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Abstract

The involvement of DivIVA in cell division and chromosome segregation has
been described in a number of Gram positive organisms. To date, most studies have
focused on the effect of overexpression or disruption of DivIVA in various bacterial
backgrounds. However, no detailed biochemical study of DivIVA has been conducted to
identify which domains are responsible for the different functions of DivIVA. This study
examines the coiled-coil domains of DivIVA from the Gram positive coccus
Enterococcus faecalis to determine their role in oligomer formation. Based on
bioinformatics analysis of known DivIVA homologs and E. faecalis DivIVA in
particular, putative coiled-coil domains were identified at the N-terminal and central
regions of DivIVA in all homologs with the N-terminal coiled-coil domain showing the
most conservation between species. While the N-terminal and central coiled-coil
domains are common to all DivIVA homologs, certain DivIVA homologs including E.
faecalis DivIVA have a fourth coiled-coil domain located near the C-terminus. Of the
four predicted coiled-coil domains of DivIV Agg, disruption of either the N-terminal or C-
terminal domains resulted in no change in complex formation as measured by size
exclusion chromatography and native gel electrophoresis. In contrast, disruption of the
central coiled-coil domains of DivIV Ags resulted in either decreased complex formation
when one of the two domains was disrupted or completely abrogated complex formation
when both central domains were disrupted, indicating that the central coiled-coil domains
are responsible for complex formation. Based on this information and the recently

published transmission electron microscope image of the Bacillus subtilis DivIVA



oligomeric complex (Stahlberg et al., 2004), a model for DivIVA oligomerization is
proposed.

Additionally, the bank of point mutations and deletions of DivIV Agsgenerated in
this study was used to identify a region of DivIV Agr involved in interaction with the
novel DivIV Age binding protein MLIJD1. Using yeast two hybrid studies, interaction
between DivIVAgrand MJLD1 was mapped to residues 60-100 of DivIVAge This region
is outside the four coiled-coil domains of DivIV Agg, suggesting that interaction between
DivIVAgsand MLJD1 is not dependent on coiled-coil domain interactions. The same
bank of mutations can be used to determine the interaction between DivIVA and as yet
undiscovered DivIV A-interacting proteins.

Preliminary localization studies of DivIV Ags in both homologous and
heterologous backgrounds were also performed. While no conclusive results were
obtained for GFP studies, immunogold electron microscopy of DivIVA in E. faecalis
showed localization to the division septum and cell poles, similar to DivIVA from other
organisms. Once proper GFP localization studies can be carried out, the bank of
mutations generated in this study can be used to determine the region(s) of DivIV Ags

involved in division site localization.
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Introduction
One of the key processes in both cellular and bacterial survival is co-ordination of

proper cell division. In order to ensure their survival, cells must ensure that their progeny
contain an equal amount of all the genetic and cellular materials present in the parent cell.
While significantly less complex than their eukaryotic cousins, the regulatory systems of
prokaryotes ensure proper division septum placement and creation of identical daughter
cells.
1.1 Regulation of cell division site placement

The cytokinetic event in prokaryotes is performed by the tubulin homolog FtsZ
(Bi and Lutkenhaus, 1991). FtsZ is a GTPase capable of homooligomerization and forms
a ring associated with the bacterial membrane which constricts and eventually separates
the parent cell into two daughter cells (Bi and Lutkenhaus, 1991; Bramhill and
Thompson, 1994). The assembly of the FtsZ ring serves as a recruitment site for other
cell division related proteins including ZipA, FtsA, FtsQ and other proteins associated
with the division and cell wall synthesis (dcw) gene cluster (Rothfield and Justice, 1997,
Dewar and Dorazi, 2000; Margolin 2001, 2003). The formation of the FtsZ ring is the
first known step in cell division and occurs before complete nucleoid separation (Bi and
Lutkenhaus, 1991).

Unless properly regulated, FtsZ can polymerize and constrict at any point along
the bacteria, leading to elongated filaments and minicells, both of which can lead to a
non-viable bacterial cell population (Begg and Donachie, 1985). The mechanisms which
control division septum placement have been studied extensively in Gram negative
organisms such as Escherichia coli (Fu et al., 2001; Pichoff and Lutkenhaus, 2001;

Rothfield er al., 2001; Shih et al., 2003) and, in our laboratory, Neisseria gonorrhoeae



(Francis et al., 2000; Ramirez-Arcos ef al 2001a,b, 2002, 2004a; Szeto ef al, 2001,
2004). In Gram negative organisms, division septum placement is co-ordinated by a
combination of nucleoid occlusion and the tripartite Min system (Harry, 2001). The
presence of the bacterial nucleoid, which is the region containing the bacterial
chromosome, inhibits formation of the FtsZ ring (Sun and Margolin, 2004). While the
mechanism used by nucleoid occlusion to regulate FtsZ placement is largely unknown
(Sun and Margolin, 2004), the regulatory mechanism of the Min system has been well
defined.

The Min system is comprised of three proteins designated MinC, MinD, and
MinE, all of which are expressed from the minB locus (de Boer ef al., 1989). MinC is
responsible for regulating placement of FtsZ and acts by depolymerising any FtsZ
structures (Hu ef al., 1999). In order to perform its function, MinC is dependent on
MinD, an ATPase which reversibly binds to MinC and recruits it to the cell membrane,
and MinE which controls the localization of the MinCD complex (Rothfield ef al., 2001;
Ramirez-Arcos et al., 2001a,b, 2002, 2004a; Shih et al., 2003, Szeto et al., 2001, 2004).
In this model of septum placement control, the three Min proteins undergo dynamic
oscillation controlled by the interactions of MinD and MinE (Raskin and de Boer, 1999,
Figure 1). This continual oscillation results in maintaining a low concentration of the
division inhibitor MinC at the middle of the cell (Rothfield et al., 2001; Ramirez-Arcos et
al 2001a, b, 2004a). This high concentration of MinC blocks cell division from occurring

at the cell poles and thus only permits division at the middle of the cell.



Figure 1 - Schematic diagram of Gram negative Min-dependent midcell site

selection.

A) Following MinD dimerization and association of MinC in the cytoplasm, the MinCD
protein complex localizes to the cell membrane at or near the cell poles. B) A MinE ring
forms near the midcell and activates the ATPase activity of MinD. C) Due to the effect
of MinE, the MinCD protein complex dissociates from the cell membrane dissociate and
return to the cytoplasm. MinC and MinD then diffuse along a concentration gradient
towards the opposite cell pole. D) Upon reaching the opposite cell pole where the
concentration of MinE is lowest, the MinCD complex re-forms and re-associates with the
cell membrane. Once MinE reaches the cell poles, the ring dissociates and re-forms at
midcell, repeating the cycle. This minimizes the concentration of MinC at the middle of -

the cell, allowing FtsZ to polymerize and form a cytokinetic ring.
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1.2 Division site localization in coccal-shaped organisms

While the same mechanisms of division site selection are used for both bacilli and
cocci, the lack of an obvious midcell in cocci adds a new dimension to septal localization.
Specifically, due to the lack of an obvious midcell, cocci must use a different method to
define the midcell for septum placement (Ramirez-Arcos et al., 2001b). However, it has
been demonstrated that the Min proteins from cocci are functional when expressed in a
bacillus background (Ramirez-Arcos et al., 2001a,b, 2002, 20044a; Széto et al., 2001,
2004), indicating that the fundamental process of septum regulation involving the Min
proteins is similar regardless of cell shape.
1.3 Cell Division in Gram positive organisms

While the Min protein model has been well characterized, the model only applies
to Gram negative organisms and not to Gram positive organisms. Some Gram positive
species, such as Bacillus subtilis, have homologs of MinC and MinD, however there are
no MinE homologs found in Gram positive organisms. Thus, these organisms use a
different mechanism to regulate proper cell division.
1.4 Identification and characterization of divIVA

In the early 1970’s, Reeve et al. used nitrosoguanidine mutagenesis to identify
genes involved in B. subtilis cell division (Reeve et al., 1973). This work identified two
novel genes, one of which was designated divIVA, which disrupted proper cell division in
B. subtilis when mutated by nitrosoguanidine and produced a high proportion of minicells
devoid of DNA following division (Reeve et al,, 1973). More than twenty years
following the identification of divi/V4, experiments performed independently by two

different researchers characterized the unaltered diviVA4 gene product and proposed that



DivIVA replaces MinE as the topological specificity factor for Min protein function in
Gram positive organisms (Cha and Stewart, 1997; Edwards and Errington, 1997).
1.4.1 Role of DivIVA in Gram Positive Cell Division

Although no direct interaction between DivIV A and MinD has been
demonstrated, localization patterns of MinD in B. subtilis in the presence and absence of
DivIVA have demonstrated the connection between the two proteins (Marston et al.,
1998; Marston and Errington, 1999). Unlike the dynamic oscillation pattern observed for
MinD in Gram negative species, MinD does not oscillate in a Gram positive background
and instead remains sequestered at the cell poles in the presence of DivIVA while in the
absence of DivIVA, MinD is found distributed throughout the cell (Martson et al., 1998,
Figure 2). This polar sequestering of MinD, and by association MinC, by DivIVA
minimizes the concentration of the division inhibitor MinC at midcell and allows proper
midcell division to occur. However, many Gram positive organisms lack homologs of all
the Min proteins but still have DivIVA homologs. Therefore, these organisms must
utilize a hitherto undescribed method to control proper septum placement.
1.4.2 Chromosomal location of divIVA

In the majority of the species containing DivIVA homologs, the diviIV4 gene is
found slightly downstream of the division and cell wall (dew) gene cluster and
immediately upstream of the isoleucyl tRNA synthetase gene (Cha and Stewart 1997;
Massidda et al., 1998). Although diviVA and several upstream genes are transcriptionally
related to the dew gene cluster, disruption of the genes upstream of diviV4 does not affect

its expression (Cha and Stewart, 1997; Fadda et al., 2003).



Figure 2 - Schematic diagram of MinCD/DivIV A cell division.

A) DivIVA associates with the cell poles and sequesters the MinCD division inhibitor
complex away from the middle of the cell allowing the FtsZ cytokinetic ring to assemble
at midcell. B) DivIV A associates with the new cell pole during FtsZ contraction and
marks it as a used site of cell division. C) Following septation, the MinCD complex is

drawn to the newly-formed cell poles and sequestered there by DivIVA.
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1.4.3 Biological function of DivIVA

The exact role of DivIVA in bacterial cell division and chromosome segregation
remains largely unknown. While diviV4 has been suggested to be non-essential in S.
pneumoniae (Fadda et al., 2003), the divIVA homologs of B. subtilis, Brevibacterium
lactofermentum, E. faecalis and Streptomyces coelicolor have been shown to be esséntial
genes (Edwards and Errington, 1997; Marston and Errington, 1999; Thomaides et al.,
2001; Flardh, 2003a,b; Ramos et al., 2003; Ramirez-Arcos et al., 2004b).
Overexpression or disruption of divIVA results in severe defects in cell morphology,
including inhibition of septation, swelling of cells, and filamentation depending on the
host species (Cha and Stewart, 1997; Ramos et al., 2003; Ramirez-Arcos et al., 2004b).
1.4.4 DivIVA localizes to sites of cell division

DivIVA has been shown to localize to sites of nascent and used cell division
under a variety of experimental conditions. DivIVA from B. subtilis (DivIV Ags) has
been shown to localize to sites of cell division not only in its native host by also when
expressed heterologously in E. coli (Edwards and Errington, 1997; Edwards et al., 2000;
Ding et al.,, 2002). The localization of DivIVA is so specific that it has been proposed as
a model system to demonstrate cytology-based protein-protein interactions (Ding ef al.,
2002). Similar to the yeast two hybrid system that relies on dimerization to activate a
reporter gene (Chien ef al., 1991), this cytology screen involves tagging the protein of
interest with DivIVA or GFP and expressing both fusion proteins in the same cell. If the
protein or proteins of interest interact, GFP is localized to the cell poles while the
fluorescence remains distributed through the cytoplasm if the proteins do not interact

(Ding et al,, 2002). While it was originally suggested that DivIV Ag, localization



depended on FtsZ, PBP2B, and other proteins in the cell division complex, experiments
using outgrowing spores of B. subtilis have demonstrated that DivIV Ag, can localize to
previous sites of cell division independently (Marston ef al., 1998; Hamoen and
Errington, 2003; Harry and Lewis, 2003). These studies suggest that DivIVA recognizes
a hitherto unidentified marker of sites of cell division. This marker is likely found in
both prokaryotes and eukaryotes since DivIV Ags has been shown to localize to division
sites in the eukaryotic fission yeast Schizosaccharomyces pombe (Edwards et al., 2000).
1.4.5 DivIVA is a multifunctional protein

Although the primary function of DivIVA appears to be in cell division, a second
role in chromosome segregation has been demonstrated in B. subtilis (Errington, 2001;
Thomaides ef al., 2001; Wu and Errington, 2003). While direct interaction between
DivIVAg; and DNA has not been demonstrated, the absence of DivIVAg; in B.
subtilis cells undergoing sporulation results in spores devoid of chromosomal material
(Thomaides et al., 2001). divIVAp, expression has been demonstrated to decrease during
sporulation, indicating that the DivIVAg, marking the used sites of cell division are
involved in this process (Thomaides et al., 2001). It has been proposed that DivIV Ag,
acts as a polar anchor and interacts with the RacA/Spo0J/Soj chromosome segregation
machinery (Wu and Errington, 2003). In this model of chromosome segregation, Soj and
Spo0J interact with the region of the bacterial chromosome associated with bi-directional
replication, also known as the oriC region (Wu and Errington, 2003). Once the
association between oriC and Soj/Spo0J is formed, RacA acts in conjunction to bring the

oriC and the remainder of the chromosome to the cell pole, where it is anchored by



DivIVA (Wu and Errington, 2003). However, no direct interaction between DivIVA and
RacA or So0j/Spo0J has been demonstrated.
1.4.6 Interaction between DivIVA and other cellular proteins

As mentioned previously, while DivIV A is believed to interact with MinD and
components of the chromosome segregation machinery, no direct interactions between
the proteins has been observed. Using an E. fdecalis genomic library screen, Liao ef al.
identified a novel E. faecalis DivIVA (DivIV Agy) interacting protein, which has been
named MLJD1 (Liao ef al., unpublished). MLJD1 is a hypothetical protein with
homologs in several Gram positive bacteria. Sequence analysis of MLID1 suggests it
contains two CBS, or Cystathionine Beta Synthase domains, located in the central and C-
terminal regions. CBS domains are usually found in pairs on proteins and are implicated
in membrane binding and protein-protein interactions of both cytoplasmic and nuclear
proteins (Bateman, 1997; Nath ef al., 2002). Recently, it was found that CBS domains
can act as energy sensors by binding to molecules such as ATP or AMP (Scott ef al.,
2004). The N-terminus of MLJD1 contains a predicted DNA binding domain belonging
to the DeoR protein family (Roy et al., 2002; Wiegert and Schumann, 2003). Liao et al.
have also demonstrated that MLJD1 self-interacts, forming a homomultimeric complex
and affects bacterial cell division when expressed heterologously in E. coli. (Liao et al.,
unpublished).
1.4.7 DiviVA forms a homooligomeric complex

To date, DivIVA oligomerization has only been studied using the B. subtilis
homolog while experiments on the DivIVA homologs from other organisms including S.

pneumoniae, B. lactofermentatum and S. coelicolor have focused primarily on protein



localization. Unlike most cell division proteins that form complexes with other proteins,
DivIV Ag; has been shown to form a homooligomeric complex comprising between 6-10
monomers (Muchova et al., 2002 a, b; Stahlberg et al., 2004). This oligomerization
appears to be independent of buffer and pH conditions (Muchova et al., 2002b). While
the original div/V-4] mutation, an alanine to threonine substitution at residue 78 (A78T),
disrupts proper DivIV Ag, function, studies by Muchova et al have shown that this
mutation has no effect on the oligomerization state of DivIVA (Cha and Stewart, 1997;
Muchova et al., 2002a). In contrast, Muchova ef al also demonstrated that a leucine to
proline mutation at residue 120 (L120P) reduces the oligomerization by 50% with no
noticeable effect on DivIV Ags function. The results of these studies suggesty that
oligomerization is not critical for the biological function of DivIVA. However, upon
closer inspection of the native gel electrophoresis results presented by Muchova et al.,
there is evidence that a portion of the DivIVA present in the purified DivIVA2
(DivIV Ags L120p) sample maintained the full oligomeric structure (Muchova et al., 2002a).
As such, it is not clear whether oligomer formation is necessary for proper DivIVA
function.
1.4.8 Structure of the DivIVA oligomeric complex solved by Transmission Electron
Microscopy

Due to the difficuity in crystallizing the oligomeric complex (Muchova et al.,
2002b), a transmission electron microscopy (TEM) study was used to determine the
quaternary structure of DivIV Ags (Stahlberg ef al., 2004). DivIVAg, forms an elongated
particle with protrusions at both ends to resemble a “doggy-bone”. In vitro, this doggy

bone forms the base unit of a larger lattice of DivIVA built by overlap of the base units
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by either end to end interaction or interaction through the central portion of the protein to
form a two dimensional network. Since DivIVA does not require any of the known cell
division proteins to localize to the cell poles, it is possible that DivIVA can help in
creating the cell polarity needed in processes such as B. subtilis sporulation and S.
coelicolor tip extension (Stahlberg ef al., 2004).
1.5 Rationale for using Enterococcus faecalis as a model organism

Similar to the selection of N. gonorohoeae to study Min protein function in cocci,
Dr. Dillon’s lab chose to examine the cell division of the coccus Enterococcus faecalis to
determine whether the function of DivIVA is similar in both bacilli and cocci. Also,
since E. faecalis lacks homologs of MinC and MinD, studying E. faecalis will help
elucidate how cell division regulation occurs in this and other Gram positive organisms
that lack Min proteins. E. faecalis is a Gram positive coccus found as a normal part of
the mammalian intestinal microflora and can be transmitted through fecal contamination
of soil, sewage, and water (Aarestrup et al., 2002; Tannock and Cook, 2002). In humans,
E. faecalis can cause severe conditions such as bacteremia and endocarditis and is one of
the leading causes of nosocomial infections in pediatric hospital wards (Gilmore ef al.,
2002). Like most bacteria, E. faecalis has been developing resistance to numerous
antibiotics over the years and today is resistant at varying degrees to -lactams,
aminoglycosides, glycopeptides, chloramphenicol, and tetracycline (Kak and Chow,
2002). The genome of E. faecalis contains approximately 33% mobile DNA elements,
which is believed to contribute to the transfer of antimicrobial resistance between species

(Paulsen et al., 2003).
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1.6 Coiled-coil mediated protein-protein interactions

Bioinformatic analysis of various DivIVA homologs suggests that the protein has
a high propensity for forming coiled-coil domains, which are known to be involved in
dimerization and oligomerization of a large variety of proteins and structures (Lupas,
1996). Coiled-coil domains are the main structural element of a large class of fibrous
proteins including keratin, myosin, and fibrinogen, as well as transcription factors
including leucine zippers (Lupas ef al., 1991; Lupas, 1996). As illustrated in Figure 3,
coiled-coil domains are characterized by a repeating heptad motif with positions A and D
being hydrophobic and providing the interaction interface while residues B, C, E, F, and
G are generally hydrophilic (Lupas, 1996, Figure 3A). These heptads pack together into
a “knobs-into-holes” orientation so that the A and D residues are interacting with their
counterparts on the adjoining heptad (Figure 3B). The number of helices present in a
coiled-coil domain is dependent on the amino acid composition of the A and D positions.
A predominance of either leucine or isoleucine in both positions generally produces a
trimeric structure, a predominance of leucine at position A and isoleucine in position D
results in tetramers while the opposite arrangement results in dimers (Lupas, 1996).
Also, the amino acids in positions E and G can interact between coils and determine
whether the domains will pack either in a parallel or antiparallel configuration. Coiled-
coil domains have been demonstrated to mediate protein-protein interactions in a wide
range of proteins including prokaryotic proteins such as the mating pair formation protein
TrhB (Gilmour et al., 2003) and flagellar hook protein (Gugolya et al., 2003), eukaryotic
proteins, including the mitotic protein NuMA (Harborth et al., 1999), receptor associated

factors such as TRAF2 (Park er al., 1999) and tropomyosin (Lupas, 1996) as well as viral
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Figure 3 - Orientation of the A through G residues in the heptad repeat of a coiled-

coil domain.

A) Top view of the interaction between coiled-coil domains is mediated by interaction
between residues A and D. B) Side view of coiled-coil interaction showing the
arrangement of the A and D residues into a “knobs into holes” orientation. Figure

adapted from http://cis.poly.edu/~jps/coilcoil.html




Figure 3
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helper component proteins such as the Cauliflower mosaic virus protein P2 (Hebrard et
al., 2001).
1.7 Hypothesis and Objectives

My hypothesis is that coiled-coil domain interactions are responsible for the
oligomerization of DivIVA from E. faecalis. In order to test this hypothesis and
examine some other characteristics of DivIV Agg, the following objectives were
completed:

D Bioinformatic analysis of DivIVA

a. Comparison of known DivIVA homologs to determine regions likely
involved in oligomer formation and other properties of DivIVA
b. Coiled-coil domain analysis of DivIV Ags to select residues for site

directed mutagenesis

2) Site Directed Mutagenesis of DivIVAgs
a. Disruption of the N-terminal coiled-coil domain
b. Disruption of the C-terminal coiled-coil domain

c¢. Disruption of the Central coiled-coil domains

3) Purification and analysis of the effects of coiled-coil disruptions on the

oligomerization of mutated DivIVAg¢

a. Size Exclusion Chromatography
b. Native Gel Electrophoresis
c. Yeast Two Hybrid Analysis

4) Mapping the interaction between DivIVAgrand MLID1g¢

14



5)

Localization of DivIV Agrin homologous and heterologous backgrounds

a. GFP localization in E. coli and B. subtilis

b. Immungold localization in E. faecalis

15



Materials and Methods
2.1 Strains and Growrh Conditions

Bacterial and yeast strains used in this study can be found in Table 1. E. coli
strains XL1-Blue and DH5a were used for cloning purposes, E. coli C41(DE) was used
for protein expression and purification due to its increased ability to express proteins at
higher levels than other E. coli strains and E. coli PB103 for GFP localization
experiments due to its uniform size and shape. E. coli cells were grown at 37°C in Luria-
Bertani (LB) media (Difco, Detroit, MI) supplemented with 50 pg/mL kanamycin or 100
ug/mL ampicillin or on LB agar plates containing either 50 pg/mL kanamycin or 100
pg/mL ampicillin when required. Saccharomyces cerevisiae strain SFY526 (Clontech,
Palo Alto, CA) was used for yeast two-hybrid assays. S. cerev;‘siae SFY526 was grown
at 30°C on either yeast extract-peptone-adenine-dextrose (YPAD) or synthetic dropout
(SD) medium as described in the Clontech Yeast Two-Hybrid manual. Enterococcus
faecalis strains JH2-2 and JHSR1 were used for immunogold localization and Western
blot analysis and were grown on Brain Heart Infusion (BHI) media (Difco) supplemented
with either 125 pg/mL erythromycin or 125 pg/mL erythromycin and 1000 pg/ml.
kanamycin respectively. Bacillus subtilis strain 1756 (Edwards and Errington, 1997) was
used for GFP localization experiments and was grown on LB agar plates supplemented
either with 5 pg/mL erythromycin before transformation or 5 pg/mL erythromycin and 5
ig/mL chloramphenicol after transformation. Transformed B. subtilis 1756 colonies
were also grown on Starch-Agar plates (Difco) to verify double crossover disruption of

amyE. Following overnight culture, the érnylase activity of the B.
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Table 1 — Strains used in this study

Strain

Relevant Genotype

Source/Reference

E. coli XL1-Blue

E.coli DH5«a

E. coli C-41

E. coli PB103

S. cerevisiae SFY526

E. faecalis JH2-2
E. faecalis JHSR1

B. subtilis 1756

! Gift from J.E. Walker
2 Gift from P. de Boer
? Gift from J. Errington

hsdR17 supE44 recAl
endAl gyrA46 thirelAl
lac/F’ [proAB" lacl®
lacZDM15::Tnl10(Tet")]

supE44AlacU169
(80lacZAM15) hsdR17
recAl endAl gyr96 thi-1
relAl

B F dem ompT hsdS (1 mp)
gal N(DE3) and containing
at least one additional
uncharacterized mutation
dadR]1 trpE61 trpA62 tna-5
purB*

MATa ura3-52 his3-200
ade2-101 lys2-801 trp1-901
leu2-3 112 can” gal4-542
gal80-538 URA3::GALI yys-
GALI TATA -lacZ

Rif%, Fus®

JH2-2 diviVA::kan

dszVApSG1043 (PdivIVA —
lacZ ermC Pgpo. diviVA

Stratagene

Gibco-BRL

Miroux and Walker, 1996 !

Ramirez-Arcos et al.,
2001a°
Clontech

ATCC strain 29212
Ramirez-Arcos et al., 2004b

Edwards and Errington,
1997°
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subtilis colonies was tested visually by addition of iodine. Colonies with positive
amylase activity presented a clear zone around the colony, indicating the starch in the
media was being degraded by amylase and consequently the colony did not contain a
disruption of amyk.
2.2 Bioinformatic analysis of DivIVAgs

All DivIV A sequence information was collected from The Institute for Genomic

Research (TIGR) database (http://www.tigr.org). Sequences were aligned using the

Multalin interface (http://prodes.toulouse.inra.fr) with identity defined as greater than

90% sequence homology and similarity defined as 50-90% sequence homology. Coiled-
coil domain predictions were performed using the Coils, Paircoil, and MultiCoil software

on the Expasy website (http://www.expasy.org) using the default settings for the Coils

and MultiCoil program and a probability cut off of 0.2 for the Pair coils program.
Restriction analysis of divIVAgs was performed using Webcutter

(http://ra.lundberg.gu.se/cutter?/). Isoelectric point and charge calculations were

performed using IEP (http://bioweb.pasteur.fr/seqanal/interfaces/iep.htmt).

2.3 Polymerase Chain Reaction (PCR) and Site Directed Mutagenesis (SDM)
All primers used in this study are listed in Table 2 and were designed manually
based on the divIVArr (EF1002) sequence available in the TIGR database. All PCR

reactions were performed in a Perkin-Elmer Gene Amp 9600 thermocycler (Perkin
Elmer, Wellesly, MA) using the following program: 5 minutes at 94°C; 30 amplification
cycles consisting of denaturation at 94°C for 15 seconds, annealing for 15 seconds at
temperatures indicated for each reaction, and extension at 72°C for either one minute

(PCR) or six minutes (SDM). Following the amplification cycles, the reactions were
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incubated for 5 minutes at 72°C, then maintained at 4°C until removed from the
thermocycler.
2.3.1 General method for PCR amplification

PCR reactions to amplify wild type and mutant divIVA g used the following
recipe: 75.5 pl ddH,0O, 10 pl of 10X Thermopol Buffer (MBI Fermentas, Burlington,
Ontario), 10 pl template DNA consisting of either 10 pg/mL plasmid or 0.5 McFarland
Standard (Remel, Lenexa, KA) bacterial cultures suspended in ddH,0, 2 pl of 10 mM
dNTP (MBI Fermentas), 1 pl of each primer dilute to a concentration of 0.2 pg/puL and
0.5 pl Tag DNA polymerase (MBI Fermentas). SDM reactions used the same recipe as
listed above with the following changes: 75.9 pl ddH,O and 0.1 pl Vent DNA
polymerase instead of Tag DNA polymerase (MBI Fermentas). Primers were as
indicated for each plasmid.

2.3.2 Construction of mutant DivIVAgy by site directed mutagenesis (SDM)

All primer synthesis and DNA sequencing were performed by the University of
Ottawa Core DNA Sequencing and Synthesis Facility (UOCDSSF). Restriction sites are
underlined for each primer where appropriate (Table 2). Wild-type diviVAg was
amplified from E. faecalis strain JH2-2 (Table 1) using primers IVApET-1 and IVApET-
2 (Table 2) to incorporate Ndel and X#hol restriction sites at the 5° and 3" ends
respectively. Annealing temperature for this reaction was 47°C. Following digestion
with Ndel and Xhol, divIVAgswas cloned into pET30a (Table 3) previously digested with
the same enzymes to generate pSRDiv (Table 3). This plasmid adds a 6xHis tag to the C-

terminus of DivIV Agr which will be used to facilitate protein purification.
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Table 2 — Oligonucleotide primers used in this study

Primer Sequence (5'— 3‘)1 Restriction Product
Endonuclease Site
IVApET1 5" GCGCCATATGGCATTAACTCCATTAGA 3 Ndel divIVA g3 )
’ end
IVApET2 5" GCGCCTCGAGTTTTGATTCTTCTTCAA Y Xhol diviVA Ef 3
end, no
stop codon
IVApET3 5° GCGCCTCGAGTTCCTTAACTGCTGTATG Xhol diviVA gl-
3 190, no
stop codon
L29D-F 5° GACTTTGATGATCAAAGTCACACG ¥ Bell diviVA Ef
L29D
L29D-R 5SATCTACATCGTCTTGGTTATAGC 3° None
E37P-F 5" CGTGATTATCCGGATGCATTAC 3 BSpEI diviVA B
E37P
E37P-R 5" TGTGACTTGATCTAAAAAGTC 3’ None
N43p/ 5° CAAAAACCACGT GAAGACGAGAAATC  BsaAl and Bbsl divIVAg
L46D-F 3 N43P and
L46D
N43Pp/ 5° TAATGCATCCGATAATCACGTGTG 3° None
L46D-R
L50D/ 5" GCAGAAGAAAAATTTCAATACTTIC 3® Xmnl divIVAg
L57F-F L57F
L50D/ 5 GTGTTTGTCTGATTTCTCGTCTTIC 3' None divIVAg
L57F-R 146D and
L50D
L104P-F 5° CCAAAGAAACCCCCGTAGAAGCTG 3° Removes Xeml divIVAg
L104P
L104P-R 5" CTTGGTTATCTGCCGAAGTGATAATC 3° None
1115P-F 5" CAAATGCAATGCCCGCAGATGCTG 3 Acil divl VAgs
1115P
1115P-R 5° ATTTACGTTCAGCTTCTACGGGGGTTTC  Removes Xeml divIVAg
3 L104P
1125P-F 5 Removes Ddel diviVAg
GAAATCAACACAACCGTTAGCAGAAGCA 1125P
3
1125P-R 5° CGTTCAGCATCTGCAATCATTGC 3' None
L143P-F 5° GAAACAGAAGACCCTAAGAAGAAAAC Ddel diviVA £
3 L143P
L143P-R 5 CCCAGCTAATTGACGGGCACGTTC 3’ None
IVA-1 5 EcoRI divIVAg S
GCGCGAATTCATGGCATTAACTCCATTAGA end
3 e
IVA-2 5 BamHI diviVA4 3 *
GCGCGGATCCCTATTTTGATTCTTCTTCAA end
3 —
IVA-5 5 BamHI leIVAEfS‘
GCGCGGATTCATGGCATTAACTCCATTAGA end
3 —
IVA-6 5" GCGCGGATCCTTCCTTAATGCTGTATG 3" BamHI divIVAg 1-

! Restriction endonulease sites are underlined, Mutagenized codons are indicated in bold

190
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IVA-7 5 Pstl leIVAEf 1-

GCGCCTGCAGGAAGTATTGTAATTTTTCIT 60
c3¥®
GCGCCTGCAGGAAATTCTTGATGAACAAG 190-233
3 —
IVA-9 5 Pstl diviIVAg 1-
GCGCCTGCATAATTGCTTCTGCTAAGATTT 130
G3¥
GCGCCTGCAGATTGAACGTGCCCGTCAATA 130-233
AG3
Iva-GFP1 5" GCGCCCATGGTTTTTGATTCTTCTTCAA Nceol adiviVAg 3
3 end, no
stop codon
IVA-Xyl 5 EcoRI divlVAg 5
GCGCGAATTCAGAGGTGAAGGAATATGGC end with
ATTAAC 3 RBS?
GFP-3- 5" GCGCGGATCCTTATTGTACAGCTCGTCC  BamHI egfp 3" end
BAM 3

? Ribosomal binding site
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Table 3 - Plasmids used in this study

Plasmid Relevant Genotype Source

pET30a Kan® Pr;:6xHis Novagen

pSRDiv Kan" Pry:divIVAgr-6xHis Ramirez-Arcos et al., 2004b

pMR1 Kan" Pry::divIV A (129D) - This study
6xHis

pMR2 Kan® Pry::diviVAgs (E37P) - This study
6xHis

pMR3 Kan" Pr;::divIVAg (E37P, N43P,  This study
L46D) - 6xHis

pMR4 Kan® Pry:divIVAge(E37P, N43P,  This study
L46D, L50D, L57F) - 6xHis

pMRS5 Kan" Pry::divIVAg(E37P, N43P,  This study
146D, L50E, L57F) - 6xHis

pMR6 Kan® Pry::divIVAge (1-190) - This study
6xHis

pMR7 Kan" P1y::diviVAgs(A130-190) - This study
6xHis

pMRS Kan® Pry::divIVAge(A60-190) - This study
6xHis

pMRY Kan® Pry::divIVAge(A60-130) - This study
6xHis

pMR10 Kan® Pry::divIVAgs(L143P) - This study
6xHis

pMR11 Kan® Pry::divIVAgs (L104P) - This study
6xHis

pMR12 Kan" Prs:divIVAg:(L104, L143P)  This study
- 6xHis

pMR13 Kan® Pro::divIVAge(L104P, This study
1115P) - 6xHis

pMR14 Kan® Pry::divIVAge(L104P, This study
1115P, L143P) -6xHis

pMR15 Kan"® Pry:divIVAge(L104P, This study
1115P, 1125P) -6xHis

pMR16 Kan® Pry::divIVAgs(L104P, This study
1115P, 1125P, L143P) -6xHis

pGAD424 Amp® Ppr':gal4(AD)” Clontech

pGBT9 Amp" P sppy;::gal4(BD)’ Clontech

"Papur: Yeast promoter which regulates expression of gal4
? Encodes the activation domain (AD) of GAL4
3 Encodes the DNA-binding domain (BD) of GAL4
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pSRAD-Div
pSRBD-Div

pMR1-AD
pMR1-BD
pMR2-AD
pMR2-BD
pMR3-AD
pMR3-BD

pMR4-AD

pMR4-BD

pMR5-AD

pMR5-BD

pMR6-AD
pMR6-BD
pMR7-AD
pMR7-BD
pMRS-AD
pMR8-BD
pMR9-AD

pMR9-BD

Amp® Papy;::gal4(AD)-divIVAg,
Amp® P apy;::gal4(BD)-divIVAgs

AmpR Papui::gal4(AD)-divIVAgs
(L29D)

Amp® Papp,::gald(BD)-divIV Ay
(L29D)

Amp® Papy,::gald(AD)-divIVAge
(E37P)

Amp® Papy::gald(BD)-diviVAgs
(E37P)

Amp® Papy,::gal4(AD)-divIVAge
(E37P, N43P, L46D)

Amp® Papy::gal4(BD)-divIVAge
(E37P, N43P, L46D)

Amp® Papyy::gal4(AD)-divIVAge
(E37P, N43P, 1L46D, L50D,
L57F)

Amp® Papyy::gal4(BD)-divIVAgs
(E37P, N43P, L46D, L50D,
L57F)

AmpR P apnii:gal4(AD)-divIVAgg
(E37P, N43P, L46D, L50E,
L57F)

Amp® Py, ::gal4(BD)-divIVAg;
(E37P, N43P, L46D, L50E,
L57F)

Amp® Papiy::gal4(AD)-divIV Ags
(1-190)

Amp® Papyi::gal4(BD)-divIVAge
(1-190)

Amp® P apy::gal4(AD)-divIVAgs
(A130-190)

Amp® P apu::gal4(BD)-divIVAg;
(A130-190)

Amp® Papy::gal4(AD)-divIVAgs
(A60-190)
Amp® P ppy;::gal4(BD)-divIVAge
(A60-190)
Amp® Papy::gal4(AD)-diviVAge
(A60-130)

Amp® P pppy::gal4(BD)-divIVAg,
(A60-130)

Ramirez-Arcos et al., 2004b
Ramirez-Arcos et al., 2004b
This study

This study
This study
This study
This study
This study

This study

This study

This study

This study

This study
This study
This study
This study
This study
This study
This study

This study

23



pMR10-AD
pMR10-BD
pMR12-AD
pMR12-BD
pMR15-AD
pMR15-BD
pMR16-AD
pMR16-BD

pGAD-MLID1c
pGBT-MLIDl1c
pDSW209
pMRGFP-Div
pEGFP
pMRDiv-GFP
pJPR1

pJPR-Div-GFP

AmpR Papy;::gal4(AD)-diviV A,
(L143P)

Amp® P apyy::gal4(BD)-divIVAg;
(L143P)

Amp® Papyy::gal4(AD)-divIV Ay
(L104P, L143P)

Amp® Pypyyi:gal4(BD)-divIVAge
(L104P, L143P)

Amp® Ppyy::gal4(AD)-divIV A
(L104P, 1115P, 1125P)

Amp® P apui::gal4(BD)-divIVAgs
(L104P, 1115P, 1125P)

Amp® P pyy::gal4(AD)-divIVAg
(L104P, I115P, I125P, L143P)

Amp® Papyy::gal4(BD)-divIVAge
(L104P, 1115P, 125P, L143P)

Amp® P apy;::gal4(AD)-mljdlc
Amp® Papy;::gald(BD)-mljdlc
Amp® P tgfp

Amp® Py igfp-diviVAg,

Amp® Py, egfp

Amp® Py :divIVA g-egfp

Amp®, Cm®, 5'amyE 3'amyE,
xylose inducible Py promoter

AmpR, CmR, 5 amyE 3 amyE,
Puyi diviVAgregfp

* Py was mutated at the -10 and -35 regions.

> Gift from W. Margolin
8 Gift from J. Errington

This study
This study
This study
This study
This study
This study
This study
This study

Liao et al., unpublished
Liao et al., unpublished
Weiss et al., 1999°
This Study

Clontech

This Study

Jones et al., 2001°

This Study

24



Site directed mutants were designed to both disrupt the predicted coiled-coil
domains and modify the restriction profile of diviVAg. Unless otherwise indicated,
mutations and deletions of divIVAgs were constructed by SDM using pSRDiv as a
template to facilitate subsequent protein purification. Recircularization of SDM products
was performed by phosphorylating the SDM product followed by self-ligation as follows:
following PCR, the SDM DNA was purified using the Qiagen PCR clean kit (Qiagen
Inc., Mississagua, Ontario). The phosphorylation reaction was carried out using the
following recipe: 15 pul DNA purified from the SDM reactions, 2 ul of 10X PNK buffer
A (MBI Fermentas), 1 pl of 100 mM dATP and 2 pl T4 polynucleotide kinase (MBI
Fermentas). Reactions were incubated for one hour at 37°C, then the phosphorylated
DNA was purified using a Qiagen PCR clean kit, then self-ligated using the following
recipe: 17 ul phosphorylated DNA, 2 pl 10X ligase buffer (MBI Fermentas) and 1 pl T4
DNA ligase (MBI Fermentas). Ligations were incubated for 30 minutes at 37°C and
transformed into E. coli XL1-Blue using the heat shock method without further
manipulation (Sambrook ef al., 1980).
2.3.2.1 N-terminal point mutations

To introduce a leucine to aspartic acid mutation at residue 29 (L29D) into pSRDiv
to produce pMR1 (Table 3), primers L29D-F and L29D-R (Table 2) and an annealing
temperature of 52°C were used. This mutation introduces a Bcl/l restriction site to
divIVAgs. Following recircularization and transformation, colonies were screened
following the diagram shown in Figure 4. The screening protocol was used for all
plasmids constructed in this study. Briefly, to screen for the correct plasmid size colonies

were picked using a sterile toothpick and resuspended in 25 pL. ddH,0. Following
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Figure 4 - Flow chart detailing the general method for the introduction of point

mutations into divIVAgrs, SDM.
Specifically, the L29D mutation is shown in detail. A) Starting from the parental

plasmid, primers are designed to anneal in opposite directions with one (or both)
encoding the mutation of interest (denoted by the asterisk) and the entire plasmid is
amplified by SDM. B) Following SDM amplification, the linearized DNA 1is
phosphorylated and self-ligated to create a circular plasmid and transformed into E. coli
XL1-Blue. C) Colonies that were able to grow on the selected media are screened using
the “Cracking” method to ensure that the correct sized plasmid was formed during
recircularization and transformation. D) The diviVAg gene from plasmids of the correct
size (6.0 kb) is PCR amplified and screened for the presence/absence of the restriction
site introduced by the mutation. Only those plasmids that carried div/VAgs genes that
showed the expected digest pattern were sequenced to ensure no other mutations or

frameshifts were present.
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resuspension, the toothpick was used to streak a fresh LB agar plate containing
appropriate selective markers to maintain the colony. 25 pL cracking solution, prepared
just prior to use and made up of 9 parts cracking buffer (11 mM EDTA, pH 8.0, 11%
glycerol, 38.5 mM SDS, 0.83 mM bromophenol blue) and 1 part 1M NaOH, was added
to the cell suspension and incubated at room temperature for five minutes to lyse the
cells. The suspension was then loaded into a 1% agarose gel and electrophoresed using
TAE buffer (40 mM Tris base, 0.1% acetic acid, ] mM EDTA) for one hour at 100 V.
Following electrophoresis, the gel was stained using ethidium bromide (EtBr) for 20
minutes, destained in ddH,0, and imaged using UV light in an Alpha Innotech
Corporation Multilmage light cabinet (Alpha Innotech Corporation, San Leandro, CA).
Once colonies carrying the correct size plasmid were identified, diviVAg was amplified
by PCR using primers IVA-1 and IVA-2 (Table 2). Annealing temperature and extension
time were 47°C and 60 seconds respectively and 10 uL. of a colony suspension of
approximately 0.5 MacFarland turbidity units used as template (Remel). Following PCR
amplification, the PCR products were digested for 18 hours at 37°C with Bcll using the
following recipe: 13 pL ddH,0, 4 pl. PCR DNA, 2 pL. NE Buffer 3 (New England
Biolabs, Beverly, MA) and 1 puLL Bc/l (New England Biolabs). 5 pL. DNA loading buffer
(40% sucrose, 0.25% bromophenol blue) was added to the reaction following incubation
and the entire volume loaded onto a 1% agarose gel and electrophoresed and stained as
described above. Colonies carrying the mutated divIVAgsas determined by restriction
digest analysis were sequenced to ensure only the desired L29D mutation was present.
Introduction of a glutamic acid to proline mutation at residue 37 (E37P) into

pSRDiv to create pMR2 (Table 3) was accomplished using primers E37P-F and E37P-R
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(Table 2), and an annealing temperature of 52°C. Screening for the E37P mutation was
as described for L29D using the introduced BspFEI restriction site and NE Buffer 3.

Two additional mutations, aspargine to proline at résidue 43 (N43P) and leucine
to aspartic acid at residue 46 (L46D) were added to pMR2 to disrupt the first half of the
N-terminal coiled-coil domain to create pMR3 (Table 3). To generate this construct,
pMR?2 was used as template with primers N43P/L46D-F and N43P/L46D-R (Table 2)
and an annealing temperature of 43°C. The presence of the mutations was verified as
described previously using BsaAl (N43P) and BbsI (L46D) with NE Buffers 3 and 2
respectively.

To disrupt the entire predicted N-terminal coiled-coil domain two additional
mutations, leucine to aspartic acid at residue 50 (L50D) and leucine to phenylalanine at
residue 57 (L57F), were added to pMR3 to generate pMR4 (Table 3). This construct was
generated using pMR3 as a template with primers L50D/L57F-F and L50D/L57F-R
(Table 2) with an annealing temperature of 45°C. Screening was carried out as described
above using the introduced Xmnl (L57F) and NE Buffer 2. During DNA sequencing, an
unexpected leucine to glutamic acid mutation at residue 50 (IL50E) was found in one of
the clones during sequencing. Since this construct also completely disrupted the N-
terminal coiled-coil domain, it was kept and designated pMRS (Table 3) and contains
mutations E37P, N43P, L46D, L50E, and L57F.
2.3.2.2 Creation of a C-terminal deletion

Creation of a C-terminal truncation of the last 43 residues of DivIV Ags (DivIV Age
1-190) has the dual function of removing the C-terminal coiled-coil domain and shortening

DivIV Ags to approximately the same length as DivIVAg. The truncation was
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constructed using pSRDiv as a template and primers IVApET-1 and IVApET-3 (Table 2)
and an annealing temperature of 47°C to incorporate Ndel and X#hol restriction sites at the
5" and 3" ends respectively. Following digestion with Ndel and Xhol, the truncated

divIVAgs was cloned into pET30a previously digested with the same enzymes to generate

pMR6 (Table 3).
2.3.2.3 Deletions and point mutations of the central coiled-coil domains

For all deletions of the central coiled-coil domains, pSRDiv was used as template.
To remove the first of the central coiled-coil domains consisting of residues 60-130
(DivIV Agf a60-130), SDM using primers IVA-7 and IVA-10 (Table 2) and an annealing
temperature of 55°C were used to generate pMR9 (Table 3). To remove the second of
the central domains consisting of residues 130-190 (DivIVAg¢a130-190), SDM using
primers IVA-8 and I[IVA-9 (Table 2) were used with an annealing temperature of 50°C to
generate pMR7 (Table 3). Removal of both central coiled-coil domains consisting of
residues 60-190 (DivIV Agr ag0-190) Was performed using primers [VA-7 and IVA-8 and an
annealing temperature of 50°C to generate pMR8 (Table 3). SDM products involving
central coiled-coil domain deletions were digested with Ps¢I before recircularization.
Screening for the divIVAgs deletions was performed as described previously with the
following change. Following confirmation of the correct sized plasmid and insert
amplification using primers [IVA-1 and IVA-2 as described above, the insert size was
determined by electrophoresis using a 1% agarose gel. Colonies carrying the correct
sized insert were sent for DNA sequencing.

To create point mutations in the central coiled-coil domains, SDM was used to

introduce leucine to proline mutations at residues 104 (L104P) and 143 (L143P) to
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pSRDiv to generate pMR11 and pMR10 respectively (Table 3). These mutations disrupt
the first and second of the central coiled-coil domains respectively. For L104P, primers
L104P-F and L104P-R (Table 2) were used with an annealing temperature of 47°C.
Introduction of the L104P mutation abrogates a native Xcml site in divIVAgsallowing for
screening as described above using NE Buffer 2. For L143P, primers L143P-F and
L143P-R (Table 2) were used with an annealing temperature of 50°C. The L.143P
mutation was screened as described previously using the Ddel restriction site introduced
to divIVAgrand NE buffer 3.

A combination of the L.104P and L143P mutations was created to simultaneously
disrupt both central coiled-coil domains by SDM using pMR10 as a template with
L104P-F and L104P-R primers. Screening was conducted as described for pMR11 and
the resulting plasmid was designated pMR12 (Table 3).

To further abrogate the central coiled-coil domains, isoleucine to proline
mutations at residue 125 (I125P) were added to pMR11 and pMR12 by SDM to generate
L104P/1125P (pMR13, Table 3) and L104P/I125P/L143P (pMR14, Table 3) respectively.
In both cases, primers 1125P-F and [125P-R (Table 2) and an annealing temperature of
50°C were used. Introduction of I125P removes a native Ddel restriction site and the
removal of this site was used for screening purposes using NE Buffer 3.

One additional mutation, isoleucine to proline at residue 115 (I115P), was also
added to pMR13 and pMR 14 to ensure complete abrogation of the central coiled-coil
domains. To incorporate the I115P mutation, SDM was performed using primers 1115P-F
and I115P-R (Table 2) and an annealing temperature of 43°C to generate pMR15

(L104P/1115P/1125P, Table 3) and pMR16 (L104P/1115P/1125P/L143P, Table 3)
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respectively. The [115P mutation introduces an Acil restriction site, which was used for
screening purposes as described above with NE Buffer 3.
2.4 Protein Induction and Purification

To overexpress the mutant and wild type DivIV Ag¢ proteins, E. coli C41 (DE3)
was transformed with plasmids derived from pET30a (pSRDiv, pMR1-16). Colonies
were subcultured in Luria Bertani (LB) medium supplemented with 50 pg/mL kanamycin
(LB-Kansp) and incubated for 18 hours at 37°C with shaking at 250 rpm. Following the
18 hour incubation, cultures were diluted 1:20 in fresh LB-Kansg and incubated for two
hours at 37°C with shaking at 250 rpm prior to induction. Protein expression was
induced by addition of ispropyl-p-D-thiogalatopyranoside (IPTG, MBI Fermentas) to a
final concentration of 0.4 mM followed by incubation for three hours at 37°C at 250 rpm.
Following induction, cultures were pelleted by centrifugation for 5 minutes at 5000 rpm
in a Sorvall RC5C ultracentrifuge (Mandel Scientific, Guelph, Ontario), with a SW-55
rotor. Cells were then washed two times with phosphate buffered saline (PBS: 136 mM
NaCl, 2.7 mM KCl, 10 mM Na;HPOy, 1.8 mM KH,POy4, pH 7.4), aliquoted, and frozen at
-20°C until sonication and purification.

To separate the soluble and insoluble protein components, induced cells were
resuspended in 5 mL of appropriate binding buffer (described below) and lysed by
sonication using a sonic dismembrator 60 (Fisher Scientific, Ottawa, ON). Sonication
was performed using 3 cycles of ten 1-second bursts at 15 W with a 1 minute time
interval on ice between cycles. Following sonication, the cell extract was spun at 25,000

rpm for 25 minutes at 4°C in an L.8-55M ultracentrifuge (Beckman Counter, Fullerton,
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CA) using a SW55 swinging bucket rotor. The soluble supernatant was removed from
the insoluble debris by decantation and stored at 4°C until used for purification.

In order to purify protein from the soluble fractions, two different immobilized
metal affinity chromatography (IMAC) resins were employed. His-bind resin (Novagen,
Darmstadt, Germany), which uses nickel as the immobilized metal, was used for the
majority of the samples while TALON resin (Clontech), which uses cobalt as the
immobilized metal, was used for samples that bound poorly to His-bind resin.

2.4.1 His-bind resin purifications

For purifications involving His-bind resin, the binding buffer comprised SmM
imidazole, 500 mM NaCl and 20 mM Tris-HCI, pH 7.9. Following sonication and
fractionation, the soluble fraction was passed over resin pre-equilibrated with charge
buffer (50 mM NiSQy) followed by binding buffer. Once the soluble fraction was passed
through the resin, the bound proteins were washed with binding buffer containing
increasing concentrations of imidazole (up to 100 mM). Samples were eluted from the
resin using elution buffer (250 mM imidazole, 500 mM NaCl, 20 m Tris-HCI, pH 7.9).
Following sample elution, the resin was washed using strip buffer (100 mM EDTA, 500
mM NaCl, 20 mM Tris-HCI, pH 7.9) and stored at 4°C in strip buffer. This method of
purification was used for wild type DivIVAg, as well as MR1 through MRS, MR7, and
MR11 through MR16.

2.4.2 TALON resin purifications

For purifications involving TALON resin (Clontech), the binding buffer consisted

of 300 mM NaCl, and 50 mM NaH,POy, pH 7.0. Following sonication and fractionation

as described above, the soluble fraction was incubated for 30 minutes with gentle
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agitation at room temperature with resin pre-equilibrated with binding buffer. The resin
was then pelleted by centrifugation at 500 g for two minutes using a J-6B swinging
bucket centrifuge (Beckman Coulter). The supernatant was removed and the resin
resuspended in two bed volumes of binding buffer and gently agitated at room
temperature for 10 minutes. Following incubation, the resin was pelleted as before and
washed until 30 bed volumes of binding buffer were exchanged. After the final
resuspension, the resin was transferred to a polypropylene column and allowed to settle.
The resin was then washed with wash buffer (300 mM NaCl, 50 mM NaH,PO,, pH 7.0)
containing increasing concentrations of imidazole (5-50 mM). Protein was eluted from
the resin using elution buffer (300 mM NaCl, 50 mM NaH,PO,, 150 mM imidazole, pH
7.0). Any remaining protein was removed from the resin by washing using 20 mM MES,
pH 5.0 and the resin was subsequently stored at 4°C in 20% ethanol containing 0.1%
sodium azide. This purification method was used for MR6, MR9, and MR10

Regardless of the method of purification, protein samples were concentrated using
a Centricon 10,000 MWCO concentrator (Millipore, Billerica, MA). Protein samples
purified using His-resin were dialyzed using PBS while those purified using TALON
resin were dialyzed using TALON binding buffer to remove the excess imidazole.
Dialysis and concentration was performed prior to analysis by native gel electrophoresis
or gel filtration.

The presence of the 6xHis tag incorporated by expression from pET30a for
purification purposes likely has no effect on oligomerization. Experiments conducted on
the B. subtilis DivIVA homolog have demonstrated that the oligomer state is identical for

DivIVAg, in both the presence and absence of the 6xHis tag (Muchova et al., 2002a).
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2.5 Protein Electrophoresis

Protein purity and relative concentration were analysed by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using the protocol described
by Sambrook et al., (1980). Briefly, two phase gels consisting of a 5% stacking and 12%
resolving layers were used to separate the proteins. Sample preparation involved adding
loading buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 25% glycerol, 0.01% bromophenol
blue) to each sample in a 1:5 ratio followed by boiling the samples for 5 minutes to
ensure complete denaturation. Electrophoresis was conducted using 5 mM Tris-HCI, 50
mM glycine and 0.1% SDS, pH 8.3 as the running buffer at 100V until the bromophenol
blue dye exited the gel. Unless used for Western blotting, gels were stained with'
Coomassie brilliant blue (Sambrook et al., 1980) and destained using a 45% methanol,
10% acetic acid solution. In order to determine relative protein concentration,
densitometric analysis was performed following destaining using AlphaEase version 5.04
(Alpha Innotech). This relative concentration was used to ensure equal sample loading
for Western blotting and native gel electrophoresis.

For urea SDS-PAGE analysis, SM urea was added to each of the stacking and
resolving gels, as well as the running buffer to ensure complete sample denaturation. 5
uL of 10M urea was added to each sample prior to boiling and gels were stained with
Sypro Ruby protein stain (Bio-Rad) overnight and destained for 2-3 hours with water the
following morning.

2.6 Circular Dichroism (CD) Analysis
CD analysis of purified DivIV Agr and proteins containing N-terminal mutations

was performed using a Jasco J-810 spectropolarimeter (Jasco Inc., Easton, MD). Protein
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samples dialyzed in PBS were analyzed using a cuvette with a path length of 0.2 mm and
the average of five scans was used to determine the experimental ellipticity at each
wavelength. Mean Residue Ellipticity (MRE) was calculated using the equation MRE =
(100g x MW)/(C x L x R) where q represents the experimental ellipticity (in millidegrees
[mdeg]), MW represents the mass of the protein (in Daltons), C represents the
concentration of the protein sample (in mg/mL), L represents the path length of the
cuvette (in cm) and R represents the number of residues in the protein (adapted from

http://www.huhaha.com/pages/knowledge_pages/cd_unit.html). To compare spectra, the

MRE was plotted against wavelength.
2.7 Mass Spectrometry Analysis

Purified DivIV Ags was subjected to SDS-PAGE electrophoresis and stained with
Coomassie brilliant blue as described above. Bands were excised from the gel following
destaining and sent to the Queen’s University Protein Discovery group for MALDI-TOF
Mass Spectrometry analysis.
2.8 Glycosylation assay

In order to determine whether DivIV Age undergoes post-translation glycosylation,
purified DivIV Ag¢ along with Horseradish Peroxidase (HRP, positive control), and
Soybean Trypsin Inhibitor (STI, negative control) were subjected to SDS-PAGE
electrophoresis. Following electrophoresis, the gel was fixed by immersion in 50%
methanol for 30 minutes. Following fixation, the gel was washed twice in 3% acetic
acid, then incubated for 15 minutes in oxidizing solution from the Pierce GelCode
Glycoprotein staining kit (Pierce, Rockford, IL). Following oxidation, the gel was

washed with 3% acetic acid as described above. After washing, the gel was incubated in
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GelCode Glycoprotein Staining reagent (Pierce) for 15 minutes followed by 5 minutes in
reducing solution. The gel was washed 5 times with 3% acetic acid, then rinsed with
distilled water and imaged using the Alpha Innotech Corporation Multilmage light
cabinet.

2.9 Size exclusion chromatography analysis

Gel filtration analysis was carried out using an HR16/50 column packed manually
with approximately 100 mL of either Superdex-200 resin or Superose-6 resin (Amersham
Biosciences, Montreal, QC) which differ in their fractionation range as per
manufacturer’s instructions and equilibrated with either PBS or TALON extraction buffer
depending on which sample was being analyzed. Flow rate was maintained at 0.7
mL/min. 500 ul of purified proteins was injected onto the column and fractions collected
using a Pharmacia Frac-3000 fraction collector. Elution volumes from 1-30 mL were not
collected, 30-60 mL were collected in 0.5 ml intervals for samples having a full
oligomeric complex and 1.0 mL intervals for samples having disrupted complexes, and
elutions from 60-90 ml were collected in 1.0 ml intervals for full oligomeric samples and
0.5 mL intervals for samples with disrupted complexes.

Following sample collection, the protein elution profile was constructed as
follows: 20 ul of BioRad protein assay dye was pipetted into each well of a 96 well
microtitre plate. 100 ul of each fraction was added to each well and absorbance recorded
on a Spectra Shell microplate reader (Tecan, Maennedorf, Switzerland) at 595 nm. The
elution profile for each sample was compared to the elution profile of standards
purchased from Amersham Biosciences to determine the molecular mass of the protein

complex. The standard curve was constructed by determining the column void volume
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(V,), the total bed volume (V) and the elution volume (V) for each standard. These
values were then used to determine the partition coefficient (K,y) for each standard using
the equation Kay = (Ve-Vo)/(Vi-V,). This value was plotted against the log of the
molecular weight of the standard and a line of best fit was determined. Following
calculation of the K,y for the various DivIV Ags samples, the calculated protein complex
mass was determined then divided by the bioinformatically determined monomer mass to
determine the number of DivIiV Agr monomers present in the complex.
2.10 Native Gel Electrophoresis

Gradient Tris-HCI gels were purchased from BioRad. Loading buffer (40%
glycerol, 0.01% bromophenol blue, 62.5 mM Tris-HCI, pH 6.8) was added to purified
protein samples in a 1:5 ratio. Electrophoresis was conducted using 192 mM glycine, 25
mM Tris-HCL, pH 8.3 at 100 V until the bromophenol blue dye ran off the gel. Gels were
stained with Coomassie brilliant blue as described above unless used for Western blot
analysis.
2.11 Western Blot

Following protein electrophoresis, samples were transferred to Hybond-C
Nitrocellulose (Amersham Biosciences) for one hour at 100V. For Western blots of
native gels, membranes were stained with Ponceau Red (0.1% Ponceau Red, 5% acetic
acid), the standards marked, and destained using ddH,O. The remainder of the protocol
was identical for Westerns of both native and denatured proteins. Membranes were
blocked for one hour at room temperature with either 3% skim milk in TBS (50 mM Tris,

1.25 M NaCl) containing 0.05% Tween-20 (TTBS) for a-DivIV Agr (Ramirez-Arcos et

al., 2004b) blots or 3% BSA in TTBS for a-His (Qiagen) blots. Following blocking,
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membranes were washed three times with TTBS, then incubated overnight at 4°C with
primary antiserum dilute 1:1000 in TTBS with gentle agitation.

The following morning, the membranes were washed three times with TTBS and
incubated for one hour with either alkaline phosphatase (AP) conjugated goat o-rabbit
IgG for a-DivIVAg; (Bio-Rad, Mississagua, Ontario) or AP conjugated goat a-mouse
IgG for a-His (Bio-Rad) dilute 1:3000 in TTBS. Membranes were then washed three
times with TTBS and developed using Attophos (Promega, Madison, WI). Samples were
visualized using UV light in an Alpha Innotech Corporation Multilmage light cabinet.
2.12 Yeast two hybrid analysis

Following confirmation of the divIVAgs sequences, wild type and mutated
divIVAgs genes, with the exception of divIVAg.yrs (described below), were PCR
amplified using primers IVA-1 and IVA-2 to incorporate EcoRI and BamH]I at the 5* and
3" ends respectively. Following purification and digestion, the diviVA4gs genes were
cloned into both pGAD424 and pGBT9 (Clontech, Table 3) previously digested with
EcoRI and BamHI. Screening of the resultant plasmids was performed by releasing the
insert by restriction endonucléase digestion to verify the correct size prior to DNA
sequencing. The resultant plasmids were named after their pET30a counterparts but with
an AD suffix for clones in pGAD424 and a BD suffix for clones in pGBT9. For
example, the constructs containing diviV4 amplified from pMR1 and cloned into
pGAD424 and pGBT9 were named pMR1-AD and pMR1-BD respectively (Table 3).
For the C-terminal DivIV Ag¢ truncation, pSRDiv was used as template with primers [VA-

1 and IVA-6 (Table 2) with the remainder of the protocol unchanged.
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Following DNA sequence confirmation of the fusion, plasmids were transformed
into Saccharomyces cerevisiae SFY526 as indicated by the Clontech Yeast Two Hybrid
manual. Plasmids were tested both individually and in combination with their
corresponding partner (e.g. pMR3-AD + pMR3-BD), as well as with the wild type
DivIVAgr when no interaction between the mutated proteins was detected. Following
three days incubation at 30°C, activation of the B-Galactosidase reporter gene was tested
using a colony lift assay. Briefly, sterile filter discs were pressed over the yeast colonies,
the filters frozen in liquid nitrogen for 10 seconds, and allowed to thaw at room
temperature. Once thawed, the filters were placed in petri dishes on a second filter pre-
soaked with Z-buffer (60 mM Na,HPO4, 40 mM NaH,;PO4, 10 mM KCI, 1 mM MgSOy)
supplemented with 0.27% B-mercaptoethanol and 0.3 pg/mL X-gal (5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside, MBI Fermentas) and incubated at room temperature until
either the colonies turned blue or 24 hours, whichever came first. Only colonies where
both plasmids were required to activate the reporter gene were further quantified using
the liquid culture assay method (Clontech).

2.13 Mapping of interaction between DivIVAgrand MLJDI

In order to determine what region of DivIV Agis responsible for interaction with
MLJID1, yeast two hybrid experiments were performed as described above. Interaction
testing was carried out using DivIV Agy that either a) had the N-terminal coiled-coil
domain completely disrupted (MRS), b) was lacking the second coiled-coil domain
(MR9), ¢) was lacking the third coiled-coil domain (MR7) or d) was lacking the C-
terminal 43 amino acids (MR6). The various DivIV Ag¢ constructs were tested in

combination with pGAD-MLIJD1c¢ and pGBT-MLJD1c¢ (Table 3) as appropriate.
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Interaction between the various DivIVAgr constructs and MLJD1 was determined using
the colony lift assay as described above.
2.14 Localization of DivIVAgs
2.14.1 GFP localization in heterologous backgrounds
2.14.1.1 Localization in Escherichia coli

In order to examine DivIV Agf localization in a Gram negative background, GFP
fusions to DivIVAgs were constructed at both the N and C terminal domains. For the N-
terminal fusion, wild type divIVAgr was PCR amplified using primers IVA-1 and IVA-2
as described previously. Following amplification and digestion with EcoRI and BamH]I,
the divIVAgs gene was cloned into pPDSW209 (Weiss et al., 1999, Table 3) previously
digested with the same enzymes. DNA sequencing was used to verify a proper fusion
between GFP and DivIV Agrand the resultant plasmid was named pMRGFP-Div (Table
3).

For the C-terminal fusion, wild type divIVA gz was PCR amplified using primers
IVA-5 and IvaGFP-1 (Table 2) to incorporate BamHI and Ncol at the 5° and 3" ends
respectively. Following amplification and digestion, the divIVAgs gene was cloned into
pEGFP (Clontech, Table 3) previously digested with the same enzymes. Fusion between
DivIVAgrand GFP was confirmed by DNA sequencing and the resulting plasmid was
named pMRDiv-GFP (Table 3). |

Following sequence confirmations, pMRGFP-Div and pMRDiv-GFP, along with
their respective cloning vectors (pDSW209 and pEGFP) were transformed into E. coli
PB103 using the heat shock method (Sambrook ef al., 1980). Following transformation,

colonies were subcultured into LB broth containing 100 pg/ml. ampicillin and IPTG
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ranging from 0.5-2.0 mM. Once the cultures reached mid-exponential phase (ODgqo -
0.6), a 2 uL aliquot was mixed with 2 pL of liquified 2% low melting point (LMP)
agarose, placed on a microscope slide, and fluorescence observed using an Olympus
BX61 microscope equipped with a Photometrics CoolSnap ES camera and Image Pro
(Version 4.5.1) software.
2.14.1.2  Localization in Bacillus subtilis

To observe the localization of DivIVAgrin a Gram positive background, divIVA g~
gfp was amplified from pMRDiv-GFP using primers IVA-Xyl and GFP-3-Bam (Table 2)
to incorporate EcoRI and BamHI at the 5* and 3" ends respectively. Following
amplification and digestion, the divIVAg~gfp fusion was cloned into pJPR1 (Jones ef al,
2001, Table 3) previously digested with the same enzymes. The sequences of both
divIVAgrand gfp were confirmed by DNA sequencing. The resulting plasmid was named
pJPR-Div-GFP (Table 3).

Following sequencing, pJPR-Div-GFP was transformed into Bacillus subtilis
strain 1756 as follows: 10 mL MD Medium (61.4 mM K;HPO,, 44.1 mM KH,POy4, 2.87
mM sodium citrate, 2% glucose, 0.005% L-Tryptophan, 0.0011% ferric ammonium
citrate, 0.25% L-aspartic acid, 3 mM MgSO, ) containing 0.1% casamino acids, 5 pg/mL
erythromycin and 0.1 mM IPTG was inoculated with 5-10 colonies of B. subtilis 1756
and incubated at 37°C and 250 rpm shaking until ODgy reached ~1.2. Following
incubation, an equal volume of MD medium containing 5 pg/ml erythromycin and 0.1
mM IPTG was added and the culture incubated for 1 hour at 37°C and 250 rpm. 800 pL
of culture was then added to 1.5 mL eppendorf tubes containing either 1 pg/mL pJPR-

Div-GFP or pJPR1 and incubated for 20 minutes, 37°C, 250 rpm. Following the 20
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minute incubation, 25 pL of 20% casamino acids was added to each tube followed by
incubation for 75 minutes at 37°C and 250 rpm agitation. Aliquots ranging from 150 pL
to 300 pl were then plated onto LB agar plates containing 5 pg/mL erythromyocin, 5
pg/mL chloramphenicol, and 0.1 mM IPTG and incubated at 37°C overnight.

Since pJPR1 is designed to integrate into the amylase gene of B. subtilis,
transformants were screened for disrupted amyE. To test for amyE disru;;tion, colonies
were subcultured onto starch agar plates and incubated overnight at 37°C. Plates were
then flooded with Lugol’s solution (5% iodine, 10% potassium iodide, 20% acetic acid)
for 2-3 minutes and the remaining solution drained by decanting. Colonies that did not

contain disruptions of amyFE were not stained by the Lugol’s solution and appeared as

clear zones.

To induce expression of DiviIVAg~GFP in B. subtilis, colonies containing
disrupted amyE genes were subcultured overnight at 37°C in S medium (0.2%
[NH4]5S04, 0.6% KH,PO4, 1.4% Ky;HPO4, 0.1% sodium citrate, 0.02% MgSOs, 1%
casamino acids, 20 pg/mL L-tryptophan, 0.056% MnSOy, filter sterilized to remove
precipitated MnSO,) containing 5 pg/mL erythromyocin and 5 pg/mL chloramphenicol.
The following morning, 300 pL of the overnight cultures were subcultured into four
different tubes containing 3 mL of fresh S-medium supplemented with either no
supplement, 0.1 mM IPTG, 0.1mM IPTG and 0.5% D-xylose, or 0.5% D-xylose and
cultures incubated at 30°C, 250 rpm until mid-exponential phase (ODggo ~ 0.7). 2 uL of
the cultures was then added to 2 pL of liquified LMP agarose on a microscope slide and

fluorescence observed as described above.
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2.14.2 Immunogold localization of DivIVAgsin Enterococcus faecalis

To localize DivIV Agr in its native host, immunoelectron microscopy was
performed in collaboration with Peter Rippstein at the University of Ottawa Heart
Institute. Localization was performed using E. faecalis strain JH2-2 and rabbit
polyclonal a-DivIVAgs. Final antiserum dilution was 1:250 and samples were visualized

using a Jeol 1230 Electron Microscope equipped with a digital AMT camera.
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Results

3.1 Bioinformatic Analysis of DivIVAgs

Using multiple sequence alignment software, the sequences of 28 known DivIVA
homologs (as of August 24, 2004) were compared (Fig 5). The resulting alignment
shows moderate conservation (28.3% similarity, 21.6% identity) in the first 70 residues
with the region between residues 40-55 showing the highest conservation while the
remainder of the protein is poorly conserved (15.5% similarity, 5.6% identity) between
species. This corresponds to residues 30-45 of DivIV Ag¢ since the E. faecalis sequence
begins at residue 10 of the overall alignment (Figure 5).

Due to differences in the computational algorithms used to generate coiled-coil
domain predictions, each program generated a slightly different result for DivIV Agt.
Figure 6 shows the predictions for DivIV Ags using the Coils MTIDK matrix (A), the
Coils MTK matrix (B), Paircoil (C) and MultiCoil (D) online programs. Since N-
terminal and central coiled-coil domains were present regardless of the software used in
the prediction, only the Coils MTIDK matrix will be presented in this study.

Despite the low sequence homology, the predicted coiled-coil domains for the
various DivIVA proteins showed similar trends. Figure 7 shows the predicted coiled-coil
domains of the DivIVA homologs from E. faecalis (A), B. subtilis (B), Staphylococcus
aureus (C) and Mycobacterium avium paratuberculosis (D). Each prediction features a
highly certain coiled-coil domain (p = 100%) located approximately between residues 25
and 60. After this initial domain, there was a gap or region of low probability followed
by a second region with a high likelihood of coiled-coil domain formation that spanned

the central region of the protein. While this region varied greatly in terms of localized
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Figure 5 - Multiple sequence alignment of 29 known DivIVA homologs.

Consensus characters appearing in red have >90% sequence homology and those in blue
have 50-90% homology. With regards to the symbols presented in the consensus (bottom
lone), # represents either Asparagine (N), Aspartic acid (D), Glutamine (Q), or Glutamic
acid (E). % represents either Leucine (L) or Methionine (M). ! represents either
Isoleucine (I) or Valine (V). The strains from top to bottom are: Enterococcus faecalis,
Lactobacillus plantarum, Staphylococcus agalactiae, Streptoccus pyogenes,
Streptococcus mutans, Staphylococcus mitis, Streptococcus pneumoniae, Bacillus
anthracis, Bacillus cereus, Oceanobacillus iheyensis, Bacillus halodurans, Bacillus
subtilis, Listeria innocua, Listeria monocytogenes, Clostridium acetobutylicum,
Clostridium tetani, Clostridium perfringes,

Thermoanaerobacter tengcongensis, Bdellovibrio bacteriovorus, Desulfovibrio vulgaris
hildenborough, Geobacter sulfurreducens, Deinococcus radiodurans, Mycobacterium
avium paratuberculosis, Tropheryma whipplei, Mycoplasma mycoides, Lactobacillus

Jjohnsonii, Lactococcus lactis, Staphylococcus aureus, and Staphylococcus epidermidis
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Figure 6 - Predicted coiled-coil domains for DivIVAgs

A) Coils with MTIDK matrix with no weight at positions A and D, B) Coils with MTK
matrix with no weight at positions A and D, C) Paircoil using a probability cutoff of 0.2
(represented by the dashed line) and D) MultiCoil using default settings. For A, B, and
C, the three different traces represent the size of the amino acid window used in the

prediction.
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Figure 7 - Coiled-coil domain predictions using the Coils program for DivIVA

homologs
A) Enterococcus faecalis, B) Bacillus subtilis, C) Staphylococcus aureus and D)

Mpycobacterium avium paratuberculosis. The three window sizes define how many

residues were examined simultaneously.
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probabilities (50-100%) and possible number of domains (as defined by the peaks), it was
always present. However, the C-termini of the various proteins varied greatly with some
homologs such as DivIV Ags (Figure 7A) having a low probability domain (40-70%) and
others homologs such as DivIV Ag, (Figure 7C) lacking a coiled-coil domain. A residue-
per-residue assignment of the coiled-coil domain registers for DivIV Agrgenerated using
Paircoil analysis, as well as the location of the various mutations created to disrupt the
coiled-coil domains and the peptides identified by MALDI-TOF analysis, is shown in
Figure 8.

As mentioned previously, coiled-coil domains can exist in different forms. As
shown in Figure 6D, Multicoil analysis of DivIV Ags predicts that the N-terminal coiled-
coil domain is composed primarily of two stranded domains while the central domain is
primarily three stranded. Other DivIVA homologs show a similar two-stranded
preference for the N-terminal coiled-coil domain with some homologs predicted to have a
mix of two stranded and three stranded character for the central coiled-coil domains (data
not shown).

3.2 Discrepancy between the observed and predicted molecular weight of DivIVAgr

While bioinformatics predicts that DivIV Agt should have a molecular mass of 27
kDa, samples run in denaturing SDS-PAGE gels against known standards indicate that
DivIV Agr has a mobility corresponding to approximately 40 kDa (Figure 9a). To
confirm that only DivIV Ags was being purified from the E. coli lysates, mass
spectrometry analysis of the purified protein band as well as the secondary band
(indicated by the arrow in Figure 9A) was performed. The MALDI-TOF analysis of both

the major and secondary bands identified only peptides that corresponded exactly to
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Figure 8 — Detailed sequence information of DivIVAgs

Assignment of heptad positions specific to DivIV Agr as defined by Paircoil are listed
below the primary amino acid sequence. The central coiled-coil region is predicted to
have two separate domains with the second domain shown in italics. The locations of
point mutations created to study the effect of coiled-coil domain disruption in this study
are indicated by arrows with the mutagenized amino acid listed above the arrow.
Locations of residues involved in creating DivIVA deletions are indicated by the star.

Peptides identified by MALDI-TOF analysis are underlined.
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Figure 9 - Discrepancies between the bioinformaticallv and experimentally

determined molecular weight of DivIV Ags.

A) SDS-PAGE analysis indicates that DivIV Ags has an apparent molecular weight of
approximately 40 kDa while bioinformatics indicates the molecular weight should only
be 27 kDa. Lanes 1-5 represents increasing loading volumes of purified DivIV Ags from
5-25uL in 5 uL increments. The arrow indicates a secondary band identified as

DivIV Agr by mass spectrometry analysis. B) Western blot analysis using o-DivIV Ag¢
antiserum of 1) E. faecalis cell lysate, 2) E. faecalis overexpressing DivIVAgg, 3) E.
faecalis with divIVAg knocked out and 4) Purified DivIVAg~6xHis
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DivIV Agg, confirming that no other proteins were present in the sample. Specifically,
peptides MRGYNQDDVDDFLDQVTR, GYNQDDVDDFLDQVTR,
DALNQSIIVAQDTADK, ESEMIITSADNQAK, STQILAEAIER, QLAGETEDLKK,
LSLMLETQLEQVK, SEEWEEILKPFSSYVGDK, and
EILDEQDLDNENETVVNSEENTDAVVEK were identified from each sample. These
sequences represent approximately 55% of DivIV Agr and are underlined in Figure 8. To
verify that DivIV Agr was not being altered during the overexpression and purification
processes, Western blotting analysis using a-DivIV Agr antiserum was performed. As
indicated in Figure 9B, the purified DivIV Agr (lane 4) migrated identically to DivIV Ags
present in E. faecalis cell lysates (lanes 1 and 2), suggesting that DivIV Ag¢ is not
adversely affected by purification and that the 6xHis tag present in the purified samples is
not affecting electrophoretic mobility. While this aberrant mobility is not seen for all
DivIVA homologs, it has been observed for the DivIVA homolog of Staphylococcus
epidermitis (S. Ramirez-Arcos, Personal communication).

In order to attempt to determine the cause of the mobility shift, the purified
DivIV Agf was subjected to Urea SDS-PAGE analysis and tested for post-translational
glycosylation. No difference in migration was observed when 5M urea was added to the
gel, running buffer, and sample buffer as indicated in Figure 10A. Also, DivIV Ag¢ does
not appear to undergo post-translational glycosylation as indicated in Figure 10B.

Aberrant electrophoretic mobility was also observed for DivIV Ag¢ that had been
either truncated or deleted (MR6, MR7, and MR9, Data not shown). Using the IEP
online software, the isoelectric point for DivIVAge, MR6, MR7, and MR9 was calculated

along with a predicted net charge of each protein at pH 8.5 (Table 4). Comparing the
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Figure 10 - Attempts to resolve the discrepancy between the observed and predicted

molecular weight of DivIV Ag¢

A) SDS-PAGE-Urea gel of purified DivIV Ag¢ stained with Sypro Ruby red,

demonstrating that DivIV Ags mobility is not affected by addition of urea. B)
Glycosylation assay to determine if DivIV Ag; is being post-translationally glycosylated.
Lane 1 contained a prestained protein marker with molecular weights indicated beside
each band. Lane 2 (+) and Lane 3 (-) represent horseradish peroxidase (HRP) and
soybean trypsin inhibitor (STI) control samples respectively. Lane 4 contained purified
DivIVAgs and lane 5 was left empty. Lanes 1-5 were stained using the Pierce GelCode
kit, lanes 6-7 were stained with Coomassie blue to ensure proper sample application with
a standard molecular weight ladder in lane 6 (molecular weights indicated outside lane 7)

and DivIVAgsin lane 7.
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amount of aberrant mobility to the charge of the protein revealed that as the charge
decreased, the amount of aberrant mobility decreased (Table 4).
3.3 @Gel Filtration Standard Curve

The total column volume (Vy) used for these experiments was 100 mL. To
determine the void volume (V,), Blue Dextran 2000 was used and the volume measured
to be 30 mL post-injection. These values were consistent between both the Superdex-200
and the Superose-6 columns. The elution profiles for the individual standards (Figure
11A) were combined into a single data series (Figure 11B) to facilitate visual comparison
between the standards and purified protein samples. The standard curve used to calculate
the molecular mass of the DivIVA protein complexes based on their partition coefficient
is shown in Figure 11C. Only the standard curve for the Superose-6 column is shown
since most samples were run using this resin.
3.4 Analysis of N-terminal DivIVAgs point mutations

The predicted disruptions of the N-terminal coiled-coil domain as determined by
Coils analysis are shown in Figure 12. Specifically, the L29D mutation (Figure 12A,
MR1) pushes the start of the coiled-coil domain back from the wild type position (Figure
6A), the E37P mutation (Figure 12B, MR2) causes a disruption at the beginning of the
coiled-coil domain, the combination of E37P, N43P, and 146D (Figure 12C, MR3)
disrupts the first half of the domain and finally the combination of E37P, N43P, L46D,
L50(D/E) and L57F (Figure 12D, MR4/MRY5) disrupts the entire N-terminal coiled-coil
domain. Following purification and concentration of wild type DivIV Agr and the N-
terminal DivIV Ags mutants MR1 through MRS, the proteins were analysed by size

exclusion chromatography (both Superdex-200 and Superose-6 resin) and native gel
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Figure 11 - Generation of a standard curve to calculate the molecular weight of a

protein complex based on its elution volume by size exclusion chromatography

A) Standard curve generated using Superose-6 resin. Although recommended by the kit,
Ferritin, Albumin, and Aldolase could not be resolved from each other when run together
due to the detection method. B) Combined standard curve extrapolated from A indicating
each protein sample and corresponding mass. This curve was used to compare sample
elution profiles to the standards. C) Extrapolation of the line of best fit and equation used
to calculate the molecular weight of DivIV Agr and the various mutant proteins based on

the elution volume.
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Figure 12 - Effect of introducing mutations to the N-terminal coiled-coil domain

prediction

Coiled-coil domain predictions generated using the Coils program for DivIV Ags to select
mutations to the N-terminal domain, specifically DivIVAgri29p (MR1, A), DivIV Agegip
(MR2, B), DivIV Ag¢g37p, N3, 1460 (MR3, C), and DivIV Ags E37p, N3P, L46D, L50D(E), L57F

(MRA4(5), D) indicating that the specific mutation should disrupt the predicted coiled-coil

domains.
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electrophoresis. In all cases, both the wild type protein and those containing N-terminal
mutations showed similar complex formation as determined by the calculated number of
monomers making up the complex (Table 5). While the calculated number of DivIVA
monomers associated within the complex was different for the two types of resin and the
native gel calculations, the results were consistent within the method. Although the
calculated complex size of the wild type DivIVAgr and MR1 through MRS samples
(~1000 kDa) as measured using Superose-6 resin appears to be well above the highest
calibration standard (Thyroglobulin, 669 kDa, Figure 11B) the elution profile for the
DivIV Agr and the N-terminal mutants eluted within the standards as shown in Figure 13.
Native gel electrophoresis results for DivIV Ags and the N-terminal mutants showed
normal variation in terms of monomer count (between 10 and 12 monomers) according to
literature (Muchova et al., 2002a) and are presented in Figure 14. Circular dichroism
analysis of DivIV Agr and proteins carrying N-terminal mutations showed very similar
spectra indicative of a primarily a-helical structure characterized by minima at
approximately 208 and 220 nm (Figure 15).

In contrast to the gel filtration and native gel electrophoresis results, yeast two
hybrid analysis of the N-terminal mutations revealed a statistically significant decrease in
the interaction strength of the mutations as compared to the wild type (Table 5, Figure
16). With the exception of MR2 which had an approximately 50% decrease in
interaction (P>0.001 by Student’s T-test), all the N-terminal mutations showed at least a

66% decrease in interaction (P=0.001 by Student’s T-test).
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Figure 13 - Size exclusion chromatography indicates no difference in complex

formation between wild type DivIVAgs and proteins containing N-terminal mutants

Elution profile for DivIV Ags and N-terminal mutations MR1 through MRS5 using
Superose-6 resin. All samples had an elution profile similar to that of thyroglobulin (669
kDa). Due to the low concentration of purified protein, the profile for MR3 was doubled

to facilitate comparison on this scale.
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Figure 14 - Native gel electrophoresis reveals subtle differences in complex

formation between wild type DivIVAg: and proteins containing N-terminal mutants

Native gel electrophoresis of DivIV Agr and N-terminal mutations. Samples were run on
a 4-15% gradient Tris-HCI gel. 5 uL of each sample was loaded on the gel and the
protein stained with Coomassie blue after elecrophoresis. Samples were loaded as
follows: DivIVAgs (Lane 1), MR1 (Lane 2), MR2 (Lane 3), MR3 (Lane 4), MR4 (Lane
5), MRS (Lane 6). '



Figure 14
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Figure 15 - Circular Dichroism analysis of DivIVAgs and four of the N-terminal

mutants.

While the overall secondary structures of the mutant proteins do not show significant
variations from DivIV Agy, there is a slight increase in molar ellipticity at 208 nm for the
mutations. Data points below 195 nm are not reliable since the signal strength exceeded

400V. No data was obtained for MR3 due to insufficient protein concentration.
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Figure 16 - Yeast two hybrid analysis of N-terminal mutants indicates significant

decrease in interaction strength compared to wild type DivIV Ay

Quantification of interaction strength between DivIV Agr and the N-terminal mutants.
Samples were tested in combination with the corresponding mutations (e.g. pMR1-AD +
pMRI1-BD). * indicates P>0.001 and ** indicates P=0.001 using the Student’s T-test with

n=o.
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3.5 Analysis of C-terminal DivIVAgs truncation

Deletion of the 43 C-terminal residues of DivIVAgs (MR6) had no effect on
DivIV Ags oligomerization. Size exclusion chromatography of MR6 using either
Superdex-200 or Superose-6 demonstrated that the number of monomers in the complex
was similar to that of wild type DivIV Agr despite the change in the size exclusion
chromatography profile between the two proteins (Table 5, Figure 17). Similarly,
although native gel electrophoresis of MR6 demonstrated a large decrease in overall
complex size as compared to DivIV Ags (182 kDa and 288 kDa respectively), the
calculated number of monomers present in the complex was quite similar with 10
monomers for DivIVAgr and 8 monomers for MR6 (Table 5, Figure 18).

Yeast two hybrid analysis of th¢ C-terminal DivIV Ag¢ truncation demonstrated
similar interaction strength to the wild type DivIV Ags, as shown in Figure 16.
3.6 Analysis of deletions and point mutations of the central coiled-coil domains

Deletion of either of the central coiled-coil domains of DivIVAgr (MR7 and MR9)
showed a decreased protein complex size as measured by native gel electrophoresis
(Table 6). As shown in Figure 18, the MR7 (lane 3) and MR9 (lane 4) proteins show a
significant decrease as compared to either DivIVAgr or the C-terminal truncation with the
corresponding calculated number of monomers being decreased by 50% from the wild
type (Table 6). Gel filtration also revealed a similar decrease in both overall protein
complex size and calculated number of monomers as compared to wild type for the MR7
protein (Table 6, Figure 19). Gel filtration data was only obtained for MR7 since protein
with a high enough concentration could not be obtained for MR9 and no protein could be

expressed or purified from the deletion of both central coiled-coil domains (MRS). Yeast
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Figure 17 — Size exclusion chromatography indicates no difference in complex

formation between wild type DivIVAg; and a C-terminal 43 amino acid truncation

Size exclusion chromatography elution profile for DivIV Agri.190 (MR6) compared to
DivIVAgrusing Superose-6 resin. Both proteins demonstrated full complex formation

with MR6 having a slight shift due to the missing 43 amino acids per monomer.
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Figure 18 — Native gel electrophoresis of DivlVAgs and the truncations/deletions

constructed in this study

Native Gel electrophoresis of DivIV Ags (Lane 1), MR6 (Lane 2), MR7 (Lane 3) and
MRS9 (Lane 4). Samples were run on a 4-15% gradient Tris-HCI gel and stained with
Coomassie blue. Both MR7 and MR9 show approximately 50% decreased complex

formation as compared to either DivIVAgr or MR6.
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Figure 19 — Size exclusion chromatography demonstrates a significantly decreased

complex formation for protein lacking the third coiled-coil domain

Gel filtration profile for MR7 compared to DivIV Agr and the standards. The increased

elution volume for MR7 indicates disrupted complex formation.
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two hybrid data could not be obtained for these constructs since the DNA binding domain
partner was able to activate the B-galactosidase reporter gene in the absence of the
transcriptional activation domain partner.

Once the deletions identified the regions surrounding the central coiled-coil
domains as the likely site of oligomerization, point mutations were designed to further
characterize the domains. Predictions of the coiled-coil domain disruptions for MR10
through MR16 are shown in Figure 20 and 21. Figure 20 shows the effects of the L143P
mutation (A, MR10), which abrogates the second central coiled-coil domain, the 1.104P
mutation (B, MR11), which abrogates the first of the central coiled-coil domains, and a
combination of both L104P and L.143P (C, MR12) which abrogates both the first and
second coiled-coil domain. Although the predicted disruptions for MR13 (1.104P, 1125P,
Figure 21A) and MR15 (L104P, I115P, L143P, Figure 21C) are essentially identical to
the MR11 prediction (Figure 20B), the addition of the I115P and 1125P mutations helps
ensure complete abrogation by disrupting the internal region of the first central coiled-
coil domain and not just the end of the domain, as shown by the location of the mutations
in Figure 8. Similarly, the predictions for MR14 (1.104P, 1125P, .143P, Figure 21B) and
MR16 (L104P, 1115P, 1125P, L143P, Figure 21D) are nearly identical to MR12 (Figure
~ 20C) and serve to ensure complete abrogation of both central coiled-coil domains. Size
exclusion chromatography of proteins with mutational disruption of the central coiled-
coil domains demonstrated decreased and abrogated complex formation. As shown in
Figure 22, the elution profiles for MR12, MR13, MR 14, MR15, and MR16 are largely
decreased and exhibit a predominantly monomeric peak based on the standards. In

contrast, MR11 has a wild type profile, suggesting that the L104P mutation has no effect

68



Figure 20 - Effect of introducing leucine to proline mutations at residues 104 and

143 of DivIV Ag; to the central coiled-coil domain predictions

Coiled-coil domain predictions for DivIV Agr containing mutations to the central coiled-
coil domains. A) DivIVAgs1143p (MR10) B) DivIVAge1104p (MR11) and C) DivIVAge
L104p, L143p (MR12)
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Figure 21 - Effect of introducing additional isoleucine to proline mutations at

residues 115 and 125 of DivIV Ag: to the central coiled-coil domain predictions.

Coiled-coil domain predictions for DivIV Agr containing mutations to the central coiled-
coil domains. A) DiVIVAEf L104P, [125P (MR13), B) DiVIVAEfL104p’ 1125P, L143P (MR14), C)
DivIV AgrLio4p, 1115p, 125p (MR15) and D) DivIV Agey104p, 1115p, 1n125p, Lis3p (MR16)
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Figure 22 — Size exclusion chromatography of proteins carrving mutations to the

central coiled-coil domains

Gel filtration profiles for DivIV Ags containing central coiled-coil domain mutations.
Profiles are shown for MR11, MR12, MR13, MR14, MR15 and MR16. While MR 11
seems to have full complex size, the remaining samples show a large shift down to a
monomeric range. The two peaks for MR14 correspond to a 50% decrease and a
monomeric peak. The standards were divided by 4 and MR11 by 2 in order to provide

sufficient resolution for the other peaks.
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on complex formation. No data is presented for MR10 since protein of sufficient
concentration for size exclusion chromatography could not be produced. In contrast,
native gel electrophoresis data for MR10, MR12, MR13, MR14, MR15, and MR16
indicates only a 50% decrease in the number of monomers present in the complex as
compared to the wild type (Table 6, data not shown). Again, MR11 is the exception
showing a mixture of wild type and 50% decreased calculated monomer count by native
gel electrophoresis (Table 6, data not shown).

When mutations of the central coiled-coil domain were tested in the yeast two
hybrid system, no self interaction was detected when the mutations containing central
coiled-coil domain disruptions were tested against themselves (e.g. MR12-AD + MR12-
BD). However, interaction with the wild type protein was detected for MR 10, MR12 and
MR15, but no interaction between MR 16 and wild type DivIV Agr was detected (Table 6).
3.7 Preliminary mapping of MLJD1/DivIVAgy interaction

Yeast two hybrid colony lift assays revealed that DivIV Ags and MLJD1 were
capable of interaction as determined by colony lift assay when DivIV Ag either carried
mutations to the N-terminal coiled-coil domain (Figure 23A), had residues between 1130
and E190 deleted (Figure 23C), or lacked its C-terminal 43 amino acids (Figure 23D).
However, no interaction was detected when DivIV Agr lacking residues between F60 and
1130 was tested with MLJD1 (Figure 23B). This indicates that the region of interaction
between DivIVAgrand MLJDI1 is located sémewhere between residues 60 and 130 of

DiviVAgs.

72



Figure 23 — Yeast two hybrid analysis of DivIVAg/MLJD]1 interaction indicates that
residues 60-100 of DivIVAg¢ are required for interaction with MLJD1

Yeast two hybrid colony lift results used to map the site of DivIVAg/MLJD1 interaction.
The presence of blue colonies in A (MLJD1 + MRS), C (MR7 + MLJD1) and D (MR6 +
MLIJD1) and lack of blue colonies in B (MR9 + MLJD1) indicates that residues between
amino acids 60 and 130 are required for DivIVAg/MLIDI interaction.



Figure 23
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3.8  Preliminary DivIVA Localization studies
3.8.1 Localization in heterologous backgrounds

Localization of both GFP-DivIV Agrand DivIVAg~GFP in E. coli produced
inconclusive results. When E. coli PB103 cells expressing the N-terminal GFP fusion to
DivIV Ags were examined microscopically, GFP appeared to localize at or near the cell
poles in 80-90% of the cell population (Figure 24A"). However, bright field examination
of the same cells showed inclusion bodies (indicated by arrows) in the same area,
indicating that the observed GFP-DivIV Ag¢ fluorescence was not indicative of proper
protein localization (Figure 24A). Unlike the N-terminal GFP fusion, PB103 expressing
DivIV Ags with a C-terminal GFP fusion showed very little fluorescence (data not shown).
However, in cells where fluorescence was present it co-localized with inclusion bodies
similar to the N-terminal fusion (data not shown).

Preliminary experiments expressing DivIVAge-GFP in a B. subtilis background
also produced inconclusive results. Although fluorescence was observed when B.
subtilis cells were induced with 0.5% xylose to express the DivIV Ags-GFP fusion but not
DivIVAg; (Figure 24B"), a large number of inclusion bodies were seen distributed over
the length of the cells (Figure 24B). It was later found that the plasmid used to transform
B. subtilis carried an aspartic acid to methionine mutation at position 24 (D24M).
Although several attempts were made to reconstruct the plasmid, random mutations were
found in all subsequent plasmids. Attempts to work with a neutral arginine to lysine
mutation at residue 188 (R188K) did not produce any fluorescence when incubated at
either 30°C or 37°C. Despite confirming that the amyE gene was disrupted using starch-

iodine testing, the divIVA g~gfp fusion could not be amplified by PCR, suggesting that
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Figure 24 — Attempts to localize DivIV Ay heterologously in E. coli and B. subtilis by

GFP fluorescence
A) Bright field (A) and fluorescence (A") images for EGFP-DivIV Ag localization in E.

coli PB103. Samples were induced with 10 mM IPTG for two hours prior to mounting
and imaging. Bright field (B) and fluorescence (B") images for DivIV Ags-EGFP
localization in B. subtilis 1756. Samples were induced with 0.5% xylose for two hours

prior to mounting and imaging. Examples of inclusion bodies are indicated by arrows.
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proper recombination between the plasmid and chromosome did not occur (data not
shown).
3.8.2 Immunogold localization

Immunogold localization of DivIV Ag¢in its native E. faecalis background
revealed that the protein is associated primarily with the division septum and also
localizes to cell poles. Of 19 cells observed that showed distinct localization, 8 showed
localization primarily at the division septum (Figure 25A), 8 showed localization at the
cell pole (Figure 25B), and 3 showed a band approximately halfway between the division

septum and the cell pole (not shown).
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Figure 25 — Immunogold localization of DivIVA in Enterococcus faecalis by electron

microscopy

Immunogold localization of DivIV Ag¢ in Enterococcus faecalis demonstrating septal

localization (A) and polar localization (B). «-DivIV Agrwas used at a final dilution of

1:250.
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Discussion

4.1 Significance of this study

To date, most research involving DivIVA homologs has focused on division site
localization and the effect of disrupting divIV4 on cell division. Recently, Muchova et
al. (2002a, b) and Stahlberg ef al. (2004) began investigating the structure of DivIVA
from B. subtilis. However, there has not been a detailed study of the biochemistry of
DivIVA to determine what domains are responsible for the various properties of the
protein, which include division site localization, oligomer formation and interaction with
other proteins. This study has established that the central coiled-coil domain(s) of
DivIVA are responsible for oligomerization and provides data that identifies the domain
of DivIV A that interacts with the cell division protein MLLJD1. This is also the first study
to examine the biochemical properties of DivIVA from coccal bacteria.
4.2 Aberrant SDS-PAGE migration of DivIVAgsis caused by excessive negative charge

As shown in Figure 9A, DivIV Agr has a lower than expected mobility in SDS-
PAGE, resulting in an observed molecular weight higher than expected by bioinformatic
analysis. This aberrant SDS-PAGE mobility has been reported for a variety of proteins
including the DNA repair protein XPA (lakoucheva et al., 2001), human papillomavirus
E7 protein (Armstrong and Roman, 1993), Cucumovirus coat proteins (Hu and Ghabrial
1995), and the 70K U1 snRNP protein (Query ef al., 1989). It has been reported that
several factors, including post-translational modifications such as phosphorylation or
glycosylation, incomplete disulfide bond reduction, excessive positive or negative charge,
or association of globular domains through flexible linkers containing unusual amino acid

compositions (Iakoucheva et al., 2001) can contribute to aberrant SDS-PAGE mobility.
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Since Western blotting of purified DivIVAgr and DivIVA in E. faecalis cell
lysates show identical mobility (Figure 9B), the decreased mobility is not caused by
sample preparation. While post-translational modifications are generally thought not to
occur in prokaryotes, proteins in pathogenic bacteria including E. coli and N.
gonorrhoeae and even some archaeal organisms have been shown to by glycosylated
(Benz and Schmidt, 2002; Schmidt ef al., 2003). However, post-translational
glycosylation was not demonstrated for DivIV Ags (Figure 10B).

As mentioned previously, overall charge of a protein has been demonstrated to
affect electrophoretic mobility in SDS-PAGE. Analysis of the predicted protein charge
of DivIV Agr and the deletion constructs MR6, MR7, and MR9 has demonstrated that as
the charge on the protein decreases, the electrophoretic mobility becomes less aberrant,
suggesting that charge is playing a role in DivIVAgr migration. A charge of -22 has been
shown to be sufficient to induce aberrant mobility of proteins in SDS-PAGE while
protein samples show normal migration at a charge of -18 (Armstrong and Roman, 1993).
While the overall charge of the protein does not account for the discrepancy between the
observed and predicted molecular weight of DivIV Agg, it does appear to be a major
contributor. Due to the net negative charge of the protein, SDS molecules are repelled
from the protein and cannot coat the protein in a uniform fashion, as is assumed when
calculating molecular mass based on electrophoretic mobility (Hu and Ghabrail, 1995).

This also explains why the addition of urea did not affect the electrophoretic
mobility of DivIV Ag (Figure 10A). Urea acts to cause protein denaturation by binding
to the protein, similar to SDS (Monera ef al., 1994). Unlike SDS, urea is a neutrally

charged molecule and thus cannot compensate for any charge imbalance on the protein
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sample (Monera ef al., 1994). It is possible that using guanidine hydrochloride, a salt that
acts as a protein denaturant at high concentration, would counteract the net charge of
DivIV Ag¢ and allow proper electrophoretic mobility to occur (Monera et al., 1994).
4.3 Native gel electrophoresis provides a more accurate estimate of the monomer
content of the full sized DivIVA complex than size exclusion chromatography

As noted in Tables 5 and 6, there is a large discrepancy betweeh the calculated
monomer content obtained by size exclusion chromatography and native gel
electrophoresis. The cause of this discrepancy is caused by the shape of the DivIV Ags
particle. Size exclusion chromatography assumes that the sample being analyzed
occupies a spherical volume (Amersham Biosciences Gel Filtration Handbook, Edition
A1l). However, as demonstrated by Stahlberg et al. (2004), DivIVA forms an elongated
particle which they described as a “doggy bone”. In this elongated conformation,
DivIVA is mostly excluded from the pores present in the gel matrix, allowing the sample
to elute at a volume corresponding to a molecular weight much higher than the actual size
of the particle. In contrast, the “doggy bone” structure of DivIVA is ideally suited to
native gel electrophoresis experiments. In its elongated conformation, DivIVA will
migrate through the gel more efficiently than a spherical protein of the same molecular
weight and arrive at its “buoyancy point” sooner. As such, native gel electrophoresis
provides a more accurate estimation of the actual number of monomers present in the
“doggy bone” complex. Since experiments on DivIVA from both B. subtilis and E.
faecalis estimate the number of monomers in the complex at between 10 and 12
(Muchova et al., 2002a), it is probable that DivIVA homologs from other organisms will

have a similar complex size.
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4.4 Decreased interaction strength of N-terminal mutants MRI through MRS as
measured by yeast two hybrid assays

The decreased strength of interaction of the N-terminal mutants MR 1 through
MR35 as compared to the wild type DivlV Agy is intriguing since the oligomer size of the
mutant proteins is unaltered. While Circular Dichroism (CD) analysis has demonstrated
that the secondary structures of DivIV Agrand N-terminal mutants are very similar, the
minimum at 208 nm becoming slightly more pronounced for the MR4 and MRS proteins
may indicate a slight shift in helix type (Figure 15). It has been reported that the CD
spectrum of proteins containing coiled-coil domains have a molar ellipticity ratio for the
minima at 208 and 220 nm of approximately 1 while the spectrum of a normal a-helix
shows a more pronounced minimum at 208 nm (Monera et al., 1994). This suggests that
the mutations are relaxing the supercoiled a—helix of the N-terminal coiled-coil domain,
which contains 3.5 residues per turn, into normal o-helices, which contain 3.6 residues
per turn (Lupas, 1996, Voet ef al., 1999). However, additional experiments using
different concentrations of the various proteins would be required to confirm this
hypothesis. It is possible that the disruption of the supercoiled a-helices of the N-
terminal coiled-coil domain by the mutations creates a slight steric hindrance between
DivIV Ags monomers, thus slowing the interaction rate. The N-terminal coiled-coil
domain ends at approximately residue 75 and the central coiled-coil domains begin at
approximately residue 95 (Figure 8). As such, there appears to be enough of a gap to
allow proper interaction. However, without an appropriate mode] of the three
dimensional structure of monomeric DivIVAgg, the proximity of these residues upon

folding cannot be determined. This interaction between monomers containing N-terminal
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mutations despite potential conformational changes suggests that once the coiled-coil
association is made between the DivIV Agr monomers that the interaction is quite stable.
4.5 Oligomerization of DivIVAgyis mediated by coiled-coil interactions of the central
domains

In support of my hypothesis that coiled-coil interactions mediate DivIV Age
oligomerization, my data indicates that the two central coiled-coil domains of DivIV Age
are responsible for oligomer formation. While the central location of these domains is
constant between various DivIVA homologs (Figure 6), the amino acid sequence of this
region is poorly conserved between species (Figure 5). In turn, this observation coupled
with the results of this study suggests that the coiled-coil structure itself and not the
individual amino acids that make up the domains are responsible for DivIV Ags oligomer
formation.
4.6 Proposed model for DivIVAgs oligomerization

A model for DiviV Ags oligomerization was proposed by Stahlberg et al (2004);
however the results of my experiments suggest a different model of oligomer formation.
Although the tertiary structure for DivIV Age has not been examined, it is likely that its
tertiary structure is very similar to DivIVAg,. Despite the differences in length between
DivIVA from B. subtilis (190 amino acids) and E. faecalis (233 amino acids), there is
approximately 36% identity between the two proteins. According to homology
modelling, by using B. subtilis DivIVA as a template for E. faecalis DivIVA, the
resulting model should result in greater than 85% of the a-carbon atoms being within 3.5
angstroms of their correct position due to the identity between the two proteins (Burley

and Bonanno, 2002).
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The model proposed by Stahlberg ef al. (2004) suggests that the individual
DivIV Ags monomers that form the “doggy bone” oligomer particle are composed of
DivIVA dimers that are arranged in a stacked formation with the N and C termini both
providing the site of monomer interaction in the middle of the structure and representing
the top and bottom of the particle, similar to an a-keratin dimer (Figure 26). As shown in
Figure 26C, DivIVA is proposed to first associates as linear dimers, represented by the
red, blue, and black lines, and subsequently these dimers arrange themselves to form the
final “doggy bone” structure. Following the Stalhberg et al. (2004) model, the DivIVA
protein complex should be observable only as dimers or a full sized complex and a
species corresponding to 50% of the full complex should not be observed. However, my
results indicate disruption of the central coiled-coil domains results in a 50% decrease
and then abrogated self interaction. It has also been demonstrated that DivIV Agg forms a
species half the size of the wild type complex when the L120P mutation is present
(Muchova et al., 2002a). Based on the Stahlberg model, the central coiled-coil domains
can be though of as clover leafs extending above and below the plane of each monomer
(Figure 27A). To apply the results of this study to the Stahlberg model in terms of
orienting the DivIVA monomers, one of the coiled-coil domains is used for dimerization
and the second to interact with other DivIVA dimers to form the “doggy bone” complex
(Figure 27B). Subsequently, disruption or deletion of one of the coiled-coil domains.
would result in a population of DivIVA dimers instead of the 50% decrease observed in
this study (Figure 27C). Also, a clover leaf-type model does not provide a mechanism to
explain why the DivIVA complex is limited to 6-10 monomers instead of polymerizing

into a complex containing an unlimited number of monomers.
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Figure 26 - Comparison of transmission electron microscopy (TEM) model of

DivIVA from B. subtilis to the coiled-coil protein a-keratin.

A) a-keratin dimer demonstrating polar arrangement of the N-termini and C-termini.
Adapted from Voet et al., 1999. B) TEM image of DivIVAg, “doggy bone” particle,
adapted from Stahlberg et al., 2004. C) Model for DivIVA organization in the “doggy
bone” particles proposed by Stahlberg et al (2004). Each coloured strand represents a
DivIVAg, dimer.
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Figure 27 — Cloverleaf model for DivIVA olicomerization

Applying the results of this study to the model proposed by Stahlberg et al. A) A
DivIVA monomer with the coiled-coil domains represented in gold, the N-terminal in
blue and the C-terminal in red. B) Interaction between two DivIVA dimers following the
cloverleaf model. In this situation, one coiled-coil domain from each monomer is used
for dimerization and the second coiled-coil domain is responsible for inter-dimer
interactions. C) Model of cloverleaf association with one of the central coiled-coil

domains disrupted. Under these conditions, only DivIVA dimers can form.
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As such, I am proposing a zipper model for DivIVA oligomerization. My yeast
two hybrid data indicates that the two central coiled-coil domains do not interact with
their corresponding domain on another monomer but rather with the opposite domain.
Specifically, domain 2 only interacts with domain 3 since no interaction is seen when
mutations are tested against themselves, however interaction with the wild type protein is
maintained (Table 6, Figure 28B). This suggests that monomers come together in either a
staggered (Figure 28) or step (Figure 29) formation. Since the central coiled-coil
domains of DivIVA are predicted to have a three stranded structure, it is possible for the
domains to extend both above and below the plane of the monomer, allowing binding on
the top and bottom faces to create a stacked array (Figure 28C, 29A). This array would
be capped at 3-4 monomers either by electrostatic repulsion of the C-termini, which
carries a net charge of -13 from the end of the central coiled-coil domains to the end of
the C-terminus in the case of E. faecalis, or more probably by steric hindrance from the
approximately 100 amino acids that make up the N-terminus, or an as yet unidentified
method. As demonstrated in figure 28D and 29B, this stacked array allows for
incorporation of a second array beside the first one, generating the 6-8 monomer DivIVA
“doggy bone” particle. It is presently not possible to determine whether the step or
staggered arrangement of the arrays is the correct one since both will result in a “doggy
bone” structure similar to that observed by Stahlberg et al. However, the step
conformation would facilitate interaction between the monomers in each “doggy bone”
particles. Both the step and staggered conformation allow formation of tﬁe higher order

structures described below. Also, the free N-terminal and C-terminal at the “top” and
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Figure 28 - Staggered zipper model of DivIVA oligomerization.

A) DivIVA monomer showing the N-terminal (Blue), C-terminal (Red) and central
coiled-coil domains (numbered 2 and 3). B) Dimerization occurs by interaction between
domain 2 of one monomer and domain 3 of another monomer. C) Stacked array
representing one side of the DivIVA staggered zipper oligomer. D) Complete DivIVA

oligomer consisting of 8 staggered zipper monomers.






Figure 29 - Step model of DivIVA oligomerization.

A) Stacked array representing one side of the array. B) Full DivIVA step zipper complex
comprising 8 monomers. N-termini and C-termini are shown in Blue and Red

respectively
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bottom” of the step arrangements could form the tips of the “doggy bone” structure with
greater ease due to lack of steric interference as demonstrated in Figure 30.

This zipper model also allows for co-ordination of the highly conserved N-termini
of each monomer in the “doggy bone”, which would facilitate the proposed division site
localization role of the N-terminus. This co-ordination of the N-termini would naturally
lead to co-ordination of each monomer’s C-terminus, allowing for the electrostatic
repulsion to produce the capping as described above. While co-ordination is also
possible for the Stahlberg model, it is more likely that the N-terminus and C-terminus are
arranged opposite each other in at the top and bottom\ of the “doggy bone” particle similar
to o-keratin. However, if each “tip” represents 4 N-termini or C-termini then the
electrostatic or stearic effects discussed above would be even more prominent and the
complex potentially very difficult to assemble.

Stahlberg et al. (2004) were able to image not only the “doggy bone” particle but
also several higher order DivIVA complexes. While no model for assembly of the
“doggy bone” particles is presented by Stahlberg et al. (2004), the formation of the higher
order complexes can be explained using the zipper model since the various higher order
complexes can be assembled using the open faces of the “doggy bone” zipper particle
shown in figures 28D and 29B. It is likely that the individual particles assemble so that -
the N-terminal and C-terminal domains are on the same side of the “doggy bone” as the
adjoining particle however would not be directly aligned in order to overcome the
capping effects of the individual particles.

Although the zipper model suggests that DivIVA complex formation should be

completely abolished when either of the central coiled-coil domains is disrupted, my
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Figure 30 - Three dimensional schematic of DivIVA monomer locations inside the

“doggy bone” complex based on the zipper model

Front (A), Side (B) and Top (C) views. As with the other models, the N-termini of

various monomers are shown in blue, C-termini in red, and coiled-coil domains (in B and

C) in gold.
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results indicate that only a 50% decrease occurs when disrupting or deleting only one of
the two domains (Table 6). This suggests that the central coiled-coil domains can still
interact with their corresponding domains to a certain degree. This is contrary to my
yeast two hybrid data that indicates that the central coiled-coil domains only interact in a
staggered fashion. One possible explanation is that the coiled-coil domains are not
completely disrupted as predicted by bioinformatics. This is apparent when looking at
the size exclusion chromatography data for MR11. According to the coiled-coil domain
prediction software (Fig 20B), the first of the two central coiled-coil domains is
abrogated by the L104P mutation, which should correspond to a 50% decrease in

DivIV Agroligomerization. However, as shown in Table 6, the complex size for MR11
remains identical to the wild type protein by gel filtration analysis and shows a mixture of
full complex size and a 50% decreased complex as measured by native gel
electrophoresis. This suggests that there are still enough residues present after the
mutation to form a partial coiled-coil domain that could maintain interaction with the
other DivIV Agr monomers.

While the possibility of improper coiled-coil domain predictions can explain the
discrepancy observed for MR11, it cannot explain the oligomerization of the deletion
mutants MR7 and MR9. In these cases, the residues that make up either of the two
central coiled-coil domains are removed entirely, leaving no possibility of forming a
coiled-coil structure to help maintain oligomerization. This further suggests that domains
2 and 3 are capable of interaction with their corresponding domains on another monomer.
However, this arrangement would only allow one side of the “zipper” to form since there

would be no other coiled-coil domain for the second half of the zipper to interact with,
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resulting in the 50% decrease in complex size indicated by both size exclusion
chromatography and native gel electrophoresis. This could also explain why higher order
aggregates of DivIVA were not seen with the DivIVA2 mutation, which also shows
decreased self interaction (Muchova ef al., 2002a, Stahlberg et al., 2004).

Taken together, this information suggests that the interaction between the two
central coiled-coil domains is a preferential arrangement that allows for the largest
complex to form. In turn, the potential preferential arrangement implies that complex
formation is extremely important for proper DivIVA function. In fact, it has been shown
that disruption of the DivIVA oligomer (e.g. DivIVA2) can result in severe defects in cell
division of B. subtilis (Muchova et al., 2002a)

In order to answer some of the questions surrounding the model, transmission
electron microscopy of my C-terminal DivIV Ag¢ deletion (MR6) could serve to indicate
how the N-termini and C-termini are arranged in the “doggy bone” particle. Since I have
demonstrated that this deletion has no effect on oligomer formation, I believe the
differences between the wild type and truncated images would reveal a significant
amount of information which could be used to refine the zipper model.

4.7 Role of the remaining domains of DivIVAgs

While the role of the remaining domains of DivIV Agr cannot be determined in
this study, hypothetical roles of these domains based on data collected in this study and
available literature on DivIVA can be proposed. First, due to the high sequence
conservation the N-terminal domain is likely involved in division site localization.
Previous results demonstrating that DivIV Ag; can localize to sites of nascent and used

cell division in both prokaryotes and the eukaryote Schizosaccharomyces pombe
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(Edwards et al., 2000) suggest that DivIV A recognizes a highly conserved component of
the cell division apparatus. This hypothesis can be tested once proper GFP localization
experiments can be conducted on both DivIV Agr and mutations that affect the highly
conserved residues of DivIV Ag such as the L29D and E37P mutations. With regards to
the C-terminus of DivIVA, the variability in protein length of the various DivIVA
homologs, as well as the inconsistent predictions of a coiled-coil domain, suggest that
this region of DivIVAgs is involved in species-specific interactions, possibly involving
hitherto unidentified DivIV A binding proteins.
4.8 DivIVAr/MLJDI interaction occurs between amino acids 60 and 100 of DivIVAgs

Yeast two hybrid studies demonstrated that DivIVAgr and MLID1 interact
between residues 60 and 130 of DivIVAEgs. Since the central coiled-coil domains occur
approximately between residues 100 and 150 of DivIV Agg, the region between residues
100 e-lnd 130 is unavailable for interaction with MLJD1. As such, this leaves the region
between residues 60 and 100 available for interaction. Further interaction studies should
be able to narrow this region even further and subsequently specify the residues of
MLIJD1 that are required for interaction with DivIV Ags.
4.9 Future refinements for GFP localization Experiments

Localization of DivIVA in various organisms has predominantly been done using
a C-terminal GFP fusion (Edwards and Errington, 1997, Edwards ef al., 2000, Ding ef al.,
2002). Also, publications dealing with purified DivIVA always use a C-terminal 6xHis
tag (Muchova ef al., 2002a, b, Stahlberg et al., 2004). This implies that the N-terminal
must remain unaltered for proper DivIVA function. In this study, I attempted both N-

terminal and C-terminal GFP fusions to DivIV Ag¢, both of which resulted in the
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formation of inclusion bodies. For the N-terminal fusion, I believe the formation of
inclusion bodies and subsequent lack of localization was caused either by improper
folding of DivIV Agr caused by the fusion or blockage of localization caused by the
placement of GFP. Blockage of localization is the more probable explanation if my
earlier hypothesis that the N-terminus of DivIV Agris responsible for localization is
correct. In this scenario, the large number of GFP molecules brought together by
DivIV Ags oligomerization would prevenic proper localization. The resulting non-
functional protein complex would then become an inclusion body as seen in Figure 24.

For the C-terminal GFP fusion, inclusion body formation was most likely caused
by a frameshift between divIVAgsand the upstream lacZ. Although divIVAgsand gfp are
properly aligned as confirmed by DNA sequencing, the restriction sites selected for
cloning (BamHI and Ncol) also allow GFP expression starting from the lacZ start codon.
Briefly, inserting divIVAgs at the BamHI site results in a +2 frameshift from lacZ. To
ensure proper fusion to gfp, a single nucleotide must be added at the end of divIVAg to
compensate for the gfp start codon being in the middle of the Ncol site, yielding a +3, or
in frame, product with lacZ. As such, there is no way to determine whether expressed
GFP was generated from the DivIV Ags start codon or the LacZ start codon. This problem
can be resolved by adding a nucleotide between BamHI and divIVAgsto ensure that GFP
can only be expressed in one reading frame.

With regards to B. subtilis localization, while the mutations present in DivIV Ags
undoubtedly affected the experiments, the major problem being faced is the native
DivIVAg;. Experiments performed in Dr. Dillon’s lab have shown that divIVA g does not

complement a divIVApg; knockout, although the two DivIVA proteins do interact
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(Ramirez-Arcos et al., unpublished data; Liao ef al,, unpublished data). As such,
DivIV Ag; expression must be significantly decreased in order to observe DivIV Ags
localization, which is possible using B. subtilis 1756 since diviVAg; is under the control
of the IPTG inducible Py, promoter (Edwards and Errington, 1997). However, when the
amount of DivIV Ags is decreased, B. subtilis can no longef divide properly and forms
long rods similar to those shown in Figure 24B (Cha and Stewart, 1997, Edwards and
Errington, 1997). Thus, any DivIVA localization that occurs happens in a cell that is not
behaving normally. It may be preferable to attempt the localization experiments in a B.
subtilis strain lacking both diviV4 and minD since the double mutation has been shown to
divide almost normally (Edwards and Errington, 1997).
4.10 Applicability of this study to other DivIVA homologs

Despite the variation in primary sequence and length of the various known
DivIVA homologs, the results of this study can be broadly applied. As mentioned
previously, coiled-coil predictions of various DivIVA homologs show similar trends
across species (Figure 6). While there is variability in the size of the individual domains,
their relative positions and sizes are similar. Previous work done by Muchova et al.
(2002a) has demonstrated that a mutation of DivIV Ag, at position 120 (L120P) results in
decreased self interaction. I have demonstrated that the corresponding mutation of
DivIVAgs (L143P, MR10) also shows decreased self interaction, indicating that
mutations corresponding to those I created in E. faecalis should produce similar results in
other DivIVA homologs. The biological significance of DivIVA oligomerization requires
further analysis; however this work is an important step in understanding the properties

of DivIVA not only in E. faecalis but also in other bacteria having DivIVA homologs.

95



Subsequent work on DivIVA should help illuminate its role in cell division and
chromosome segregation and produce a model from Gram positive cell division that may

be used to create future antibiotics.
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