation of the G157D MinCy, (Figure 204,
lane 3). The complete non-functionality of this protein as a division inhibitor is evident
by its inability to induce filamentation despite its extreme abundance. One explanation
for the increased accumulation of the G157D MinCyg protein is that the choice of amino
acid substitution, an aspartic acid residue, conferred increased stability to this mutant. It
has recently been demonstrated that substitution of various amino acids for aspartic acid
results in increased protein stability and reduced susceptibility to catalysis as
demonstrated by the D-»N,E,Q mutations in human 8-oxyguanine glycosylase and the
D->N mutation in mouse cathepsin D proteins (Norman ef al., 2003 and Partanen ef al.,
2003, respectively). Additionally, halophilic archaea contain a high proportion of
aspartic acid residues in most proteins (irrespective of function) to confer stability, and
thermophilic bacteria also employ many acidic and basic residues in their proteins to
confer thermostability (Fukuchi ef al., 2003). Aspartic acid has also been demonstrated
to form salt bridges that confer protein stability (Speare et al., 2003); since MinCyg
contains other aspartic acid residues, including a conserved aspartic acid at position 136,
it is possible that these inter-residue interactions could occur to confer increased stability
to this protein. It is thus possible that the addition of an aspartic acid residue at a
conserved position of MinCy;, has the dual effect of abrogation of protein function based
on the location of the mutation and increased stability due to the unique properties of
this amino acid.

Alternatively, it is possible that this protein is less susceptible to proteases since
more of the protein has accumulated as evident from the Western analysis and the

presence of inclusion bodies (Figure 17B) and it has been demonstrated that alteration of
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C-terminus residues of MinCg, results in alteration of protease susceptibility (Sen and
Rothfield, 1998). It is thus possible that alteration of this key residue not only abrogates
protein function but might also reduce susceptibility to proteases. Since the lacZ
promoter from pUCIS is utilized in all constructs for transcription of the minCy, genes,
it is unlikely that the extreme overexpression observed with this mutant occurs at the
level of transcriptional control. This study has led to the speculation that much
regulation of MinCy, (and other MinC proteins) might occur at the level of protein
stability and degradation. To ascertain whether or not this particular mutant is more
susceptible to proteolytic degradation by the Lon protease, wild-type MinCyg and
G157D MinCx, constructs can be transformed into both Lon+ and Lon- strains of E. coli
and detected using Western blot protocol. Alternatively, nickel-affinity purified proteins
can be subjected to various proteases, including the Lon protease, in vifro and then
detected by Western blot.

The other MinCy, glycine mutants, G138D, G164S, and G174E, were expressed
at similar levels as wild-type MinCy, and were all non-functional as division inhibitors.
Since wild-type MinCyg; was capable of inhibiting cell division as determined flow
cytometrically and microscopically by the ability to induce filamentation, it is evident
that these mutant’s non-functionality can be attributed to mutation and not low
expression levels. Interestingly, the E1441 mutant that contained a radical mutation in 2
non-conserved residue retained its ability to inhibit cell division despite its low
expression as compared to wild-type MinCy, expressed from pSR2 (Figure 20B, lane 2).
Low abundance of this protein likely occurs due to mutational interference with C-
terminus stability elements (Sen and Rothfield, 1998). Moderate overexpression of this

protein is capable of causing the filamentous phenotype by preventing cell division. The
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retention of function of this protein indicates the necessity of the conserved glycine
residues, as compared to non-conserved residues, to MinCy, functionality as a division

inhibitor.

4.1.3 MinCy; GI138D and G157D protein accumulation results in inclusion
formation in E. coli PB103.

In the case of both the MinCyy G138D and G157D mutants, inclusion bodies were
present and ghost (lysed) cells were found concomitantly (~10 % of the total cell
population) with these inclusions. Inclusion bodies result from the accumulation of
misfolded and aggregated proteins (Carrio and Villaverde, 2003). To reduce inclusion
formation, it has been suggested that the temperature of bacterial cultures
overexpressing a particular protein be lowered from 37°C to 30°C or room temperature;
this maneuver has been determined to solublize inclusion proteins and has also been
demonstrated to increase activity of certain proteins (Chalmers et al., 1990; Kato and
Asano, 2003). In these experiments, no change in inclusion formation was detected by
changing growth conditions (temperature and agitation speed) of the bacterial cultures
overexpressing MinCy, (data not shown). Interestingly, both mutants that formed
inclusions were G=>D mutants and, as aforementioned, aspartic acid has been implicated
in intra- and intermolecular protein interactions and stability (Speare ef al., 2003). Ergo,
it is possible that due to the aspartic acid content of these mutants the resultant MinCyg
protein is less soluble, more stable, and tends to aggregate when overexpressed.
Microscopy of these mutants demonstrated that the cells were overburdened by these

inclusions and they might have contributed to cell lysis.
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4.1.4. Radical mutation of a non-conserved residue in MinCx; has no impact on
protein function

Mutation of a conserved residue, E144, was selected to demonstrate the significance of
the conserved glycines and illustrate that not every residue in the C-terminus of MinCr,
is critical for protein function. E144 has been mapped to the C/A junction of MinC, and
radical alteration from E->1 was anticipated to increase the hydrophobicity of this
portion of the helix. If this residue was critical to protein function, this alteration should
exert some effect on protein structure and/or functionality. However, no changes in
MinCy, function were detected with this mutation. Despite only moderate
overexpression of this protein in E. coli PB103, it retained its ability to function as a
division inhibitor, indicating the importance of the conserved MinCy, glycine residues to

protein function.

4.1.5 Homologous mutations in MinCg, result in loss of protein-protein
interactions

In concert with the present study, the role of conserved glycine residues was examined
in MinCg.. Mutant variants of MinCyg, (G135D, G154D, G1618, and G171E) were
constructed in the laboratory in parallel to the research presented in this study to confirm
the importance of these residues across species. A neutral mutation in a non-conserved
amino acid, P141A, was also constructed as a negative control. The selected residues
correspond to MinCy, residues G138, G157, G164, G174, and E144, respectively. Using
microscopic and flow cyiometric techniques to assess the morphology of transformants
containing plasmids bearing these mutations in MinCg, it was determined that only the

neutral mutant (P141A, corresponding to E1441 in MinCy,) retained function as a
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division inhibitor as observed by the inability of the conserved glycine mutants to induce
filamentation. These data corroborate the findings of the present study and implicate
conserved glycines as being critical to MinC protein function across species.

Protein-protein interaction of these parallel MinCg; mutants was determined by
yeast two-hybrid analysis and results are shown in Table 4. The G135D, G154D, and
G171E mutants all lost interaction with MinDg, but retained interaction with MinCEc,
while the G1618 mutant interacted with MinDg, but lost self-interaction. Chimeric MinC
(MinCCh) containing the N-terminus of MinCg; (amino acids 1 to 99) C-terminus of
MinCy, (amino acids 103 to 237) was mutagenized to determine protein-protein
interactions between MinCCh containing the gonococcal glycine mutations and MinDg,
(Douglas, 2002; Ramirez-Arcos et al., 2003). MinCCCh confers stability to MinCy, in
yeast and has enabled examination of gonococcal Min proteins using the yeast two-
hybrid system. MinCCh has demonstrated interaction with MinDg, (Ramirez-Arcos et
al., 2002, Ramirez-Arcos et al., 2003, this study; Table 4). Since MinCCh does not self-
interact, only interactions with MinDn, can be assayed using this system. The present
study contributed the analysis of the mutation in a non-conserved residue, MinCy,g E1441
(corresponding to MinCChgyay); alteration of this residue did not affect the ability of
MinCCh to interact with MinDg, (Table 4).

The G135D, G154D, and G171E mutants of MinCCh (corresponding to MinCy,
mutants G138D, G157D, and G174E) all lost interaction with MinDyg, (Ramirez-Arcos
et al., 2003). The G161S mutant (corresponding to the MinCy, G164S mutant)
maintained interaction with MinDg, (Ramirez-Arcos ef af., 2003). Mapping of these
mutations to the structure of 7. maritima (Figure 15) show that the residues responsible

for self-interaction lie on the A-face (G164 in MinCyy), as predicted by Cordell ef al.
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{2001), and the residues responsible for MinD interaction lie on the B/C face junction
and on the C-face (G138, G157, and G174 in MinCyy), a novel discovery in the
determination of Min protein interactions. The neutral mutation in the chimera cannot be
tested for self-interaction, but the equivalent MinCp, mutant (P141A) did not lose
interaction with MinDg, and maps to the A/C junction, demonstrating that conservation
of these residues is not paramount to protein function and that this region is not as
critical as the more highly conserved areas. Together, these data demonstrate the
significance of the glycine residues 1o protein function and intramolecular interactions in
MinCg, and in MinCy, Due to the completely conserved nature of these glycine

residues across species, this observation can be extended to MinC proteins in general.

4.1.6 Protein modeling predicts the location of MinCng-MinDy, interaction

Protein modeling was used to predict the protein-protein interactions of MinCy, with
MinDy;, based on the three-dimensional structures of MinCry, (Cordell et 4l., 2001) and
MinDps (from Pyrococcus furiosus; Hayashi et al., 2001). Predicted interaction of MinC
with MinD is depicted in Figure 30. This model shows that the junction between the B
and C surfaces of the MinC C-terminus, which contains the conserved glycines, would
be exposed and might be available to directly interact with the o-7 helix of MinD, a
structural motif that has been previously implicated in interaction with MinC (Hayashi ef
al., 2001). In the present model, part of the u-7 helix of the MinDpr dimer is exposed and
would be available for interaction with MinC. MinDp¢ contains three hydrophobic amino
acids in the a-7 helix, 1148, M152, and 1156, and these residues would be surface-

exposed once a2 MinD dimer has been formed. However, multiple sequence alignment of
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Figure 30: Meodel of MinC-MinD interaction using the solved structures of
Thermotoga maritima MinC and Pyrococcus furiosus MinD. A: The MinD monomers
in the MinDp¢dimer are blue and green, while MinCry, is white. The -7 helix of MinDyp¢
is shown in yellow with the exposed residues L1148, M152, and 1156 highlighted in pink.
The conserved glycines in MinCq, (G111, G129, and G146) are shown in red. The
putative zone of interaction is enclosed in a white square and hydrophobic interactions
are represented by pointed yellow lines. B: Magnification showing the zone of MinCry,
and MinDpr interaction. Exposed residues are labeled in pink in the o-helix of MinDps
and in red in the B-sheet of MinCry,.
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MinD has shown that only L148 and 1156 of MinDp¢consistently have aliphatic residues
conserved at these positions. Residues aligned to L148 are typically valines or
isoleucines, while those aligned to 1156 are glycines, including MinDy, and MinDg,.
Hydrophobic interactions between these amino acids and conserved glycines in MinCry,
(G111 and G129) could subsequently occur and be responsible for the intermolecular
interactions of these proteins.

Mutations in amino acids Si46 and D150 of MinDps and their homologues in
MinDg,, which are part of the -7 helix of MinD, have been shown to be involved in
MinC-MinD interaction since mutation abrogates MinCg,-MinDg, interaction (Hayashi
et al., 2001). In our model, this would enable the MinC-MinD complex formation. These
interactions would account for the stabilization of the MinD-ATP-MinC complex that
has been proposed to occur in the cytoplasm and be essential to inhibit ATPase activity
of MinD before it reaches the cell membrane (Lutkenhaus and Sundaramoorthy, 2003;
Ramirez-Arcos ef al.,, 2003). This model could be experimentally proven by solving the
structure of a MinC-MinD complex using X-ray crystallography or nuclear magnetic

resonance analysis.

4.1.77 Possible roles of conserved glycine residues in MinCyg in intermolecular
interactions

Both the conserved position of the glycine residues in the C-terminus of MinCy, and the
biochemistry of the glycine residue are critical to their impact on protein function in
MinCy,. Dogovski ef al. (2003) recently demonstrated a correlation between glycine

conservation and biological importance in the phenylalanine and tyrosine transporter

67



PheP protein in E. coli. Glycine is a principal component of the B-sheet, a protein
secondary structural motif, and confers flexibility due to the nature of its small side
chain consisting of a sole hydrogen atom (Dogovski er al., 2003). It is the only non-
chiral amino acid (i.e. does not have four different molecular groups attached to the
central carbon; has hydrogen as a side chain) and glycine content is subsequently
extremely important for local flexibility in the protein (available online at

www.whatislife.com/reader/protein/vretein.huml). B-sheets are proline- and glycine-rich,

and these residues appear frequently at the B-turns, which must be flexible to confer this
structure on the peptide sequence (Alix, 2001). The residues in the turn are stabilized by
their ability to hydrogen bond (Alix, 2001).

The mutagenized glycine residues in MinCy, in the present study occur at the p-
helix surface junctions where a f-turn is present (Figure 12). Reduced stability through
loss of hydrogen bonding and protein rigidity likely contribute to loss of MinCyg mutant
function. Since the C-terminus of MinC is comprised of a B-sheet that forms a helix, it is
understandable that glycine residues are not only important for B-sheet formation but
also for the structure of the helix itself. Conserved glycine residues within c-helices
have also been recently demonstrated to be integral to helix capping, helix flexibility,
and mediation of helix-helix interactions (Dogovski er al., 2003), all of which seem to be
congruent with the role of the conserved glycines of MinChg.

Flexibility is essential for intermolecular interactions. MinCg, has been
demonstrated to interact with MinDg, FtsZg,, DicBg, and itself (Hu ef al., 1999; Hu and
Lutkenhaus, 2000; Cordell er. al., 2001). Other potential intermolecular interactions of

MinC cannot be excluded since many protein-protein interactions involve hydrophobic
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interactions. Sprinzak and Margalit demonstrated that the Cap-Gly domain which
contains several conserved glycine residues is necessary for protein-protein interactions
(2001). The glycine-rich Cap-Gly domain is present in numerous cytoskeletal-associated
elements that interact with microtubules of the tubulin and FtsZ families (Sprinzak and
Margalit, 2001). From the present study, it has been shown that MinC also contains
several conserved glycines located in close proximity to each other, and it is thus
possible that these conserved glycines play a role in intermolecular interactions. To
further corroborate this idea, Heinrichs and Baker (1997) have demonstrated that the
glycine-rich domain of Drosophila mRNA splicing regulator RBP1 is essential for
protein function by modulating interaction with both splicing factor TRA-2 and itself.
Only non-radical substitution (G=»A) was necessary to abrogate the regulatory function
of RBP1. Once again, protein conformational changes and reduced expression were not
the cause of this loss of activity. It can be speculated that these glycine residues are
either directly involved in protein-protein interaction or that they are necessary to confer
flexibility to the protein and prevent steric hindrance so that the correct stereochemistry
for interaction can be achieved.

Glycine-containing motifs have been demonstrated to confer stability through
hydrophobic interactions, van der Waals forces, and hydrogen bonding with
intramolecular motifs containing isoleucine and valine residues (Kleiger and Eisenberg,
2002). Glycine can also hydrophobically interact with methionine to regulate protein
function (Ren ef al., 2003). It has been demonstrated that the properties of a protein,
such as desensitization of the N-methyl-d-aspartate receptor in eukaryotes, can be

dramatically affected by the positioning of a hydrophobic residue at a specific location
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within a protein, and that hydrophobic interactions are critical to protein function (Ren ef
al., 2003).

In addition to the lack of protein stability and flexibility mentioned above,
introduction of a charged residue would impair the hydrophobic interactions necessary
for MinCyg to undergo intermolecular interactions and, in this manner, render the protein
non-functional. Addition of a charged molecule could cause repulsion of hydrophaobic
molecules and impede interaction between individual residues and subsequently other
proteins. Aspartic acid also contains a bulkier side chain than glycine, which could cause
steric disturbances that would render a protein incapable of function and protein-protein
interaction. Shand et al. (2003) demonstrated a 30-fold reduction in the activity of rat
insulin-like growth factor-binding protein 5 (ILGFBP5) when a critical glycine residue
was substituted for glutamine. Of significance to this study is that, as in the case of the
mutant MinCyg proteins, alteration of this protein in ILGFBPS did not confer any gross
conformational change in the protein as a result of the substitution. Additionally, a
mutant allele of the mitogen-activated protein kinase gene SLT2(MPKI) in yeast
encodes a non-functional protein as the result of a G=>D mutation (Martin et al., 1996).
These data, in concert with those presented in the present study, indicate that glycine
itself, at conserved positions within a protein, are essential to protein function without
alteration of protein structure. Glycine has been demonstrated to be so critical in certain
positions, such as the B-turn, that even non-radical mutation such as glycine to alanine
can eliminate protein stability and function (Kong ez al., 2003). It has been shown by
Kong et al. (2003) that such a mutation does not alter protein structure, but might alter

the transient substructure of a protein. This could affect protein function, especially by
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abrogating protein-protein interactions. This seems to be the case in the present example
of MinCyg.

It is thus speculated that the conserved glycine residues in MinCy;, are essential
for protein function by affecting the ability of MinCyy to undergo intramolecular
interactions. It is not believed that the glycine residues investigated in the present
research are the direct sites of intermolecular action but participate indirectly in the
interaction in ways that are essential to protein function such as through van der Waals
interactions. In agreement with these speculations, Bogan et al (1998) showed that the
free energy of binding is not evenly distributed across protein-protein interfaces; instead
single residues contribute specifically (>2kcal/mol) to these interfaces. In the case of
glycine residues, it was determined that they can contribute weakly with 3.57 kcal/mol
to a protein-protein interaction (Bogan et al 1998). Disruption of van der Waals
interactions involving glycine residues unlikely results in complete disruption of a
protein-protein interaction. Due to the position of the conserved glycine residues in f-
turns of the C-terminus of MinC, these residues are not likely to be directly involved in
MinC-MinD association. Instead, these glycines may have a structural role, conferring
stability and/or flexibility to the protein that is critical for its function as a cell division
inhibitor. Mutation of these residues would result in altered spatial orientation of the
protein preventing protein-protein interactions.

Due to the conserved nature of the glycine residues examined and the similar
results achieved in E. coli and N. gonorrhoeae MinC experiments, the findings of this
research can be extended to other MinC proteins and might demonstrate the mechanism

by which MinC undergoes intermolecular interactions in most bacterial species. Of
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paramount interest is the mapping of MinC-MinD interaction to the B/C surface of
MinC, an interaction that, to date, has not been examined in great detail. The role of

glycine residues in protein function has also been expanded through this research.

4.2  gfp-minCyg and gst-minCyg fusion constructs will further investigations of
MinCyg localization and protein-protein interactions.

Another goal of the present study was to construct plasmid vectors for use in localization
studies of the gonococcal Min proteins both heterologously and in N. gonorrhoeae. In
this study, shuttle vectors containing gfp-minng fusions were constructed for the three
gonococcal Min proteins. The low copy-number nature of these vectors is hoped to more
closely mimic the actual levels of the Minyng proteins in bacterial cells than would be
observed when expressed from a high copy-number vector. It is hoped that both
localization and oscillation of Minyg proteins will be observed in gonococcal cells using
these constructs.

Additionally, a gst-minCyg fusion was constructed for the performance of GST-
pulldown assays to elucidate suspected and novel MinCy; interacting proteins. Proteins
that found to interact with MinCyg using this assay can then be identified by Western
blot analysis (for suspected partners such as MinDy, and FisZyg) and nuclear magnetic
resonance analysis (NMR; for novel interacting partners whose interaction is not
suspected). The constructs created in the present study are hoped to greatly further

investigations of the gonococcal Min proteins in our laboratory.
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4.3  The N-terminus of MinCy, contains determinants that are essential to
protein function
4.3.1 MinCy, function is largely dependent on the structural integrity of the N-
terminus O-helices.
The o-helix is a well-characterized and ubiquitous structural motif that is involved in
numerous aspects of protein function. Insertion of proline residue in the o-helix disrupts
the structure as it prevents hydrogen bonding between adjacent residues, ultimately
resulting in loss of structural integrity and abrogation of protein function. Marin et al.
(2002) demonstrated that alteration of an a-helix in eukaryotic transducin resulted in
reduced protein function. In a similar study, Nilsson er al. (1998) illustrated the helix-
disrupting properties of proline in transmembrane «-helices. In prokaryotes, the
necessity of key a-helical residues was demonstrated by Simmons et al. (2003) when
they showed that alteration of certain residues in the o-helix of DnaA, a replication
initiator, caused loss of protein function by inability to oligomerize. In the case of the
present study, the L35P and L68P a-helical site-directed MinCy, mutants retained some
activity as division inhibitors as indicated by the presence of populations of filamentous
cells when overexpressed in E. coli PB103. The mutant MinCy, proteins remained
marginally functional within certain populations as demonstrated microscopically and
flow cytometrically by the presence of short filaments (L.35P) and long filaments
(L68P).

There are several possible explanations for the quasi-functional nature of these
mutant proteins. It is suspected that any lack of protein function in MinCyg can be

attributed to the predicted alteration of secondary structure of the ¢-helix due to proline



insertion, It has been shown that substitution of P47 with leucine in MinCg, results in
complete non-functionality of the protein as indicated by the mini-cell phenotype when
expressed in single copy from the E. coli chromosome (Mulder ef al. 1992; Table 1), and
a similar phenotype is attained when MinChg, is truncated after the 61 or 85™ amino acid
(Labie er al. 1990, Mulder er al. 1992; Table 1). However, in the present case, alteration
of one residue might not be sufficient to completely abrogate protein function,
explaining why short filaments (i.e. longer than wild-type sized cells but not in excess of
6X their length) are present in the L35P mutant and filamentous populations exist among
L68P transformants (Figures 26A and 26B). It appears that the MinCyg protein is active
in a small percentage of these transformants, although the degree of activity is suspected
to be lower than is observed in wild-type MinCy, transformants due to the short nature
of these filaments. In the L68P mutant, the protein appears completely active in a small
population of the transformants as indicated by filamentation of some cells. It is possible
that, as occurred in the case of the C-terminus MinCy, mutants, the change of a single
residue, in this case one that is semi-conserved, conferred altered properties on the local
sequence of the protein resulting in loss of interaction with partners (i.e. FisZyg, a
potential interacting partner). The a-helix is implicated in protein-protein interaction
(Dogovski et al., 2003) and alteration of the local sequence (Bogan et al., 1998) might
be sufficient to abrogate such interaction.

In the future, these N-terminus mutants can be overexpressed in E. coli C41,
purified, and submitted for CD analysis to determine whether or not the secondary
structure of the protein was altered by the introduced mutations. Information regarding

protein secondary structure could thus be acquired and it could be definitively
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determined if these introduced mutations cause alteration of the secondary structure of
MinCyg as was anticipated. If there is such a change, it is expected to be conservative as
some protein function is retained. Additionally, constructs containing double mutations
can be constructed to ascertain the degree of alteration necessary for complete loss of

protein function.

4.3.2 Development of a system for the elucidation of protein-protein interactions
of N-terminus MinCy; mutants

When a suitable system for the determination of gonococcal division-related proteins
becomes available, it will be possible to determine if alteration of semi-conserved
residues in the N-terminal region causes a loss of protein-protein interactions. To
facilitate the creation of this system, the present study involved the assessment of
interaction between C-termini of MinCg. to determine whether or not a chimera
containing the N-terminus of MinCy, and the C-terminus of MinCg. would be as useful
for these studies as the reverse chimera was for C-terminus analysis. It was determined
that the C-termini of MinCg, self interact but lose interaction with MinDg.. This
information dictates that the chimera containing the N-terminus of MinCyg will be useful
for testing interaction of N-terminus mutants with MinDg., but that self-interaction
between chimeras will occur regardless of N-terminus alteration. However, the most
significant partner that would potentially interact with the N-terminus of MinCyy is
FtsZyg, an interaction which, to date, has not been demonstrated. It is suspected from the
present study that alteration of the a-helices of the N-terminus of MinCyg result in loss

of protein function due to lack of MinCy,-FtzZy, interaction. This hypothesis can be



tested using the new chimeric MinC, which has been constructed by our laboratory

{unpublished data).

4.3.3 Truncation of 13 N-terminus amino acids from MinCy, renders the protein
non-functional

Truncation of 10 and 13 aminoc acids from the N-terminus of MinCyg was performed in
this study. This research has demonstrated that the first 10 amino acids are not essential
0 MinCy, function, although deletion of the 13™ amino acid renders the protein
completely non-functional. Investigation of the 11™ and 12" amino acids is ongoing,
however preliminary evidence suggests that these two residues are likewise unessential
for division inhibition function (data not shown).

Based on MinC sequence multiple alignment, it was determined that the 13"
amino acid of MinCyg corresponds to the 10® amino acid of MinCg,, a residue which has
been implicated in protein function (Labie er al., 1990). When the giycine residue at
position 10 of MinCg, is radically substituted for an aspartic acid residue, the resultant
protein is incapable of inhibiting cell division, resulting in a minicell phenotype when
expressed from the E. coli chromosome (Labie et al., 1990). It was thus anticipated that
protein function would be lost through truncation at this residue in MinCyg. The results
of this study collaborate the MinCpg, data implicating this residue as critical for protein
function. A novel observation was made in terms of the ability of the 10 aa truncated
mutant to be completely functional and to accumulate excessively in E. coli PB103. This
property of the 10 aa truncated mutant was interesting in terms of the implication of N-
terminus regulation of MinCyg stability and turnover in the gonococcus and, potentially,

in other bacterial species. It has been shown that the C-terminus contains elements that
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confer stability to the Lon protease; alteration of C-terminus residues can Eéad to
decreased protein stability (Sen and Rothfield, 1998). In contrast, it appears that the N-
terminus contains elements that destabilize the protein; removal of the first 10 amino
acids results in an overabundance of protein when expressed in E. coli PB103 as
compared to the expression of wild-type MinCyg in the same strain as indicated by
Western blot analysis (Figure 28, lane 5). It thus appears as though the extreme N-
terminus of MinCyg contains destabilizing elements that, when removed, enable protein
accumulation. Similar phenomena have been observed in other proteins. Most notably is
the study by Manieri e7 al. which recently demonstrated that removal of the first 16 or 24
amino acids from the N-terminus of spinach ferredoxin:thioredoxin reductase (FTR)
resulted in increased protein stability and intracellular accumulation. Protein function
was not altered by these truncations. These data mimic those obtained in the present
study. Additionally, Bernstein and Keck (2003) demonstrated that a 25 amino acid
portion of the N-terminus of E. coli RecQ is susceptible to proteases. In the case of
MinCyg and as elucidated in the present study, it is likely that similar elements exist in
this protein that, upon removal, impart greater stability to the protein. The present
research is thus interesting in that 2 novel role of MinC concentration regulation might
exist and that the N-terminus is involved in this process. Levels of intracellular MinC
must be tightly regulated in order for the Min system to function; abundance of MinC
results in inability to divide, while absence of MinC causes minicell division to occur
because no inhibition of division is present at improper, polar septation sites. The
present data illustrate the potential for the existence of complex mechanisms of tightly
regulating MinC concentrations in the bacterial cell and implicate the extreme N-

terminus of the protein as being one of the sites at which this regulation is exerted. To
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determine the susceptibility of these N-terminus truncated mutanis to proteases,
experiments such as those outlined above can be employed in future research.

Further experimentation will be necessary to elucidate the role of the N-terminus
in MinC function. As aforementioned, yeast two-hybrid analysis will be employed with
these truncated mutants to determine their significance in protein-protein inferactions,
and whether or not it is the extreme N-terminus that interacts with FtsZ. Other methods
of detecting intramolecular interactions between MinCyg and the N- and C-terminus
mutants are currently being developed, including the GST-pulldown assay for which a
wild-type gfp-minCy, fusion was constructed in this study. Once partners of MinCyg
have been determined, experimentation can be repeated with the mutant variants of this
protein. Gel filtration analysis can also be employed to substantiate these findings. Lucet
et al. (2000) successfully used this method to determine that sporulation factor SpollE
and FtsZ from B. subtilis interacted in solution. High concentrations of purified FisZyg,
MinDy,, and MinCyg have been prepared in our laboratory and will facilitate the testing
of these interactions. These methodologies will lead to an improved comprehension of

the role of the N-terminus of MinCyy in the inhibition of cell division.

44  The proposed model of gonococcal cell division

The culmination of this research and other investigations performed in our laboratory
has lead to the proposal of a model for division site selection in N. gonorrhoeae.
Following DNA replication, N. gonorrhoeae undergoes asymmetric invagination at a
site opposite the replisome as previously discussed. MinDy, binds ATP and dimerizes in
the cytoplasm. MinCyg likewise dimerizes in the cytoplasm and then becomes associated

with the ATP-MinDy, dimer. The critical, conserved glycine residues in the C-terminus
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of MinCyg facilitate these interactions. MinDyg associates with the membrane,
subsequently recruiting MinCyg The localization of MinDy, (and consequently MinCyg)
is determined by MinEy,, which acts as a topological specificity factor. MinDyg
oscillates from end to end of the coccus perpendicular to the invagination, allowing
MinCyyg to inhibit FisZy, polymerization in these areas. The FtsZy, ring forms parallel to
the invagination, and division into two separate daughter cells of equal size ensues.
MinDyg then oscillates parallel to the division plane in the daughter cells, and the above
process is repeated to create another pair of daughter cells, resulting in tetrad formation.
Research in the present study has been beneficial in elucidation of the role of MinCy, in
the process of cell division in the Gram-negative coccus and the mechanism by which

MinCyg functions at the molecular level to fulfill its role as an inhibitor of cell division.

Concluding Remarks

The present research has meticulously characterized the significance of specific amino
acids and structural motifs in the function of the cell division inhibitor MinC from N.
gonorrhoeae. Four conserved glycine residues in the C-terminus of MinCyg have been
demonstrated to be critical to protein function; alteration of these residues using site-
directed mutagenesis results in abrogation of protein function as determined by the
inability of these proteins to induce filamentation when heterologously expressed in E.
coli, Both microscopic and flow cytometric techniques were used to assess and quantify
these observations. Concurrent research has demonstrated that glycine mutants lose self
interaction (GI61S A face mutant) and interaction with MinD (G135D, G154D, and
G1718 B/C face mutants), which is likely responsible for the over-all lack of protein

function. Since protein secondary structure was not altered in these mutants as
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determined by circular dichroism analysis, the residues themselves must be significant to
protein function. The critical glycines are implicated in maintenance of this protein-
protein interaction indirectly, likely through participation in stabilizing the B-helix,
maintaining local sequence integrity, or providing correct steric conformation.

The importance of the N-terminus ¢-helices was also investigated by site-
directed mutagenesis of semi-conserved residues to proline, a known helix-disrupting
residue. It was shown using the aforementioned analyses that these mutants lost a
significant amount of division inhibition function, indicating the significance of these
residues in MinCy, function. Truncation of 10 amino acids had no effect on protein
function, however truncation of 13 amino acids rendered the protein completely non-
functional. It was also determined that the first 10 amino acids are important to protein
stability, exerting a destabilizing effect and resulting in protein overabundance when
heterologously expressed in E. coli. These data imply that complicated mechanisms for
regulation of intracellular MinCyg levels exist, and that determinants of protein stability
reside not only in the C-terminus but also in the N-terminus.

Future research is necessary to completely determine the mechanism by which
MinCy; performs division inhibition. To facilitate these studies, a low copy-number gfp-
minCyg fusion vector was constructed to enable the visualization of intracellular
localization of MinCy, in both N. gonorrhoeae and E. coli live cells. A gst-minCyg
fusion construct was also made in order to discover and confirm both suspected and
novel protein-protein interactions of MinCyg.

The present study is significant as it has elucidated residues that are requisite for

MinCyg division inhibition function, contributing to the knowledge of the mechanism of

80



action of this protein. It has also demonstrated the utility of glycine residues in protein
function through their implicated role in protein-protein interactions; this role is likely
not limited function in MinCy, alone, and it is predicted that conserved residues are
necessary to the proper functioning of other eukaryotic and prokaryotic proteins. Due to
the conserved nature of these residues in MinC across species, this information can be
applied to studies of MinC from various prokaryotic organisms. Additionally, evidence
for protein-stabilizing determinants in the N-terminus of MinCy, is a novel observation
which can similarly be speculated for other MinC proteins as well as unrelated proteins.
Through analysis of division-associated proteins such as MinCy,, it will eventually
become possible to target antimicrobial agents to these proteins to impede cell division

and control microbial growth.
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