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SUMMARY

Escherichia coli is a Gram-negative, rod-shaped bacterium that belongs to y-
proteobacteria. For decades since it was identified in 1920, E. coli has played an
important role in fundamental biological and microbiological studies as well as
biotechnology and industry. E. coli has been studied extensively as a model organism
and probably, the most studied living thing on earth. The complete genome sequence .
revealed the presence of about 4,400 genes. However, approximately 40% of them are
still function unknown or only predicted with no experimental evidence (Riley et al.,
2005). They are called y-genes because their tentative names systematically given start
with ‘y’.

Recently a variety of approaches have been used aiming to elucidate the
function of these y-genes. Among them genome-wide investigations of their mutants
gave interesting and valuable results. Using a comprehensive deletion mutant library of
non-essential genes constructed by Baba et al (2006). Several y-genes have been
identified as being involved in biofilm formation (Niba et al., 2007). In the present
study, I focused on two genes among them, yhcB and yciB, which were predicted to
code for an inner membrane protein from their primary sequences and were found to be
involved in biofilm formation.

Transduction analysis mediated by P1 phage indicated that they were
functionally related to yfg4, another y-gene involved in biofilm formation, because it
was unsuccessful to construct mutants of AyfgdAyhcB and AyfgAAyciB. These findings
suggest that these double deletion mutations caused synthetic lethality (Niba er al.,
2007). The yfgA gene was found to play an important role in maintaining the cell shape
and named rodZ (shiomi et al., 2008; Bendezu’ et al., 2008; Alyahya SA ef al., 2009).
The analysis of ArodZ mutant indicated that RodZ was required for the proper synthesis
of peptidoglycan (Niba et al., 2009). |

In order to characterize yhcB, 1 further examined this synthetic lethal
phenotype by constructing strains which harbored ArodZAyhcB double deletion
mutation and an inducible yhcB gene either on a plasmid or integrated in the
chromosome and monitoring the cell growth under yhcB-induced or repressed
conditions. Results obtained clearly showed that YhcB was required for the growth of
AyfgA mutant. Furthermore, sphere or shorter cell shapes were exhibited by a



suppressor mutant of Ayfgd upon depletion of YhcB, indicating that YhcB might
support the function of RodZ in the lateral synthesis of peptidoglycan.

Next, I examined whether YhcB physically interacts with RodZ by
bacterial two-hybrid (BACTH) analysis. As a result, YheB clearly interacted with RodZ
in this BACTH system and the most part of YhcB seemed to be required for the
interaction or the stability of the protein, because YhcB derivatives with N- or
C-terminal deletions showed no detectable or only a weak interaction activity with
RodZ.

Because RodZ is important for the rod-type cell determination and interacts
with proteins involved in cell morphogenesis, I further examined whether YhcB also
interacts with cell shape proteins, MreB, MreC, MreD, RodA and an enzyme in the
pathway of peptidoglycan synthesis, MurG. The results obtained indicated that YhcB
interacts with MreC, MreD, RodA and MurG, but not with MreB. These results seemed
to support the idea that YheB is also involved in the lateral synthesis of peptidoglycan
and the rod-type cell determination. However, YhcB is not equivalent to RodZ, because
it seemed not to interact with MreB and instead showed a strong interaction with MurG
with which RodZ showed no interaction activity. This observation might indicate that
YheB is functioning to mediate the synthesis of peptidoglycan precursor in the
cytoplasm and the elongation of peptidoglycan in the periplasm supporting the role of
RodZ. '

On the other hand, the gene yciB was predicted to encode an IM protein with
five TM domains, however the protein product was detected and the expression of this
gene seemed to be low in general growth conditions. A deletion mutant AyciB showed a
slow growth phenotype and the overproduction of YciB was very toxic. Some cells of
the deletion mutant carrying a cloned yciB gene on a multi-copy plasmid exhibited
misshapen and gigantic cell morphology, which seemed to indicate that yciB is involved
in the septum formation and the cell division in E. coli, as predicted from the homology
to ispA gene in Shigella (Mac et al, 1996).

I first established the topology of YciB protein using a dual PhoA-LacZ
fusion system and confirmed that its N- and C-termini are located in the periplasm and
in the cytoplasm, respectively, which is important for the BACTH analysis. Then,
similarly to YhcB, I also investigated the interaction of YciB with RodZ. Most probably

due to the toxicity of overproduced YciB, the interaction of full-length protein was not



clear unlike the case of YhcB. However, a truncated YciB (amino acid residues 1-120)
revealed a strong interaction with RodZ.

From the above findings, I conclude that YhcB and RodZ interact and
participate together in a process important for the maintenance of cell envelope and the
cell shape determination. On the other hand, YciB might play a new role between the
cell elongation and septation, because it also interacts with RodZ but the phenotype of

yciB mutant suggested its involvement in a cell division process.



INTRODUCTION

Escherichia coli

Escherichia coli, a common inhabitant of the mammalian intestines, has not
only been studied as a model in fundamental biological and microbiological studies, but
also used as a workhorse in various biotechnological applications, medicine and
industry.

E. coli belongs to y- proteobacteria, and its cell is rod-shaped, about 2.5um
long and 0.8um in diameter, with hemispherical end caps. Recently, the 4.6 Mb genome
of E. coli was completely sequenced (Blattner ef al., 1997) and predicted to encode
about 4400 genes and open reading frames (ORFs) (Fig. 1). Since then, significant
advances have been made on the systems biology and biotechnology of E. coli. The
complete genome sequences of E. coli K-12 made it possible to perform large-scale
proteomics studies on this organism, as well as various omics-studies such as analyses
of transcriptome. Several experimental resources have been constructed such as ORF
plasmid clone library (ASKA library) (Kitagawa et al., 2005) and a single gene deletion
library of predicted ORFs (Keio Collection) (Baba et al., 2006). Many useful tools also
have been developed for random transposon insertion, one-step gene disruption,
expression analysis and so on. Using these tools enormous amount of data are
accumulating and the development of information technology made them easily
assessable. However, the function of each gene and the details of genetic system that
regulates and co-ordinates gene expression within and across the cellular processes are

still far from being complete even in E. coli.

Hypothetical genes (y-genes)

The availability of complete genome sequences of various organisms brought
radical changes in life science. If the gene of interest in an organism that is not
amenable for various biological analyses was found to be conserved in E. coli, analyses
of E. coli gene might give clues to elucidate the function of the gene or the mechanism
in which the gene exert the observed phenotype. Therefore, the advancement in
understanding this organism will also give information to research on other organisms.

However, even now, about 40% of E. coli genes still remain function-unknown (Riley



et al., 2005) (Fig. 1), and these genes are called hypothetical gene or “y-genes”, because
they were temporarily named after the letter “y”.

The research in genetics starts with careful observation of phenotype and then
looks for the cause that is in most cases a mutation on its genetic information. On the
other hands, molecular biology has developed reverse genetics, which makes it possible
to perform the research in reverse direction, i.e. from the cause (gene) to the phenotype
(function). Until recently, E. coli was thought to be a difficult organism to construct
mutant by homologous recombination. This was one of the reasons for E. coli to be
behind Saccharomyces cerevisiae (Giaever et al., 2002) and Bacillus subtilis
(Kobayashi et al., 2003) in construction of deletion mutants. In 2000, however, an
efficient method using lambda RED recombinase had been developed (Datsenko and
Wanner, 2000). Then, a comprehensive deletion (replacement with Km resistant gene
cassette) mutant library was constructed by this technology. It is a single gene deletion
library of predicted ORFs of E. coli K-12 except essential genes (Baba et al., 2006), and
termed Keio collection. Through the screening of this collection, function of many
y-genes have been identified or predicted. A research on biofilm formation in E. coli
mutants performed in my laboratory also identified several y-genes as biofilm-related
(Niba et al., 2007).

Among them, yfg4, was found to show various phenotypes upon gene
disruption and be important especially in rod-type cell shape maintenance. Hence, it
was named rodZ, though this name originally came from the phenotype of yfg4 used to
first identify this y-gene (Bendezu’ et al., 2008). They screened transposon mutants that
required additional supply of FtsZ for survival or good growth on rich medium, and
found that yfg4 mutant required an gverdose of FtsZ for propagation on LB at or below
30°C. Various researches performed on rodZ established this gene as a new player in
bacterial cell morphogenesis (shiomi e al., 2008; Bendezu’ et al., 2008; Alyahya SA et
al., 2009). Cells lacking the rodZ gene were round or otherwise misshapen and
exhibited a highly reduced growth rate. Structural analyses showed that RodZ is a
remarkable multi-domain protein that, similar to the bacterial actin MreB, assembles
and forms helical structures associated with the cell membrane. RodZ has one single
trans-membrane domain that divides the protein into a cytosolic and a periplasmic part.
Interestingly, RodZ has a helix-turn-helix DNA-binding motif in its N-terminal

cytosolic domain. A deletion analysis showed that the HTH motif was required for the



Function classification Number
Amo Acid rac 142

131
199
Cell Division 136
164
381 Unknown
59 function

{y-gene)

127
Regulation 86
DNA Replication 93
| 358
I'ranslation 151
55
Others 386
Unknown function (v-gene) 1964
4432

Fig. 1 Function assignment of genes in E. coli K-12

Genes present in E. coli strain MG1655 and W3110 are categorized according to

the function assignment of their products. ‘y-genes’ include genes of

computationally predicted function (32%) and completely unknown (15%)
[Adapted from Riley et al. (2005)]



formation of RodZ helices and for full complementation of the defective shape of rodZ
null mutants. The function of the HTH domain is unknown but bacterial two-hybrid
data indicated that it mediates important interactions between RodZ and MreB (van den
Ent F et al., 2010).

The screening of Keio collection also identified yhcB and yicB as genes
involved in biofilm formation. Both of them have been predicted to encode inner
membrane proteins. In a study of membrane protein complexes, YhcB protein was
found together with CydA and CydB, subunits of the cytochrome 5d ubiquinol oxidase
in the inner membrane. Therefore, YhcB was suggested to be a new subunit of the
oxidase (Stenberg et al., 2005). However, in a later study on cytochrome bd-type
ubiquinol oxidase (Mogi et al., 2006), it was found that the cytochrome bd oxidase
isolated from the AyhcB cell was completely identical to those from the wild-type
strain, suggesting that YhcB was not associated with the CydAB heterodimer and is not
required for the assembly or function of the oxidase. In the proteomic analysis of
membrane preparations, the molecular mass of YhcB observed by BN-PAGE was
significantly larger than that by SDS-PAGE, suggesting that YhcB may form a
homo-oligomeric complex. It was also indicated using the C-terminal fusions to an
alkaline phosphatase (PhoA) and the green fluorescent protein (GFP), the C-terminus of
YhcB was located in the cytoplasm (Maddalo ez al., 2011). The other gene yciB, whose
original name was ispZ (Intracellular Septation Protein), encodes a protein homologous
to IspA, which is a protein of Shigella flexneri with a role in cell division and
intracellular spreading (mac et al., 1996). Although yciB is not essential for cell survival,

both deletion mutation and over-production are harmful to the cell growth.

Bacterial cell envelope

Bacterial cell envelope that consists of inner membrane and cell wall is the
principal stress-bearing and shape-maintaining element, and its integrity is of critical
importance to cell viability. The cell envelopes of most bacteria fall into one of two
major groups. Gram-negative bacteria are surrounded by a thin peptidoglycan cell wall,
which itself is surrounded by an outer membrane containing lipopolysaccharide.
Gram-positive bacteria lack an outer membrane but are surrounded by layers of

peptidoglycan many times thicker than is found in the Gram-negatives (Fig. 2).
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Peptidoglycan of Gram-negative bacteria, such as E. coli, is made up of
repeating units of the disaccharide N-acetyl glucosamine-N-actyl muramic acid, which
are cross-linked by pentapeptide side chains (Vollmer ef al., 2008). Because of its
rigidity, it determines cell shape. The enterics are rod shaped, but cell shapes can vary.
Agents such as enzymes or antibiotics that damage the peptidoglycan cause cell lysis
owing to the turgor pressure of the cytoplasm. Lysis can be prevented in media of high
osmolarity. However, without the peptidoglycan, cells lose their characteristic shape.
The resulting cells are called spheroplasts. With E. coli, normal methods of spheroplast
production produce nonviable cells, but they can continue metabolism and biosynthesis
for hours. However, special methods can be used to produce L forms, which are
spherical in shape and can be propagated on high osmolarity media (Joseleau-Petit et al.,
2007).

Bacteria lack intracellular organelles, and consequently, all of the
membrane-associated functions of the eukaryotic organelles are performed in the inner
membrane. Many of the membrane proteins that function in energy production, lipid
biosynthesis, protein secretion, and transport are conserved in bacteria. These proteins
are located in the inner membrane that is a phospholipid bilayer. In E. coli the principal
phospholipids are phosphatidyl ethanolamine and phosphatidyl glycerol, but there are
lesser amounts of phosphatidyl serine and cardiolipin. Other minor lipids include
polyisoprenoid carriers, which function in the translocation of activated sugar

intermediates that are required for envelope biogenesis (Raetz and Dowhan, 1990).

Cell division of Rod-type bacteria

The characteristic shape of bacterial cells is mainly determined by the cell wall.
Rod-shaped bacteria have however different modes of cell wall synthesis, which are
involved in cell elongation and cell division, and each seems to employ a different
peptidoglycan synthesis complex. For bacterial cell division, detailed researches have
recently made significant progress towards elucidating the functional mechanism of the
divisome, which was formed by more than ten essential cell division proteins that
localize to the Z ring made by the polymerization of FtsZ proteins. In E. coli, the first
step of divisome assembly begins before constriction, when early cell division proteins,
including FtsZ, FtsA and ZipA, localize to the future division site, and ZipA and the

actin-like protein FtsA interact with and stabilize the Z ring at the inner membrane.



After a recruitment of the later assembling components (such as FtsK, Q, B, L, W, 1, N),
Z ring matures to septal ring (SR) to constrict cell into two daughter ones (Fig. 3, de
Boer, 2010). Fts family proteins were well known to play critical roles in successful cell
division, and temperature-sensitive mutants form filaments when the temperature was
shifted to 42 °C.

Although most components of core divisome are widely conserved and
essential for the later stages of the bacterial cell cycle, other uncharacterized proteins
also seem to be involved in cell division or septation across species. For example, a
novel Shigella flexneri gene, designated ispA (intracellular septation), was found
responsible to the failure of cell division within the host epithelial cytoplasm (Mac
Siomoin et al, 1996). A mutant of this gene has lead to the formation of long
filamentous cells lacking septa, which were unable to spread intercellularly. Sequencing
of ispA locus revealed that it was highly homologous to an uncharacterized E. coli gene,
yciB, located between trp and tonB, and the ability of yciB to complement the ispA
mutant that is unable to form plaque in cultured cell monolayers indicated they both
encode the functionally same protein (enzyme). However, no observation was reported
that yciB deletion mutation inhibited cell division and formed filamentous cells in E.
coli. This seems to suggest that the same protein may play different roles in different
species. More work is needed to clarify the function of yciB and to define the

mechanisms of its action.

Synthetic phenotype analysis

As described above, still a significant portion of predicted genes remain
function-unknown. Many of them seem to be the genes for membrane proteins and
involved in the synthesis and maintenance of cell membrane and envelope. One reason
for the delay in research of membrane proteins is that they require and associate with
the membrane for their proper function and probably also because they are integrated in
complex biological systems. Complex biological systems are very robust to genetic
and/or environmental changes, because the biological functions in a system can be
sustained against single-gene or even multiple-gene mutation possibly by utilizing the
redundant pathways (Papp et al., 2004, Reed and Palsson, 2004). Hence, in order to
assess the function of these genes, it will be important to investigate the genetic

interaction between them and with known genes. For this purpose, seeking synthetic
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lethal/sickness phenotypes using double gene-knockout strains (Fig. 4) is one of the
appropriate methods. To perform this in genome-wide, however, the construction of
another entire set of deletion library and the system to combine two deletions into the
same chromosome are required. In E. coli, an efficient method to construct such a
library was developed (Datsenko and Wanner, 2000) as described above and a few
projects of synthetic phenotype analysis are in progress.

Fig.4 Synthetic lethality

Single A synthetic lethal interaction between
Deletion

Mutant two genes is defined when the survival

of the combined mutation is less than

the product of the survival of the two

Double
Deletion
Mautant

single mutations.

Protein-protein interaction analysis

The protein-protein interaction is also powerful method to indicate and identify
the function of y-genes. Several methods have been developed and successfully used
not only for the investigation of individual gene (protein) but also to construct a genome
wide database (Arifuzzaman et al., 2006). One way of examining the interaction is
pull-down assay assisted by 2D gel and mass-spectrometry analysis as well as database
of genome sequence. Pull-down assays were generally performed using a plasmid
vector which was designed to add a tag to the cloned gene and its protein encoded. In
the advance of proteomics, various tags were invented such as 6xHis tag (Hochuli E
et al., 1988), Glutathione S-transferase (GST) tag (Sheehan D et al, 2001; Allocati N et
al., 2009) and FLAG tag (Thomas HP et al., 1988). They have been used for western
blotting analysis, immunoprecipitation experiments and affinity purification of
recombinant proteins expressed, which are indispensable methods for protein-protein
interaction analysis. For example, Emili and her group performed a large-scale analysis
of protein complexes in Escherichia coli using TAP/SPA tagging system (Butland ef al.,
2005). Through their investigations, an interaction network of protein complexes
involved in diverse biological processes was uncovered and validated by sequential

rounds of tagging and purification.
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The other way is in vivo analysis using two-hybrid systems. Two-hybrid system
was first developed with yeast S. cerevisiae (Young, 1998), in which not only the
proteins of yeast itself but of various organisms have been examined by cloning the
genes into vector plasmids developed for each TH-system. More recently bacterial TH
systems have been reported and successfully used to investigate the interaction of
proteins of E. coli and other organisms as well. Karimova G et al. developed BACTH
(Bacterial Two-Hybrid) assay system (Fig. 5), in which two putative interacting proteins
are genetically fused to two complementary fragments, T25 and T18, that constitute the
catalytic domain of Bordetella pertussis adenylate cyclase. Association of the
two-hybrid proteins results in functional complementation between T25 and T18
fragments ‘and leads to cAMP synthesis. The produced cAMP then triggers
transcriptional activation of catabolic operons, such as lactose or maltose. Using this
system, Karimova G et al. (2005) screened the interaction network among E. coli
membrane proteins involved in cell division; Handford JI ef al. (2009) found that a
regulatory complex of proteins, YjeE-YeaZ-YgjD, is essential for the bacterial viability
and that these proteins form a link between DNA metabolism and cell division;
Bendezui FO et al. (2009) confirmed that E. coli RodZ and MreB (bacterial actin) are

interacting and gave the evidence to support their co-localization.

Objective and outline of this study

As described above, three genes, yfg4 (rodZ), yheB and yciB, were identified as
biofilm related genes through the screening of Keio collection. Furthermore, rodZ was
found to be important in the cell shape determination and involved in the synthesis of
peptidoglycan synthesis. To further investigate the genetic relation and the function of
these genes, I analyzed synthetic phenotypes of deletion mutants and performed
bacterial two-hybrid analyses. The obtained results revealed a close functional relation
between yhcB and rodZ as well as the interaction of YhcB with cell shape proteins.
Maintenance of rod shape in E. coli requires the shape proteins MreB, MreC, MreD,
MrdB (RodA) and RodZ, which interact mutually and seem to function in the lateral
growth of peptidoglycan. Yet, the mechanism of cell morphogenesis remains to be
established. My investigations in this study indicated that YhcB is also involved in the
cell shape determination and/or the biosynthesis of peptidoglycan cooperating with

RodZ. Similarly the relation of Yc¢iB and RodZ was examined and a possible interaction

12



catalytic domain of adenylate cyclase (CyaA)
N’ (o

NO cAMP
ON
cAMP/CAP dependent
(E.coli) promoter

Fig.5 Principle of BACTH system (Detection of interaction between two
membrane proteins)

Proteins of interest X and Y are genetically fused to the two fragments of the
catalytic domain of B. pertussis adenylate cyclase and coexpressed in E. coli cya
mutant cells.

Interaction between the two hybrid proteins results in functional
complementation between the T25 and T18 fragments, leading to cAMP
synthesis. cAMP, upon binding to the catabolite activator protein (a
transcriptional regulator) triggers the expression of E. coli catabolic operons,
allowing the bacteria to utilize sugars such as lactose and maltose. Efficiencies
of complementation can be determined by measuring B-galactosidase activities
in the transformed cells. (Karimova G et al., 1998)
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between YciB and RodZ was observed. However, the expression level of yciB was

found to be much lower than ykcB and rodZ, indicating that yciB functions in a different

mechanism.
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MATERIALS AND METHODS

I. E. coli strains, plasmids and synthetic primers used in this study
I-1 Strains

E. coli K12 strains used in this work were listed in Table 1. E. coli K12 strain
BW25113 (lacF rrnBri4 AlacZy 6 hsdR514 AaraBAD 4133 ArhaBAD,p;s) was obtained
from Dr. T. Baba (Keio University). Disruptants of each non-essential E. coli gene/ORF
in Keio collection (http://ecoli.aist-nara.ac.jp/JProject) were obtained from Dr. H. Mori
(Nara Institute of Science and Technology). They were constructed by “one-step
disruption method” (Datsenko & Wanner, 2000), briefly as follows. Fragments used to
construct deletion mutants with kanamycin resistance gene (kan) cassette were PCR
amplified using primers that were 50nt homologous to the adjacent upstream or
downstream flanking region of the target gene followed by the 20nt sequence coming
from upstream or downstream region of kan. Plasmid pKD13 containing a kan cassette
was used as template. Cells carrying pKD46, a Red helper plasmid, were transformed
with PCR amplified DNA fragments and kanamycin resistant (Km®) transformants were
selected. The kan cassette was designed to ensure the expression of the downstream
gene.

Table 1. E. coli strains used in this study

Strain Genotype source or reference
XL-1Blue F [prodB+, laclq, lacZDM15::Tnl0 (tetr)], hsdR17, supE44, laboratory stock
recAl, endAl, gyrA46, thi, relAl, lac
DHS5a. F', deoR, endAl, gyrA96, hsdR17(rk-mk+), recAl, laboratory stock
reldAl supE44, thi-1, A(lacZYA- argF)U169, (f80lacZDM15)
JE8471 F', DE(cya)854, trp, his, ilv National
BioResource Project
BW25113 F, rph-1, DE(rhaBAD)568, DE(araBAD)567, DElacZ4787, CGSC
hsdR514, rrnB
KR0401 aderivative of BW25113 (Niba et al., 2007)
KRO0411  KRO0401 AyhcB/pBADs-yhcB This study
KR0412  KRO0401 AyhcB, MaraC, parapap-yheB, bla) This study
KR0413  KRO0412 ArodZ::kan This study
KR0422  KRO0401 ArodZ, MaraC, parasap-yheB, bla) This study
KR0423  KRO0422 AyhcB::kan This study
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Deletion mutations, ArodZ::kan, AyhcB::kan, and AyciB::kan were
introduced from mutants of each gene in Keio collection (Baba et al., 2006) by Plkc
mediated transduction.

The integration of the inducible yhcB gene into chromosome near attA, A
(araC, Paraap-yheB, bla), was performed using AInCh as previously described (Niba et
al., 2009; Datsenko and Wanner, 2000). MaraC ParaBAD-yhcB) denotes chromosome
integration mediated by AInCh.

In order to analyze the interaction of fusion proteins in the absence of RodZ
or YheB, ArodZ::kan or AyhcB::kan mutations were introduced into JE8471 from
corresponding Keio collection mutants by P1 mediated transduction, then kanamycin
resistance gene was eliminated through FLP recombination mediated by pCP20
(Datsenko KA et al., 2000).

I-2 Plasmids and synthetic primers

Following plasmids were used in this study.

pACYC184 (Fig. 6)
pACYC184 is an E.coli plasmid cloning vector containing the P15A origin of

replication. This allows pACYC184 to coexist in cells with plasmids of the ColEl
compatibility group (e.g., pBR322). It is a low copy number vector of about 15 copies

per cell.

pKTop (Karimova G et al., 2009)

pKTop was used for the topology determination of inner membrane proteins,
encoding the dual reporter PhoAj;.472/LacZ4.6o that are fused in frame with MCS at its
downstream. This allows to create an in-frame fusion at the N-terminus of dual reporter.
The vector is a derivative of the low copy-number plasmid pACYC184 with a

kanamycin resistance selectable marker.

BACTH vector (http://www.euromedex.com) (Fig. 7)
pUT18
pUT18 is a derivative of the high copy number vector pUC19, expressing an

ampicillin resistance selectable marker, and encodes the T18 fragment (amino
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Amp

Rop

pBADs-yhcB (yciB)

/ HindlIII

Re-primer(myc tag)

Xhol araC

Fw-prime\rl

ORF frame 1

CAT/CamR

Ncol (3945) EcoRl (1)
CAT/CamR (659 - 444)

Sacli (835)
p15A_origin

Ball (3542)

PACYC184

Asel (1407)
Xbal (1425)
Clal (1519)

Hindlli (1524

Nrul (2469)
Eagl (2434) EcoRV (1682)
ORF frame 2 BamHlI (1870)
ORF frame 3 pBRrevBam_primer
tet
Sall ‘21461

Fig. 6 Construction of pACYC184-yhcB (or yciB)-mye.

The target fragments were amplified from pBADs-yhcB(or yciB) as
template. The myc-tag carrying sequence was introduced artificially by
appending to the reverse primer. The PCR products containing araC and
myc tagged yhcB(or yciB) were inserted to pACYC at Sall and HindlIll

sites.

17



| pKT25 k3442 bp) B

_ Xbal Smal — TTTTeeel
Pstl Sall* BamH]1 Kpnl EcoR1

..T25 orf.. GCT GCA GGG TCG ACT CTA GAG GAT CCC CGG GTA CCT AAG TAA CTA AGA ATT C....
A AGSTLETUDUPRYVP K stp

| pPKNT25 (3469 bp)

plec, MCS 125 Kan® Ori p15A

Sphl Sall* BamH1 _Kpnl EcoR1
Hindlll Psil Xbal Smal Sacl ———

.. CCA AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TCA ...T25..
wP 8L HACRSTLEDVPRYVPSSNS..

pUTI8 Go23bp) |

placy, MCS TIS AmpR Ori Col E1

" Hindt Psil Xbal Smal Sacl
.. CCA AGC TTG CAT GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TCA ...718...
..P S LHACR STLEUDUZPRVPSS SNS..

f'pUi’l 8C (3017bp) |
plac, T18 MCS AmpR Ori Col E1

Pstl Xbal Smal Sacl
..T18...CAC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG AAT TCA TCG ATA TAA CTA AGT AAT..

..H CRSTLEDZPRVPSSNS S I stp

Fig. 7 BACTH plasmid maps
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acids 225 to 399 of CyaA) that is expressed under the transcriptional control of a
lac promoter. The T18 open reading frame lies downstream of a MCS with 9
unique restriction sites. This plasmid is designed to express chimeric proteins in

which a heterologous polypeptide is fused to the N-terminal end of T18.

pUT18c
pUT18c differs from pUT18 in that the MCS is located at the 3' end of the
T18 open reading frame. This plasmid is designed to create chimeric proteins in

which a heterologous polypeptide is fused to the C-terminal end of T18.

pKT25

pKT25 encodes the T25 fragment (corresponding to the first 224 amino acids
of CyaA) that is expressed under the transcriptional control of a /ac promoter. The
pKT25 vector is a derivative of the low copy-number plasmid pACYC184,
expressing a kanamycin resistance selectable marker. A multi-cloning site
sequence (MCS) is inserted at the 3' end of T25 to allow construction of in-frame

fusions at the C-terminal end of the T25 polypeptide.

pKnT25

Plasmid pKnT25 was constructed from pKTop (Karimova G et al., 2009) by
replacing the region containing PhoA and LacZ fragments of the vector with the
fragment coding for T25 using In-Fusion system (ClonTech/Takara Bio). The T25
fragment was amplified by PCR using pKT25 as template and primers,
pKTop-T25-5(GATCCCCGGGTACCGAGCTCGAATTCAATGACCATGCAG

CAATCGC) and
pKTop-T25-3-r'v(AGATTGTACTGAGAGTGCACTTATATCGATGGTGCAGC
CCGCCGCGTGCQ).

pJL30 (Lucht et al., 1994)
pJL30 is a plasmid designed to analyze the transcription and translation activity

of cloned gene by measuring the B-galactosidase activity of the lacZ-fusion protein.

pBADs-yhcB and pBADs-yciB (Fig. 6)
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Plasmid pBADs-yAcB and pBADs-yciB containing the S-tagged yhcB and yciB
ORF genes were constructed using pBADs vector (Niba et al., 2007) derived from
pBAD322 (Cronan, 2006). The S-tag carrying sequence from pSH-Leu (Gan et al,
2002) was ligated into the Sphl and HindlII site of the MCS of pBAD322.

The following plasmids were constructed for this study.

Plasmids pACYC-yhcB and pACYC-yciB containing the myc-tagged yhcB and
yciB genes were constructed using pACYC184 vector. The myc-tag carrying sequence
was introduced artificially in the reverse primer. The DNA fragments harboring the
ORF of yhcB and yciB genes without the termination codon was PCR amplified from
the pPBADs-yhcB and pBADs-yciB plasmids (Lab store) using primers listed in Table 2.
Both forward and reverse primers were designed to hybridize with the vector pBADs.
The PCR products were ligated into the Sall and HindIII sites of pACYC184 (Fig. 6).

Plasmids used for BACTH analysis were constructed by amplifying the gene
from either chromosomal DNA or from the relevant plasmid by PCR using primers
listed in Table 2 and ligating into the indicated vector.

To construct lacZ fusions on pJL30 for the expression analysis, fragments
with the sequence of interest were PCR-amplified using appropriate primers and cloned
into pJL30 lacZ-fusion vector (Lucht et al, 1994). Primers used to construct each
plasmid are indicated together with restriction enzymes used for cloning (Table 2.).
Plasmids yhcB#1, yhcB#2, and yhcB#4 were constructed using pBADs-yhcB as template,
and plasmids yciB#1, yciB#3, and yciB#4 were from pBADs-yciB. Fragment cloned in
plasmid yciB#5 was amplified using pJL30-yciB#2 as template. pJL30-yhcB#3 was
constructed from pJL30-yhcB#1 by digesting with EcoRI and self-ligating. Similarly,
pJL30-yciB#2 was constructed from pJL30-yciB#1 by digesting with Scal and Smal and
self-ligating.

Table 2. Plasmid constructed using synthetic primers in this study

Relevant features or primers used to amplify the indicated gene  Restriction site

ctctagaGACGGATAATCCGAATAAAAAAA Xbal
pKnT25-rodA
gecggtacc ACGCTTTTCGACAACATTTTCC Kpnl

pKnT25-yhcB | yheB derived from pUT18-yhcB
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pKT25-cydB

pKT25-mreB

pKT25-mreC

pKT25-mreD

pKT25-murG

pKT25-rodZ

pUT18c-rodZ

pUT18-yAcB

pUT18-yacBAC1

pUTI18-yhcBAC2

pUT18-yhcBAN

pKTop-yciB

pKTop-yciBias

pKTop-yciBiy

pKTop-yciBs

pKTop-yciByg

pKTop-yciByy.179

getctagaGATCGATTATGAAGTATTGCGT
geggatccTACAGAGAGTGGGTGTTACGTT
getetagaGTTGAAAAAATTTCGTGGCATG
cgggatccTCTTCGCTGAACAGGTCGCCG
gctctagaGAAGCCAATTTTTAGCCGTGG
geggtaccTGCCCTCCCGGCGCACGC
getetagaGGCGAGCTATCGTAGCCAGGGA
gcggtaccTGCACTGCAAACTGCTGACGGA
getctagaGAGTGGTCAAGGAAAGCGATTA
geggtaccGCCCGGGCAACCCGGCTCACTT
rodZ derived from pUT18c-rodZ
getctagaGAATACTGAAGCCACGCAC
ggaattCTGCGCCGGTGATTGTT
geetgcagGACCTGGGAATATGCGCTAATT
cgggatccTCGCGCTTCGCGCCAGTA
gectgcagGACCTGGGAATATGCGCTAATT
cgggatccAGGCTGCTGGAGCTTTTTGC
geetgcagGACCTGGGAATATGCGCTAATT
cgggatccATCTGCACCGGTGCCTGATCGT
getctagaGCGTTTTGGTAATCGTAAACTAC
cgggatccTCGCGCTTCGCGCCAGTA

yciB derived from pUT18-yciB
cggatccGAAGCAGTTTCTTGATTTTTTAC
geggtaccTTGACCCAAATATTTTGCGGC
CCTCATCCTGTCTCTTGATCAGATC
cgggatccTTCAGCTTCGACCATACCG
cggatccGAAGCAGTTTCTTGATTTTTTAC
gcggtaccCATTTAATAAACTCATCATTGTGGA
CCTCATCCTGTCTCTTGATCAGATC (in the vector)
cgggatccTTCTCAACCTTACGAAAGCGA
getctagaGGTTCGCTTTCGTAAGGTTGA
cgggatcc TAGGATTTATCTTCCTGCGGC
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pKTop-yciBas.147

pUT18-yciB

pKT25-yciB

pUTl 8-yciB120

pACYCI184-yhcB

pACYC184-yciB

pJL30-yhcB#1

pJL30-yhcB#2

pJL30-yhcB#4

pIL30-yciB#l1

pJL30-yciB#3

pIL30-yciB#4

pIL30-yciB#5

getetagaGGTTCGCTTTCGTAAGGTTGA BamH]

g2cggtaccTTGACCCAAATATTTTGCGGC Kpnl
ctctaga GAAGCAGTTTCTTGATTTTTTACC Xbal
cgggatcc AGGATTTATCTTCCTGCGGCAT BamHI

yeciB derived from pUT18-yciB

yciBiy derived from pKTop-yciBiag

ccgetcgagATCGATGCATAATGTGCCTG Xhol=>sall
cgaagcttTTACAGATCCTCTTCTGAGATGAGTTTTTGTTCC

Hindlll
ATACCAGAACCGCGTGG
ccgetcgagATCGATGCATAATGTGCCTG Xhol=>sall
cgaagcttTTACAGATCCTCTTCTGAGATGAGTTTTTGTTCC

Hindlll
ATACCAGAACCGCGTGG
cgggatccGGCGCTGTTTCCGCTCTC BamHI
aactgcagCTTCACAAACATGATGGAGGCG Pst]
cgggatccCGTAATCGTCTGGCAGAGTCTG BamH]I
.aactgcagCTTCACAAACATGATGGAGGCG Pst]
cgggatccGGCGCTGTTTCCGCTCTC BamH]
geaagctt TCCCAGGTCATGAACATCTCCC Hindlll
cggaattc ACTTCCTAACGTACCACCAGCA EcoRI
cgggatccCTGAGGGACGTTATGTGTTGTA BamH]
ggaattcGTGCTTATCTATAGCTGGGTTCG EcoRI
cgggatccCTGAGGGACGTTATGTGTTGTA BamHI
cggaattct ACTTCCTAACGTACCACCAGCA EcoRl
cgggatccCTGCTTCATTTTACGATTCCGT BamHI
CCCGAAAAGTGCCACCTGACG (in the vector) EcoRI
gcaagctt ACCCATTGGCTGACTAACAG Hindlll

II. Growth media and antibiotics

Cells were cultured in LB medium [1% Bacto-tryptone (Difco, USA), 0.5%
Yeast extract (Difco, USA) and 0.5% NaCl (Nacalai Tesque, Japan); solidified by 2%
Bacto agar (Wako, Japan) for plates. Ampicillin (100 mg/ml), Kanamycin (30 mg/ml),

chloramphenicol (35 mg/ml) and IPTG (I mM) were added when necessary. LC
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medium (1% Bacto-tryptone, 0.5% Yeast extract and 0.25% NaCl; solidified by 1%
Bacto agar) and Top agar (1% Bacto-tryptone, 0.5% Yeast extract and 0.05% NaCl,
NaOH added at 2mM and solidified by 0.5% Bacto agar (Difco, USA)] were used to
propagate P1 phage.

III. Isolation of sacculi and PG measurement

PG was isolated essentially as described (Herve et al., 2007). Cells of 200 ml
LB cultures grown to ODggo of ca. 0.75 were used. After the lysis of cell by hot 4% SDS
solution and the overnight incubation at room temperature, a cell wall fraction was
obtained by centrifugation at 100,000 g for 1 hour, washed with water and finally
suspended in 0.5 ml water. The amount of PG in isolated sacculi was measured by
means of a silkworm larvae plasma test using SLP reagent (Wako Pure Chemical
Industries Ltd., Osaka) as described previously (Tsuchiya et al., 1996; van Langevelde
et al., 1998). The serial dilutions of samples were mixed with an equal volume of SLP
reagent reconstituted according to the procedure supplied by company and the OD650
was measured after 40 and 60 min incubation at 30 °C. The amount of PG in the
samples was calculated using the standard curve obtained with PG of Micrococcus

luteus (Wako).

IV. Transformation of plasmid DNA into competent cells (CaCl, method)

5ml of LB medium (containing antibiotics when required) was inoculated with
0.1 ml of overnight culture of cells to be transformed and incubated at 37 °C until the
ODgoo was approximately 0.5. The cells were harvested by centrifuging at 3,000 rpm for
10 min at 4°C, and the supernatant was discarded. Cells were resuspended in 2 ml of
ice-cold 50 mM CaCly/15% glycerol and then collected by centrifugation at 3,000 rpm
for 10 min at 4°C. Collected cells were dissolved again, resuspended in 0.05 ml of
ice-cold 50 mM CaCl,/15% glycerol and divided equally into two test tubes. 2 ul of the
plasmid DNA to be analyzed and the control DNA (vector only) were added in separate
tubes and incubated on ice for 30 min. The competent cell mixture was heat shocked at
42°C for 2 min, then mixed with 0.5 ml of LB medium and incubated at 37°C for 60
min. The cells were spread on LB plate containing appropriate antibiotics and incubated

at 37°C overnight.
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V. Preparation of plasmid DNA

Cells from a 1.5 ml overnight culture were collected by centrifugation at 15,000
rpm for 30 sec and the supernatant was discarded. The tube was towel-dried and 200 ul
of STET containing lysozyme (0.2 mg/ml) was added. The mixture was vortexed and
boiled for 1min. Immediately after that, it was centrifuged at 15,000 rpm for 5 min and
the precipitate removed with a toothpick. 8 ul of 5% cetyl trimethyl ammonium
bromide (CTAB) was added and again centrifuged at 15,000 rpm for 5 min. 300 ul of
1.2M NaCl was added and then well-mixed before adding 750 ul 100% ethanol. The
mixture was centrifuged again at 15,000 rpm for 5 min and the supernatant discarded.
500 ul 70% ethanol was added and the plasmid DNA was collected by centrifugation at
15,000 rpm for 5 min. The ethanol was removed by aspiration or drying at 42 °C, The
DNA was dissolved in 30 ul sterilized H,O.

STET bufter:

Sucrose 8 %
TritonX-100 0.1%
EDTA 50 mM
Tris-HCI (pH 8.0) 50 mM

VI. Lambda InCh integrated chromosomal fusions
Chromosomal integrations of araC P**BAD-yhcB were performed via phage
MnCh (Fig. 8) as described (Boyd et al., 2000).

Lysate preparation: A single colony of the strain carrying the araC

P““BAD-yhcB fusion plasmid was grown overnight in LB medium containing 2mM
Mg2SO4 and 0.2% maltose with appropriate antibiotics. 0.1ml of ON culture was mixed
with 0.01ml of MnCh (prepared from strain JOE59 (SM551), a lysogen of AInCh for
pBR derivatives) and incubated at 30°C for 15min. Then, 1ml LB + MgSO4 (2mM)
was added and mixed for an hour at 30 °C. The mixture was spread on plates containing
both 0.04mg/ml kanamycin and 0.lmg/ml ampicillin and incubated ON at 30 °C.
Several colonies were purified on the same plate and incubated at 30°C. The culture
without lambda infection was used as control to make sure only AInCh-containing
strains were selected. Single colonies were picked up, grown in 0.5ml LB at 30°C for

approximately 8 hours to overnight before spotting on normal LB plate and LB plate
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Fig. 8 Integration of araC P*r*BAD_yhcB fusion in chromosome

The three steps involved in transfer of an expression system from a pBR322-
derived plasmid to the chromosome in stable single copy. At the upper left, the
plasmid and the phage are shown as concentric circles with the phage outside. In
the first step, recombination at both the 358-bp 'bla region and the 409-bp near-
ori region results in transfer of the promoter gene expression system and a
functional bla (Amp*) gene to the phage replacing the Kan' gene. In the second
step a lysogen is formed by site-specific recombination at the att site, conferring
ampicillin resistance and temperature sensitivity. The orientation at the aff site is
indicated relative to the flanking markers gal and bio. In the third step,
recombination in the 800-bp direct-repeat region, near-att, removes most of the
phage DNA conferring temperature independence. The att region in the stabilized.
strain is shown at the bottom.(Boyd et al.,2000)
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containing both ampicillin and kanamycin, and incubated at 42 °C and 30 °C,
respectively. The rest of the above LB culture was left on the desk until required. The
culture that was temperature sensitive (Tm®) at 42 °C was selected and 0.2ml portion
was inoculated into Sml of LB containing ampicillin. Cells were grown with good
aeration at 30 °C until ODggy was approximately 0.5, heated at 42°C for 15min to induce
the propagation of 1, then immediately transferred to 37 °C and further cultured for
approximately 2~3 h. Next, cells were collected at 3,000 rpm for 10 min and suspended
with 0.8 ml SM buffer, lysed by adding 50 ml chloroform and then vortexed. The
success of A propagation was ensured by observing the viscosity and the lysate was
stored at 4 °C until needed.

Infection of LE392: A supF strain, LE392 was grown in LB medium containing
2mM Mg,SO,4 and 0.2% maltose ON and 0.05 ml was mixed with 0.05 ml of serial
dilutions of lysate described above and then incubated at 30°C for 15min. 0.5ml LB +
Mg>S0O4 (2ZmM) was added and incubated for an hour at 30°C, then a portion of 0.1ml

was spread on plates containing ampicillin and incubated at 30°C ON. Several colonies
were purified on the same plate and incubated at 30 °C ON. Subsequently, single
colonies of each Amp" clone were picked up, grown in 0.5ml LB at 30 °C for
approximately 8h to overnight and spotted on LB plate and LB plate containing both
ampicillin and kanamycin. The LB plate was incubated at 42 °C and the plate containing
both ampicillin and kanamycin was incubated at 30°C ON. The rest of the above 0.5 ml
of LB culture was kept until required. Clones that showed Tm sensitive, kanamycin
sensitive and ampicillin resistance phenotype, should be the lysogen of AInCh
recombinant that acquired araC P**BAD-yhcB fusion and Amp® from the plasmid. A
portion of the corresponding culture was inoculated into 1ml LB and cells were grown
at 30°C until the ODggp was approximately 0.5, heated at 42°C for 15min and incubated
at 37°C for approximately 3 h to observe for complete lysis. Two drops of chloroform
was added and shaking continued at 37 °C for another 15min. The supernatant was
collected at 3,000 rpm for Smin and transferred into a new tube and stored as pure lysate
of AInCh recombinant for araC P*BAD-yhcB fusion.

Transfer of lambda integrated araC P“°BAD-yhcB fusion into the WT strain:
The WT strain was grown ON in LB medium containing 2mM Mg;SO4 and 0.2%

maltose. A 0.05ml portion of ON culture was mixed with 0.05ml aliquots of 1/100
dilution of pure lysate and then incubated at 30 °C for 15min. 0.5ml LB + MgSO,
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(2mM) was added and mixed for an hour at 30 °C before streaking 0.1ml on plates
containing ampicillin. The plates were incubated at 30 °C ON. Colonies were purified
on the same plate and single colonies were picked up as above to inoculate in 0.5ml LB
medium. Cells were grown at 30 °C streaked on LB plate containing ampicillin and
incubated at 42°C ON. Colonies that appeared (Tm") should have lost the parts of
lambda required for propagation and were purified once more at 42 °C. Resultant clones
containing the araC P“*BAD-yhcB fusion on the chromosome were examined for the

sensitivity to antibiotics and used for the growth assay.

VII. Protein localization

Cell fractionation was performed as described in reference (Gualdi et al, 2008))
with some modifications. Cells were grown in 200 ml LB medium with appropriate
antibiotics at 37°C until OD600 reached to ~ 0.6, then induced with 0.1% arabinose
(final concentration) for 30 min and collected. Centrifugation was carried out at 5,500
rpm for 10 min at 4°C (Beckman J2-MC) and washed with 5 ml of 0.1 M phosphate
buffer pH 7.0 (PB). Cells were resuspended in 2 ml of PB with addition of 100 ugof
lysozyme/ml and 1 mM EDTA (pH 8.0) and incubated at room temperature for 10 min.
Cells were sonicated for 10 sec and repeated 5 times with intervals not to raise the
temperature and centrifuged as described above to remove unbroken cells. Supernatant
obtained from the low-speed centrifugation was then centrifuged at 38,000 rpm for 1 h
at 4°C (Beckman ultracentrifuge, 50Ti Rotor) to separate the cytoplasmic (supernatant)
and the membrane fractions (pellet). The pellet was resuspended in 2 ml of 0.1%
sarkosyl in phosphate-buffered saline, left for 20 min at room temperature, and
centrifuged at 15,000 rpm at 10°C for 18 min (Beckman J2-MC) to remove ribosomes
and cytoplasmic proteins that were still associated with the membrane fraction. The
pellet was resuspended in 1 ml of 1% sarkosyl, incubated again for 20 min at room
temperature, and centrifuged as described above. The supernatant, corresponding to
inner membrane fraction, was collected, and the pellet, corresponding to outer
membrane fraction, was resuspended in 0.5 ml of H,O. Protein concentrations were
determined, and 20 ug of total proteins was loaded onto a 10% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE). After separation by SDS-PAGE analysis,
S-tag fused proteins were transferred to a PVDF membrane by semi-dry blotter

SartorblotIl for approximately lhour according to manufacturer’s protocol. Then, S-tag
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fused proteins were detected by Western-blotting analysis using S-protein AP-

conjugate.

Solutions:
1) 0.1M Na Phosphate Buffer (pH 7.0):
IM Na;HPO4 (pH 7.0)  5.8ml
IM NaH,PO,4 (pH 7.0) 4.2ml
Adjusted to 100 ml with deionized HO

2) Phosphate Buffered Saline (PBS) pH 7.4
PBS tablet (Takara bio, Japan) 1 tablet

Deionized H,O 100ml
measure pH
3) 2% Sarcosyl/PBS
Sarcosyl sodium salt 2.0g
PBS 100ml

4) 1% Sarcosyl /PBS
Sarcosyl sodium salt 1.0g
PBS 100ml

5) 0.1% sarcosyl/PBS:
2% sarcosyl/PBS 100ml
PBS 2ml

* All solutions were autoclaved before use

VIII. Electron microscopy

From overnight culture, cell was diluted and grown to mid logarithmic phase.
Formvar-carbon coated copper grids were floated for 3 min onto a drop of the culture to
mount cells, washed in drops of 0.9 % NaCl and distilled water, then stained with 1 %
urany! acetate five times. The fixed cells were dehydrated through a graded ethanol
series (50%, 70%, 90%, 95%, 99% and 100%) and embedded in LR white embedding
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resin (Electron Microscopy Sciences) according to the instruction of manufacturer.
Ultra-thin sections (80-100 nm) were mounted on a coated nickel grid. The myc-tagged
proteins were detected by soaking in PBST/2%BSA solution containing anti-myc (1/120
dilution, NEOMARKERS, Clone 9E10.3) for 1-2 hr at room temperature, washed with
PBST, then next incubating in PBST/2%BSA solution containing anti-mouse IgG
conjugated with gold particles (10nm) (1/120 dilution; BBINTERNATIONAL, Product
code: EM.GAMI10). Images were obtained by transmission electron microscope

(H-7100, Hitachi, Tokyo, Japan) at an acceleration voltage of 80 kV.

IX. BACTH assay

Bacterial two hybrid analysis was performed essentially as described (Karimova
et al., 1998) (Fig. 9). The genes encoding the two proteins of interest (X or Y) were
amplified by PCR using appropriate primers (Table. 2) and sub-cloned into pKT25 (or
pKNT25) and pUT18 (or pUT18C) vectors in frame with the T25 and T18 fragment
open reading frames by using standard molecular biology techniques. The two
recombinant plasmids encoding the T25-X (or X-T25) and T18-Y (or Y-T18) hybrid
proteins were transformed into indicator strain JE8471. The resultant transformants
were streaked on the LB medium containing antibiotics, IPTG (0.5 mM) and X-gal
(40pg/ml) and incubated at 30 °C.

X. B-Galactosidase activity

B-Galactosidase activity was measured essentially as described (Miller, 1972).
From overnight culture, 0.1ml cell was sub-culture into 5ml LB medium and grown at
37°C to an ODgqq of approximately 0.4 to 0.6. An aliquote of the culture was taken and
the ODggo used for calculation of B-galactosidase activity was measured and kept at -20
°C. The frozen sample was thawed and up to 0.3-ml of the culture depending on its
activity was added into 350 pl of Z buffer containing 0.2% of sarkosyl. The final
volume was adjusted to be 0.3 ml by adding extra medium for the sample with less
volume.

For time course experiments, the ODggp of over-night culture was measured and
then cells were inoculated to make a final ODggy of 0.05 into 20 ml LB medium with
appropriate antibiotics. About 1 ml of culture was taken at appropriate intervals and

kept frozen at -20 °C until subjected to the measurement of B-galactosidase activity.
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Clone gene X into Clone gene Y into

I
Step 1 K25 (or pKNT2S) pUTISC (or pUTI8)

Y —
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Step 2 Co-transform plasmids into DHMI (JE8471 in this study)

Screening J N\ Selection

Plate transformants on : Plate transformants on :

- MacConkey/maltose, M63/maltose

- LB/X-gal +IPTG + X-gal +IPTG

+ antibiotics (Amp, Kan) + antibiotics (Amp, Kan)
Incubate 24-72 h at 30 °C Incubate 4-6 days at 30 °C
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M63/maltose, X-gal

o

== : DHM1/ pKT25/ pUT18C == : DHM1/ pKT25-zip/ pUT18C-zip

X and Y interact =>Red colonies on McConkey/maltose
=> Blue colonies on LB/X-gal

=> Growth on M63/maltose

Step 3 Characterization of positive clones
- Retransformation - B-galactosidase (and/or cAMP) assays
- Sequence analysis - in vitro studies of physical interaction

Fig. 9 General methodology to analyze protein-protein interactions
with BACTH system (from EUROMEX Cat N:EUK001)
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The mixture of the sample and Z-buffer was incubated at 30°C for 30 min before
150 ul of ONPG (O-nitrophenyl galactopyranase) solution was added and incubation
was continued until a yellow color developed. The reaction time was measured and the
reaction was stopped by adding 375 ul of 1M Na,CO; when sufficient color was

observed.

Z-Bufter (200ml) contains:

60mM Na;HPO,.12H,0 43¢
40mM NaH,P04.2H,0 1.24g
10mM KCl 0.15g
1mM Mg;S0,.7H,0 0.05g

After autoclave,
Add 270ul B-Mercaptoethanol (SOmM)
For the lysis of cells, add 0.4g Sodium Lauryl Sarkosyl salt (final= 0.2%)

ONPG: 4mg/ml (10ml solution)

40mg ONPG
10ml Z-Buffer (without Sarkosyl)
1M Na,COs (100ml):
10.5 g N32CO3
100ml Deionized H,O

The sample was centrifuged at 3,000 rpm for 5min and the OD4y and ODsso was
measured. The activity was calculated using the formula;

Activity (Miller Units) = __ 1000 X _(OD4z0-1.75 X ODs350)
ODsgoo X Time (min) X Volume (ml)

XI. SDS-PAGE

Cells were cultured in 2ml LB medium overnight at 37 °C with the appropriate
antibiotics. The cells were collected at 15,000rpm for 1 min in microfuge and
resuspended by Bugbuster Protein Extraction Reagent (Novagen). The cell extract was
mixed with an equal volume of 2 XSDS loading buffer. The mixture was heated and

then loaded on to a 12.5% SDS-PAGE.
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Solutions used are as follows:

2 X SDS loading buffer

0.25 M Tris/HCI (PH 6.8)
-mercaptoethanol

SDS
Sucrose

Bromophenol blue

12.5% SDS-Gel:
Separating Gel

Solution A Solution A
SolutionB  1.8ml Solution C
TEMED 7.5 ml TEMED
10% APS 75 ml 10% APS
H,O 2.4ml H,O
Solution A (30% Acrylamide ):
Acrylamide 292 ¢
N,N’-methylenebisacrylamide 08¢g
Make up to 100 ml with water.
Solution B (1.5M Tris-HCI buffer, pH 8.8)
Tris 18.2¢g
SDS 0.4g
HCl 2ml
Make up to 10oml with water
Solution C (0.5M Tris-HCI buffer, pH 6.8):
Tris 6.1g
SDS 0.4g
HCl 4.2 ml

H,0 to 50ml

Stacking Gel

Make up to 100 ml with water.

SDS running buffer (pH ~8.5):

Glycine
Tris
SDS

Make up to 41 with water.

576¢
12¢g

4g
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Electrophoresis was performed at room temperature under the constant current of 25 mA

using Mini-gel electrophoresis apparatus (ATTO, Japan).

XII. Western blotting analysis

After separation by SDS-PAGE analysis, tag fused proteins were transferred
to a PVDF membrane by semi-dry blotter Sartorblotll for approximately lhour
according to manufacturer’s protocol. Then, the blotted membrane was soaked into
TBST-BSA (Wako) (0.3%) buffer containing properly diluted primary antibody and
incubated for 30 minutes at room temperature. Antibody anti-CyaA (3D1) (Santa cruz
biotechnology) was used at the concentration of 1~2 mg/ml.

The membrane was washed four times with TBST buffer, and soaked into
TBST-BSA (0.3%) buffer containing labeled secondary antibody and incubated for 30
minutes at robm temperature. Anti-mouse IgG AP conjugate (promega, USA) was used
at 8,000-fold dilution. The membrane was washed four times with TBST buffer and
used in immune-detection of protein by the method appropriate to the secondary
antibody. For detection using alkaline phosphatase (AP) conjugated secondary antibody.
The washed membrane was soaked in the NBT/BCIP solution.

In case of S-tagged proteins, the blotted membrane was soaked into TBST
containing gelatin (1%) for lhour and then into the solution of TBST containing S-protein
AP conjugate (Novagen) (0.5 micro litter/5 ml) for 30 min. The membrane was washed
with TBST four times and the tagged proteins were detected by reaction with NBT/BCIP in

the folloWing solution.

NBT/BCIP solution
Nitro Blue Terazolium (NBT) 0.033% (w/v)
BromoChlorolndoly Phosphate (BCIP)  0.0165% (w/v)
Tris/HCI (pH 9.5) 0.1M
NaCl 0.1M
MgCl, 5mM

The membrane was incubated for a while at room temperature until the bands

of the target protein were detected. The reaction was stopped by wash the membrane
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with deionized water.

TBST

IM Tris-Cl (pH8)  Sml
NaCl 4.5¢
H,O to 500ml

Add Tween 20 0.5ml
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RESULTS

I. Relations between some y-genes involved in biofilm formation in E. coli.

I-1. PG of ArodZ mutant

As described in INTRODUCTION part, ArodZ mutant is non-motile, slow
growth and sphere. A possible reason causing this phenotype is that rodZ mutant is
defective in peptidoglycan synthesis. Therefore, I purified and examined the PG
(peptidoglycan) in mutant cells. The results obtained (Table. 3) showed the amount of
PG of ArodZ mutant was indeed reduced when cells were exponentially growing

although at a later growth stage mutant cells acquired the PG similar to wild type cells.

Table 3. Amount of PG in ArodZ mutant cells

av sd %

KR0401 (WT) 1891 695
KRO0401ArodZ 336 197 18
KR0401A4rodZ-mot" 1637 675 87

The amount of PG in isolated sacculi (ug) was normalized by the ODggo of
culture. The averages (av) and standard deviations (sd) are from four
independent analyses.

However, this phenotype was not stable and often the PG comparable to the
wild type cell was observed even in earlier growth stages. A possible reason for this
could be: ArodZ mutant easily acquires a suppressor(s) mutation that gives a faster
growth-rate, motility and near rod-type cell shape (Niba et al., 2010). However it could
also be; the amount of PG in ArodZ mutant significantly fluctuated depending on the
subtle difference in culture conditions or the time of harvesting cells. Therefore, I
speculated that the reduced PG of mutant is not due to the defect in PG synthesis itself
but due to abnormality in transport, assembly, regulation or cooperation with other
molecules required in the proper synthesis of PG.

Because previous investigation in our laboratory a few y-genes that were
identified as being involved in biofilm formation were indicated to confer synthetic
lethal phenotype with rodZ (yfgA) upon disruption of the gene. Among them I focused

on two genes, yhacB and yciB, and performed various investigations to clarify their
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function and relation to rodZ.
I-2. Characterization of AyhcB and AyciB mutant

I-2-1. Effects on the cell growth of deletion mutation and over-expression of yhcB
and yciB genes

YheB and YciB are described as putative conserved and non-essential proteins
(Pec (Profiling of E. coli Chromosome) Ver.4). Indeed, a deletion mutant of yhcB
(AyhcB) did not show any growth defect nor the reduced growth rate even at different
temperatures (data not shown). On the other hand AyciB mutant showed a slower
growth rate compared to the wild type parental strain and significant portion of cells
appeared in irregular and/or gigantic cell shape under TEM observation (Fig. 10). This
abnormal cell morphology was more frequently observed when the yciB gene was
over-expressed from the multi-copy plasmid. Furthermore, many cells appeared to be
dead and only the cell envelope seemed to be left.

It has also been reported that over-production of YciB is toxic to the cell, while
that of YhcB presents no effect to the cell growth (GenoBase). However, no detail of
these results is available. Therefore, I first examined if the similar phenotypes are
observable with our strains. For this analysis, I first constructed plasmid pACYC-yhcB
and pACYC-yciB as described in MATERIALS AND METHODS and transformed into
deletion mutants and wild type (WT) strain KR0401. The resultant transformants were
first grown overnight in LB medium containing the antibiotic to sustain the plasmid,
and then sub-cultured in LB medium with or without L-arabinose (0.1%). Growth was
monitored at hourly intervals by measuring OD600 of the culture. As shown in Fig. 11
and Table 4, the growth rate of AyhcB mutant was almost the same as WT, while AyciB
showed a moderate reduction and which was complemented by pACYC-yciB under
non-inducible condition (in the absence of L-arabinose). In contrast, both pACYC-yhcB
and pACYC-yciB inhibited the cell growth in the presence of L-arabinose (Fig. 12).
Interestingly, however, the growth of cells carrying plasmid pACYC-yhcB didn’t stop
immediately but increased to some extent (OD=0.9) after induction. These results seem
to indicate that the functions of yAcB and yciB are rather different, although both genes
showed synthetic lethal phenotype with rodZ upon gene disruption and are predicted to

encode IM proteins. Recently it was reported that most of membrane proteins somehow
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AyciB(pACYC-yciB)
+ara

Fig. 10 AyciB mutation causes abnormal cell morphology.

Wild-type and AyciB cells were cultured in LB medium. AyciB carrying a
multi-copy plasmid with yciB (pACYC-yciB) were grown in LB containing
chloramphenicol and L-arabinose (0.1%) was added to induce the yciB gene.
Cells were stained with 0.1% uranyl-acetate and observed by TEM.
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Fig. 11 Effects of AyhcB and AyciB mutations on cell growth

Cell growth of deletion mutants carrying the vector plasmid (AyhcB, AyciB) or
the plasmids with cloned yhcB (vheB*) and yciB (yciB*) were measured by
ODyy-

Table 4. Growth rates of wild-type and mutant cells carrying plasmids.

doubling time (min)

strain gene on plasmid not induced induced
WT vector only 68 74
AyciB vector only 78 112
AyhcB vector only 65 84
WT yciB 77 <<
AyciB yciB 76 <<
WT yheB 70 151
AyhcB yhcB 66 187

Wild type, AyhcB and AyciB cells carrying indicated plasmids were grown in LB
medium containing antibiotics. The cloned gene was induced by adding 0.1%
arabinose. Growth rates were calculated from the increase of ODy, for each
culture.

38



1.8 r
1.6 A
induced /
1.4 Vb .
v o s / ¢/ vector
| itk t' 4/
) L-arapinose /
§ 0.8 added 4 .
8 :
0.6
0.4
0.2
O ] 1 1 Ib ¥ ]
0 50 100 150 200 250 300

min

Fig.12 Effects of YhcB and YciB overproduction on cell growth

Wild type cells carrying vector plasmid (vector), with cloned yhcB (vhcB) or
yciB (yciB) gene were grown in LB medium containing chloramphenicol. At
indicated time L-arabinose was added in a portion of the culture.
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inhibit the cell growth when over produced even though they are not toxic themselves,
because overproduced membrane proteins would inhibit the transport of other
membrane proteins and proper localization (Wagner et al., 2007). This might be a

reason of the delayed growth inhibition by the induction of yAcB on the plasmid.

1-2-2. AyhcBArodZ double mutant exhibits a synthetic lethal phenotype.

I further examined this synthetic lethal phenotype by constructing strains
which harbor ArodZAyhcB double deletion mutation and an inducible yhcB gene
integrated in the chromosome, and monitoring the cell growth under yhcB-induced or
repressed conditions. As shown in Fig. 13A, the growth of strain KR0413 (AyhcB
ArodZ::kan AP ,.p4p-yheB) was retarded when the cell density was about ODggg of 0.5
after 3.8 generations in a medium containing 0.2% glucose, whereas it continued
beyond ODggo of 1.2 in the presence of 0.1% L-arabinose. The growth inhibition in the
presence of glucose was also observed on the agar plate (Fig. 13B). In case of strain
KRO0411 (AyhcB ArodZ::kan) that carried Puupap-yhcB gene on multi-copy plasmid,
cells continued to grow more than 5 generations under the repressed condition and the
cell density reached over 1 ODggp. This might indicate that KR0411 probably contained
more YhcB molecules than KR0413 and it took more generations under the repressing
condition until the amount of YheB in cell dropped to a critical level for the cell growth.

I tried to construct strains similar to KR0413 that harbor double deletion
mutation, AyciBArodZ and carry an inducible yciB gene. However, it was unsuccessful.
The reason for this was not clear, but one problem was the phenotypes of both yciB and
rodZ deletion mutations were very unstable. Spontaneous suppressor mutations seemed
easily to oceur and faster-growing cells emerged. Therefore, in case of yciB gene I
could not proceed further to confirm the synthetic lethality with rodZ upon gene
disruption.

Aiming to elucidate the function of yscB and yciB in the cell, next I investigated
their protein products, the localization and the interaction with other proteins in the cell,

and the expression and genetic organization of these genes.
IL. Characterization of YhcB protein

I1I-1. Subcellular localization of YhcB
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Fig. 13 Growth of AyhcBArodZ mutants carrying an inducible yicB gene.

A. Cells of indicated strains grown overnight in LB medium containing 0.1%
arabinose were inoculated to give an OD600 of 0.025 into LB medium containing
either 0.1% arabinose or 0.2% glucose. Ampicillin was also added at 100 pg/ml to
the culture of Strain KR0411. Aliquots of culture were taken and OD600 were
measured at indicated time intervals. KR0413 (AyhcB ArodZ::kan MaraC, p@eb4D.
yhcB, bla).diamond (red); KR0423 (ArodZ AyhcB::kan MaraC, p**BAD.yhcB,
bla):triangle (green); KR0411 (AyhcB ArodZ::kan/pBADs-yhcB):square (blue);
KR0401 (WT):circle (black). Solid ( ) and dotted (...) lines indicate the culture
with arabinose and glucose, respectively.

B. Strains KR0412 (AyhcB MaraC, p™*#4AD_yhcB, bla); lane 1), KR0422 (ArodZ A
(araC, p™B4AD_yheB, bla);lane 2), KR0413 (AyhcB ArodZ::kan MaraC, p™*B4D.ypcB,
bla); lane 3), KR0423 (ArodZ AyhcB::kan MaraC, p**P4AD_yhcB, bla); lane 4) and
KR0411 (AyhcB ArodZ::kan /| pBADs-yhcB; lane 5) were cultured in LB medium
containing 0.1 % arabinose. Ten fold serial dilutions were made and 5 pl of each
were spotted on LB agar plate containing either 0.1% arabinose or 0.2% glucose as
indicated, and plates were incubated overnight at 37°C.
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The primary structure of YhcB deduced from nucleotide sequence of the gene
predicted that YheB is an inner membrane protein of 132 amino acids and calculated
molecular weight of 15kDa. In order to experimentally confirm its IM localization, 1
extracted and fractionated proteins in the cell of AyhcB mutant carrying pBADs-yhcB as
described in MATERIALS AND METHODS Fig. 14A. The examination of
cytoplasmic, inner and outer membrane fractions by SDS-PAGE followed by Western
blotting analysis using S-protein AP conjugate as probe, detected the tagged protein of
about 20kDa mainly in the inner membrane fraction Fig. 14B. This result strongly
indicated that YhcB is indeed an inner membrane protein. The IM localization of YhcB
was further supported by immunoelectron microscopy. Analysis was performed using
cells of AyhceB carrying pACYC-yhceB. This plasmid was constructed to produce YhcB
tagged with Myc. Therefore, the cellular location of YhcB-Myc was examined using
anti-Myc antibody labeled with gold. The results obtained indicated that YhcB was
distributed along the membrane and no localization either at the pole or the middle of
the cell (Fig. 15), though further investigation and refining of the analysis are still

necessary.

II-2. YheB interacted with RodZ in vivo

It was predicted that RodZ contains a helix-turn-helix domain in its N-terminus
which 1s located at the cytoplasmic side of the inner membrane. Recent study has
indicated that with this domain RodZ interacts with MreB, the bacterial actin, and
assembles in complex (van den Ent ef al, 2010). YhcB was likewise predicted, based on
the information obtained from its primary structure, to possesses a potential PPI
(protein-protein interaction) motif of coiled-coil structure at the cytoplasmic side (Fig.
16). In addition, synthetic phenotype described above indicated a functional interaction
between YhcB and RodZ. Therefore, I next investigated whether they associated in vivo
using a BACTH system (Karimova et al., 1998).

In this system, two complementary fragments T18 and T25 derived from the
adenylate cyclase of Bordetella pertussis are fused with proteins of interest, expressed
in a cyad mutant strain and the activity of lacZ is examined. I first constructed
YheB-T18 and T25-RodZ fusions using plasmid pUT18 and pKT25, respectively,
because it was predicted that both proteins have a single trans-membrane domain and
C-terminus of YhcB (Maddalo G, 2011) and N-terminus of RodZ (Newitt, 1999,

42



KDa cP TM IM OM

83
62

47.5 o

32.5

25 -
T e S

Fig.14 YhcB is an inner membrane protein

A. The procedure of cell fractionation (see Materials and Methods)

B. Cells (AyhcB) expressing S-tagged YhcB (mw=15kDa) from plasmid pBADs-
YhcB were fractionated and subjected to Western blotting analysis using AP
conjugated S-protein. Tagged protein of about 20kDa was mainly observed in IM
fraction. (CP:cytoplasm, TM:total membrane, IM: inner membrane, OM: outer
membrane)

43



Fig. 15 Location of YhcB observed by using immune electron microscopy
Immunogold electron micrograph of thin sections of cells (AyhcB) expressing
YhcB-Myc from plasmid pACYCmyc-yheB. Plasmid pACYCmyc is a
derivative of pACYC184, cloned gene on which is Myc tagged and inducible
by L-arabinose.
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Shiomi, 2008) are located in the cytoplasm. The transformants carrying YhcB-T18 and
T25-RodZ formed blue colonies on LB medium containing X-Gal (Fig. 17A) and
exhibited a high p-galactosidase activity (Fig. 17B), showing that indeed YhcB
physically interacted with RodZ. YhcB and RodZ were also cloned into pKnT25 and
pUT18¢c and co-transformed to JE8471, because the copy number of plasmid pKT25
(pPKnT25) and pUT18 (pUT18c) is different and this could affect to the observed
interaction as previously reported (Karimova et al., 2009). The result obtained further
confirmed the strong interaction between these proteins.

Next, we investigated which part of YhceB is required for the interaction using
deletion mutants of yhcB. YheB is predicted to contain two specific domains, a TM
(trans-membrane) domain which extends from residue 4 to 25 (Maddalo G, 2011) and
a large putative coiled-coil structure at amino acid residues 28 to 99 (COILS -
Prediction of Coiled Coil Regions in Proteins). As shown in Fig. 18A, YhcBAN (amino
acid residues 22-132) and YhcBAC1 (1-84), a half of the coiled-coil structure from the
C-terminus deleted, gave white colonies upon co-transformation with pKT25-rodZ
indicating that they did not interact apparently with RodZ. On the other hand YhcBAC2
(1-113), which retained the coiled-coil structure, gave pale blue colonies indicating a
week interaction (Fig. 18B). The extent of interactions was quantitatively assessed by
assaying P-galactosidase activity, and results obtained were consistent with the color
assay (Fig. 18C). These results indicated that the TM and the cytoplasmic helical
structures are required for interaction with RodZ and the very C-terminal region
predicted to have no secondary structure (Rost B et al, 2004) is also important. These
last 20 amino acid residues might influence on the correct spatial folding of YheB.

However, it could be the reason for these week or undetectable interactions that
deletion mutants of YhcB-T18 fusion were not produced in the cell by some reason.
Therefore, next I examined the expression of YheB and its variants by Western blotting
analysis. Total extracts of cells grown at 30°C without or with IPTG induction were
separated by SDS-PAGE and fusion proteins were detected using antibody to T18 as
described in MATERIALS AND METHODS. As shown in Fig. 18D, regardless
whether induced or not by IPTG, YhcB-T18 fusion protein was well expressed. The
molecular mass of detected protein (approximately 30 kDa) is as expected for the fusion
protein, that is 15 kD of YheB and 17kD of the T18 tag. On the other hand, the amount

of detected YhcB deletion mutants were drastically reduced. The large C-terminal
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Fig. 17 YheB interact with RodZ in vivo

A. YhcB-RodZ interaction was monitored by BACTH system. T18 and T25 are
complementary fragments derived from the adenylate cyclase of Bordetella
pertussis. Transformants expressing indicated fragments or fusion proteins were
streaked on a LB indicator plate containing X-gal (40 pg/ml) and IPTG (0.5 mM),
and incubated at 30 °C for one day. Blue color indicates a positive interaction
between each fusion protein. Positive control is the interaction of Leucine Zipper
Motif.

B. Single colonies were picked up from each transformation and cultured in LB
medium supplemented with appropriate antibiotics, and P-galactosidase assays
were carried out according to Miller (1972). Average and standard deviation
calculated from the measured activities of independent three analyses are shown.
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A Coiled-coil structure

YhCB22-132(AN) ﬁ

YhCBl_ua(Acz) ﬁ

YheB, ,,;(AC2)-18
&25-RodZ

YheB, 4,(AC1)-18
&25-RodZ

18&25-RodZ

Fig. 18 Interaction of YhcB deletion derivatives and RodZ

A. Schematic representation of YhcB and its truncated derivatives. Predicted
transmembrane domain (TM) and cytoplasmic helical structures (helix) are
indicated. Thick lines show regions cloned into pUT18.

B. Transformants of JE8471 with indicated plasmids were streaked on a LB
indicator plate containing X-gal (40ug/ml) and IPTG (0.5 mM), and incubated at
30°C for 48hrs. Blue darkness indicates the strength of interaction between each
fusion protein with T25-RodZ.
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Fig. 18 Interaction of YhcB deletion derivatives and RodZ. (continued)

C. Interaction in each co-transformants was also examined quantitatively fp-
galactosidase assay as described in Materials and Methods.

D. Cells of each indicated co-transformants were cultured in LB medium
containing appropriate antibiotics at 30°C, and subsequently induced by IPTG
(0.5 mM) at around ODgy, of 0.6 when indicated. Total cell lysates were
prepared, separated on SDS-PAGE and then probed with anti-CyaA (T18)
antibody as described in Materials and Methods.

49



deletion protein (YhcBA;.s4) was not visible after 2 hours of induction with IPTG,
although it could slightly be detected before induction. The protein with a very
C-terminal deletion (YhcBAj.112) seemed to be subject to the proteolysis, because
various shorter bands were observed. These results indicated that truncated YhcB-T18
fusion proteins were unstable and this could be the reason of the observed week or
non-detectable interactions and the low PB-galactosidase activity. Alternatively, the
absence of interaction might have led to the degradation of unincorporated proteins. In
deed, it was reported that a hybrid protein was unstable in the absence of its interacting
partner (Robichon C, 2011). In any event, the C-terminal region of YhcB seemed to be
important for its interaction with RodZ. On the other hand, the helix-turn-helix domain
(amino acid residues 30-49) of RodZ that was required for proper function of RodZ
(Niba et al., 2009) was dispensable for the interaction (Fig. 19).

II-3. YheB interacts with cell shape proteins

RodZ is important for rod-type cell determination (Shiomi et al., 2008;
Bendezu’ et al., 2008; Alyahya SA et al., 2009). In E. coli RodZ was shown to interact
in vivo with other cell shape proteins, MreB and MreC (Bendeza FO, 2009). The RodZ
in Caulobacter crescentus, another Gram-negative, rod-type bacterium, was reported to
interact with other cell shape proteins MreD and RodA as well as MreB (White CL,
2010). Therefore, I next examined whether YhcB also interacts with these proteins and
MurG, N-acetylglucosaminyl transferase, which catalyses the final step of
peptidoglycan precursor synthesis. MreB is localized in the cytoplasm and the other
three shape proteins are inner membrane proteins. MreC has a TM domain and is
bitopic with a large C-terminal end at the periplamic side (lee JC etc al., 2002). The
other two, MreD and RodA, are multi-pass membrane proteins. The C-terminal end of
MreD is located at the cytoplasmic face, while RodA’s C-terminus is exposed to the
periplasm (Uniprot database). MurG was predicted to be a cytoplasmic protein adhered
to the cytoplasmic face of IM.

According to the topologic information, DNA fragments encoding MreB, C,

D and MurG were cloned into pKT25 vectors to generate recombinant plasmids
expressing hybrid proteins fused at the C terminus of the T25 fragment of CyaA
(adenylate cyclase). The rod4 gene was cloned into a different vector, pKNT25, to
express a hybrid RodA protein fused to the N terminus of T25. These plasmids were
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Fig. 19 HTH domain of RodZ is not required for the interaction with YhcB
A. Structures of RodZ and AHTH derivative are depicted. CD, TM and PD
indicate cytoplasmic domain, transmembrane domain and periplasmic domain,
respectively. The amino acid sequence of HTH domain was aligned with that of
Acl. Highly conserved residues are colored (red).

B. Transformants of JE8471 with indicated plasmids were streaked on a LB
indicator plate containing X-gal (40ug/ml) and IPTG (0.5 mM), and incubated
at 30°C for 48hrs.
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co-transformed with pUT18-yhcB into JE8471 and the interactions were examined.
MreC, MreD, RodA and MurG fusions gave dark blue colonies on LB agar plates
containing X-gal (Fig. 20A). Also, the B-galactosidase activities of their interactions
were high, 476, 254, 379 and 270 of Miller units (average), respectively (Fig. 20B). In
contrast, no significant interaction of MreB with RodZ was detected using this system.
Thus, I concluded that YheB interacted with shape proteins MreC, MreD, RodA, RodZ
and an enzyme for PG synthesis MurG in vivo, but not with the cytoskeleton MreB.
Here it is notable that no interaction between RodZ and MurG was observed (White CL, |
2010), while RodZ seemed to interact with MreB (Bendezii FO, 2009). This might
suggest that YhcB connects the function of RodZ and MurG, because PG of rodZ

mutant seems to be reduced as described above.

II-4. The interaction of YhcB with cell-shape proteins is independent on the
presence of RodZ

Next, I also investigated whether YhcB directly associated with cell shape
proteins or the interactions were mediated by RodZ. For this purpose, I performed the
BACTH analysis in the absence of RodZ using JE8471ArodZ as indicator strain. The
results of interactions with MreC, MreD and RodA are shown in Fig. 21. In case of
MreC and MreD, co-transformants of JE8471ArodZ gave dark green colonies similarly
to JE8471(WT), showing that the interactions of YhcB with MreC and MreD are
independent on RodZ. On the other hand, RodA-T25 seemed to give colorless colonies
in JE8471ArodZ carrying pUT18-yhcB, indicating that RodZ is required for the
YheB-RodA interaction. However, the interaction with RodA in the absence of RodZ
was not clear, because about 20% of transformants were blue as in the presence of
RodZ. A possible explanation for this observation is that the overproduction of
RodA-T25 fusion protein in ArodZ mutant could be deleterious to the cell and
RodA-T25 fusion protein was not produced in colorless transformants, because

significant number of transformants could not grow upon single-colony purification.

II-5. YheB interacts with itself.
In a recent study on cell envelop complex in E. coli, it was reported that the
molecular mass of YhcB detected in a native PAGE system was approximately 5-12

times larger than the one estimated from the nucleotide length of yhcB gene (Maddalo,
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Fig. 20 BATCH analysis of YhcB interaction with cell shape proteins and a
subunit of cytochrome bd oxidase

A. Transformants of JE8471 (Acya) with plasmids containing the indicated gene-
fusions were streaked on an indicator plate containing 0.5 mM IPTG and 40pg/
ml X-gal. ‘~’indicates vector only. The plate was incubated at 30°C for 24hrs.
Blue color indicates the positive interaction.

B. Interaction between YhcB and indicated proteins were quantified by
measuring PB-galactosidase activities of transformants harboring the
corresponding plasmids.
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YhcB & MurG

YhcB & RodA

Fig. 21 Interaction of YhcB and shape proteins are RodZ independent.
Plasmids containing the T25-fusion of indicated gene and pUT18-yhcB were
co-transformed into JE8471 (upper) or JE8471ArodZ (lower) and interactions

were examined on an indicator plate.
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2011). It seems to indicate that YhcB monomers form a homo-oligomeric complex in
inner membrane. To examine whether YheB indeed interacts with itself, I performed
BACTH analysis. As described above, the C-terminus of YhcB is localized in the
cytoplasm. Therefore, pKnT25-yhcB was constructed and co-transformed with
pUT18-yhcB into JE8471 cells. The dark blue colony color and the B-galactosidase
activity of about 1,500 Miller units clearly showed that YhcB interacted with itself (Fig.
22). These results seem to indicate that YhcB indeed resides in IM forming a
homo-oligomeric complex as suggested by Maddalo et al. (2011). In addition, I noticed
that the cells carrying both pKnT25-yheB and pUT18-yhcB grew-significantly slower
than those harboring either only pKnT25-yhcB or pUT18-yhcB. The reason for this
could be that the excessive YhcB produced from both plasmids is harmful to the cell as
in the case observed with pACYC-yhcB (Fig. 12, See Section [-2-1).

Finally I also investigated whether YhcB interacts with CydB, because the
recent study of membrane protein complexes by Stenberg et al. (2005) reported that the
YheB protein was found together with CydA and CydB in the inner membrane and
suggested that YhcB could be a new subunit of the cytochrome bd ubiquinol oxidase.
On the other hand, the more recent study by Mogi et al. (2006) has shown that YhcB
was not required for the assembly and function of the cytochrome bd complex (Mogi et
al., 2006). However, there is no strong evidence to deny the existence of YhcB in the
CydAB complex. The results obtained (Fig. 20) showed no significant interaction
between them, which seems to support the latter observation and indicate that YheB is

not a subunit of the cytochrome bd oxidase.
II1. Characterization of YciB

II1-1. Localization of YciB and topology
YciB was predicted to be an IM protein of 179 amino acids. However, the
identification of YciB protein by Western blotting analysis is so far unsuccessful. The
cells which carry plasmids containing a tagged yciB did not give any detectable protein,
which is probably due to a low level of expression of yciB as described below.
Recently several methods to predict the topology of multi-pass membrane
proteins were developed and YciB was predicted to contain five TM domains from its
primary structure (Fig. 23 & Fig. 24) (TMpred, Hofmann & W. Stoffel, 1993). These in
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Fig. 22 YhcB interacts with itself.

The yhcB was cloned into pKnT25 as well as pUT18 and self-interaction was
examined on the indicator plate (upper) and by the assay of P-galactosidase
activity (lower).
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Fig. 23 Prediction of the transmembrane domains of YciB
Hydrophobicity plot of YciB was generated using TMpred program
(http://www.ch.embnet.org/software/TMPRED _form.html). Possible
TM domains are marked by arrows.

cytoplasm -COOH

Fig. 24 Model for the topological organization of YciB localized at
inner membrane.
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silico analyses play important roles in structural biology, because the structure
determination of multi-pass membrane proteins is extremely difficult by the common
biophysical, biochemical and molecular biological methods. Furthermore, Karimova et
al. (2009) developed a method that experimentally determines the topology of IM
proteins. They constructed a plasmid pKTop that contains a dual reporter
PhoAs;.4m/LacZs.¢0, which consists of the E. coli alkaline phosphatase fragment and the
a-peptide of E. coli B-galactosidase fused in frame (Gouzel Karimova et al., 2009). The
PhoAj;. 47> lacks the signal peptide (PhoAI-zl) and has no ability of inner membrane
insertion. Therefore, in this system, if the gene cloned on pKTop produces a fusion
protein that can translocate the dual reporter across the inner membrane into the
periplasm, PhoA is active and detected by the color blueness using BCIP, a
chromogenic substrate of alkaline phosphatase. The cytoplasmic location determination
relies on the principle of a-complementation of the B-galactosidase, where a fragment
of the lacZ gene (lacZa.) in the plasmid can complement another mutant lacZ gene (lacZ
AMI5) in the cell. Thus, if the fusion protein expressed from the gene cloned on
pKTop locates the dual reporter in the cytoplasm and exhibits -galactosidase activity,
colonies are colored red by Red-gal added in the medium (Fig. 25). This dual reporter
system seemed to be useful for the analysis of YciB, because the methods of detecting
both PhoA and B-galactosidase activity are very sensitive.

According to the structure and topology of YciB predicted by TMpred, serial
deletion mutants deleted from the C-terminus were designed as shown in Fig. 26A, and
each fragment was cloned into pKTop. The resultant pKTop clones containing these
fusions were introduced into E. coli DH5a. (phoA”, lacZ AM15) and the expression and
topology of the fusion protein were analyzed by BCIP and Red-gal. YciB47(1-443nt)
and YciBss (1-227nt) fusion proteins exhibited strong phosphatase activity but low
f-galactosidase activity indicating that the C-termini of these positions were localized at
the periplasmic side of the inner membrane. In contrast, the full length of YciB, YciBi29
(1-359nt), YciBag (1-146nt) fusion protein showed high B-galactosidase activity but low
phosphatase activity, showing that the C-termini of these proteins are positioned in the
cytoplasm (Fig. 26B).

I also constructed a pKTop recombinant containing an N-terminal deletion
mutant (123-537nt, 42-179aa) that lacks N-terminal region predicted to be periplasmic

and the first TM domain. The C-terminus of this mutant was indicated to be
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Fig. 25 Membrane topology analysis by Pho-Lac dual fusion system.

Plasmid pKTop contains a dual reporter PhoA,, 47,/L.acZ, ¢y, which consists of
the E. coli alkaline phosphatase fragment and the a-peptide of E. coli B-
galactosidase fused in frame. Fusion protein localized at periplasm exhibites
alkaline phosphatase (PhoA) activity; fusion protein localized at cytoplasm
exhibites B-galactosidase (lacZ) activity.
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Fig. 26 Topology of YciB

A. Schematic representation of
YciB and its truncated derivatives
B. E.coli DH5a cells expressing
the different length YciB-Pho-Lac
fusions were plated on indicator
medium with two chromogenic
substrates, BCIP (for phosphatase
activity) and Red-Gal (for B-
galactosidase activity). Blue
coloration of colonies (high
phosphatase activity) indicates
periplasmic location of the fusion
point. Red coloration of the
colonies (high PB-galactosidase
activity) indicates cytosolic
location of the fusion point.



cytoplasmic same as YciB-FL clone. Similarly, a mutant yciBs.147 that is deleted both at
N- and C-termini gave the same topological result (blue color) as the clone YciB
(1-443nt, 1-147aa). These results seem to indicate that neither N-terminal nor
C-terminal region is required for the membrane localization of YciB and the
determination of membrane topology as well. Alternatively, the first 41aa region of
YciB predicted to be periplasmic and TM domain might not function as signal peptide
of cell membrane translocation and localized in the cytoplasm.

As summary, YciB is indeed a multi-pass IM protein and its C-terminus is
located at the cytoplasmic side. N-terminus is most probably in the periplasm but

further examinations are necessary to confirm it.

II1-2. Interaction between YciB and RodZ in BACTH analysis

As in the case of YhcB and RodZ, the synthetic lethality of AyciBArodZ was
indicated from the genetic analysis by P1 transduction (Niba et al., 2007), which could
not be further confirmed though, as described above. Nevertheless, it is conceivable that
YciB and RodZ interact or form a complex and play a role required for the cell growth.
Thus, according to the topology information described above, I performed BACTH
analysis to investigate the interaction between YciB and RodZ. YciB was C-terminally
fused to T18 fragment of adenylcyclase (cya) (YciB-T18) and the interaction with
T25-RodZ was examined. However, no significant interaction was observed (Fig. 27A)
On the other hand, the C-terminal deletion clone Yc¢iBi.120-T18 formed blue colonies
when transformed into the host strain JE8471 carrying pKT25-rodZ, indicating that this
truncated protein interacted with RodZ. More interestingly, when the T25 fragment of
cya was fused to the N-terminus of YciB, which was predicted to be localized in the
periplasm (T25-YciB), an interaction with T18-RodZ was detected (blue colony),
though the B-galactosidase activity measured was much lower compared to the
interaction of YciB.120-T18. I suspected that these unexpected results could be due to
the differential expression of yciB derivatives in cells, because it was shown that
overproduction of YciB was deleterious to the cell. Next, therefore, the proteins
extracted from cells carrying these plasmids were examined by SDS-PAGE followed by
Western blotting analysis. As shown in Fig. 27B, no full length YciB protein was
detected but, in contrast, the band of 30 kDa expected for YciBiz-T18 was well

detected. These results strongly indicated that the reason for no-interaction between
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Fig. 27 BATCH analysis of YciB
interaction with RodZ

A. BACTH analysis was carried out
using plasmids containing the
indicated fusions, and plated on
indicator plate containing 0.5 mM
IPTG and 40pg/ml X-gal. Blue color
indicates a positive interaction
between each fusion protein.

B. Cells of each indicated co-
transformants were cultured in LB
medium containing appropriate
antibiotics and subsequently induced
at 30°C by IPTG (0.5 mM), at around
ODy,, of 0.6 when indicated. Total
cell lysates were prepared, separated
on SDS-PAGE and then probed with
anti-CyaA (T18) antibody as
described in MATERIALS AND
METHODS.



YciB and RodZ detected the low expression of full length YciB protein and/or the rapid
- degradation. On the contrary, probably the YciB;2-T18 that is about two third of intact
YciB is not harmful when over expressed and still retained the ability to interact with
RodZ. The reason why blue colonies and a low B-galactosidase activity was detected in
the cell that should express T25-YciB might be explained if the fﬁsion protein attached
with T25 at the N-terminus could not be well inserted into the cell membrane and
therefore T25 remained in the cytoplasm, which would have given a chance to interact
with T18-RodZ in the cytoplasm. The fusion protein unable in IM insertion might be
also less harmful compared to wild type YciB and expressed more in the cell, though I

could not examine this possibility because the antibody against T25 was not available.

IV. Genomic organization and transcription expression analysis of yhcB and yciB

The genomic context can often reveal clues to the function of genes, since
genes coding for proteins with related cellular function often cluster together to allow
co-regulation. With this concept in mind I searched for operon arrangements of yhcB
and yciB gene in organisms that are related to E. coli (Fig. 28). The yhcB exists only in
Yy-proteobacteria, and it is conservatively arranged with downstream deg(Q and degS in
chromosomal genome. To assess whether yhcB is co-transcribed with degQ and degS,
DNA fragments containing indicated regions (Fig. 29) were cloned and fused with lacZ
as described in MATERIALS AND METHODS. The expression of yhcB was found to
be much higher than that of degsS, indicating that yhcB is transcribed separately from
deg( and degS. Although deg(QS was reported as an operon (Mendoza et al., 2009), the
B-galactosidase activities of #1, #2 and #3 clones were similar suggesting the presence
of a weak promoter for the expression of degS downstream from the promoter of degQ
(Table 5.). However, more examinations are necessary to clarify the expression and
regulation of these genes.

Gene yciB also clusters conservatively between upstream gene, yciC and
down upstream one, ycid. DNA fragments containing this region were cloned into
pJL30 as indicated in Fig. 30 and the expression of lacZ measured. The results showed
ycid was mostly expressed from the promoter located upstream of itself, and yciB was
transcribed from a weaker promoter located upstream of itself (Table 6.) as predicted by
Huerta ef al. (2003). A promoter sequence was predicted upstream of yciC, another

function unknown gene, but its activity remains to be examined. Therefore, they
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Fig. 28 Genetic context of yhcB and yciB

Neighboring genes of yhcB and yciB were searched by Gene Context Toll 11
(http://bioinfo.ibt.unam.mx/gecont/index.cgi).
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Fig. 29 Construction of lacZ fusion for expression of yhcB gene
Genetic organization of yhcB, deg(Q and degS genes and predicted
promoters are depicted. The regions fused to lacZ gene on pJL30 plasmid
are depicted (thick bar).

Table 5. B-gal activities of the regions fused on lacZ for yhcB gene expression

B-gal activity
sample (Miller units)
control 217

#1 | 13+ 0.9
#2 604
#3 10+ 1.5
#4 - 92 + 16.0

Cells of strain KR0401 carrying individual plasmids were grown in LB
medium containing ampicillin (100 pg/ml) at 37 °C to an ODyy, of around
0.5, their p-galactosidase activities (Miller units) were measured, and
average values with standard deviation of three or more independent
experiments are shown. '
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Fig. 30 Construction of lacZ fusion for expression of yciB gene
Genetic organization of yciC, yciB and ycid genes and predicted
promoters are depicted. The regions fused to lacZ gene on pJL30 plasmid
are depicted (thick bar).

Table 6. B~gal activities of the regions fused on lacZ for yciB gene expression

B-gal activity
sample (Miller units)
control 9+3.6

#1 237+197.4
#2 580+52.8
#3 553+66.8
#4 | 51x11.0
#5 46+3.8

Cells of strain KR0401 carrying individual plasmids were grown in LB
medium containing ampicillin (100 pg/ml) at 37 °C to an ODy, of around
0.5, their B-galactosidase activities (Miller units) were measured, and
average values with standard deviation of three or more independent
experiments are shown.
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seem to be transcribed separately. Nevertheless, the analyses of genetic and functional
interaction between yciB and yciC might give hints to elucidate their function because

of the conserved genetic organization.
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DISCUSSION

I. Role of YhcB

Proteomic studies on the E. coli membrane proteins using a blue-native
polyacrylamide gel electrophoresis (PAGE), postulated YhcB as a putative third subunit
of the cytochrome bd ubiquinol oxidase, together with the other two subunits CydA and
CydB (Stenberg et al., 2005). However, in a later study on YhcB by Mogi et al, no
YheB like protein (15kDa) was detected in the cytochrome bd complex isolated from
wild-type strains. In addition, they found no difference in the kinetic parameters for the
quinol oxidation between wild-type and AyhcB strains. My results of BACTH strongly
supported the idea of Mogi et al. Furthermore, cytochrome bd is widely distributed
among bacteria and archaebacteria, and is assumed to be a hetero-dimeric oxidase
(CydAB). On the other hand, ykcB is found only in y-proteobacteria and the gene is
located on the chromosome at 72.82” well separated from cyddB (16.6°) in E. coli,
which seems to indicate that YheB does not participate in the activity of oxidase, even if
it were associated with the complex. _

In this study, I also examined the expression of yhcB together with its
chromosomal neighbors, degQ and degsS, and found that yhcB was expressed separately
from deg(QS. However, it is still conceivable that YhcB and DegQS are functionally
somehow related because DegQS are periplasmic proteases and involved in the protein

quality control in the cell envelope (Sawa et al., 2011).

II. Why is the AyhcBArodZ double mutant synthetically lethal?

rodZ (yfg4) and yhcB were identified as novel genes involved in biofilm
formation by screening the Keio collection of gene deletion mutants (Niba e al., 2007).
The rodZ was later reported that it was required to maintain the proper cell shape
(shiomi et al., 2008; Bendezu” et al., 2008; Alyahya SA e al., 2009). Cells lacking the
rodZ were round or otherwise misshapen, and exhibited a highly reduced growth rate
although rodZ is not essential for cell survival. The gene yhcB is also non-essential,
deletion mutation of which exhibited no effect on the cell growth. However the cells
with double deletion mutations of rodZ and yhcB seemed to be lethal and this lethality
could be rescued by the introduction of rodZ" (Niba et al., 2007).
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In this study, I have given more evidence to support the synthetic lethality of
AyhcBArodZ mutant, and showed that yacB' could rescue the lethality. This suggested
that the physical interaction between YhcB and RodZ might be required for the cell
survival and cell shape maintenance as well. Indeed, I have found that YheB interacted
with RodZ using BACTH system. Since rodZ was shown to be a crucial factor for the
rod type cell morphogenesis and my examination confirmed that the amount of
peptidoglycan in ArodZ mutant was significantly reduced (Results I-1, Niba et al.,
2010), it is conceivable that YhcB helps the function of RodZ in the synthesis of PG. I
also confirmed the interaction of YhcB with MurG, a cytoplasmic enzyme for the final
step in peptidoglycan precursor synthesis. Therefore, I speculate that YhcB might be
required in transporting the precursor of peptidoglycan from cytoplasm to periplasm,
which could also be a function of RodZ. It is said that a defect in any one of authentic
cell-shape proteins such as MreBCD causes spheric cell morphology and eventually the
cell dies but if the amount of FtsZ is slightly more than normal, the cell can survive.
FtsZ, a tubulin-like protein with GTPase activity, is required for the cell division and
growth. It assembles and forms the septal ring in the initiation of septation. On the other
hand the ArodZ mutant also shows sphere phenotype but it continues to divide and grow,
though the growth rate is significantly reduced. I therefore suspect that in ArodZ mutant
the PG synthesis is very low but the cell can still manage to produce the septum and
divide. However, if YhcB were also absent, the PG synthesis would be below the

threshold of sustaining the septum formation and cause the lethality.

I11. The interaction domain of YhcB

YhcB is multi-domains protein; it has a single trans-membrane domain at its
N-terminal end that divides the protein into a periplasmic and a large cytoplasmic part.
The cytoplasmic part was predicted to form coiled-coil structures by COILS (Lupas, A
et al., 1991; Lupas, 1996). Here I have shown that both the N-terminal TM domain and
C-terminal coiled-coil structure domains are required for the YhcB interaction with
RodZ and/or the protein stability. YhcB lacking the N-terminal TM domain (YhcBAN)
or the first C-terminal coiled-coil structure domain (YheBAC1) could not be detected by
Western blotting analysis. Many recombinant proteins produced in E. coli are unable to
obtain their native conformation and tend to be degraded rapidly by cell proteases. Cell

proteases are an important arm of the quality control system, in which they act in
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cooperation with folding assistant proteins to survey conformational quality (Fig. 31). 1
suppose that the protein stability of truncated YhcB was poor due to its misfolding. The
YheB lacking the TM domain probably has lost the intrinsic ability to be inserted into
its original target, and remained in the cytoplasm, which could be harmful to the cell. So
these abnormal proteins will be degraded by cell proteases. Similarly, YhcBAC proteins
would have lost its secondary structures required to maintain its overall architecture
and/or its properties, although YhcBAC with the TM domain probably retained its
original localization in the membrane. Thus, proteases would degrade these misfolded
YheB variants into various lengths of fragments as observed in case of YhcBAC2 (Fig.
18D). In addition or alternatively, the truncated proteins that have lost the ability to
interact with their interaction partner and left separated could become susceptible to the
degradation by proteases (Robichon C, 2011), and hence the truncated YhcB derivatives

were unstable and could not be detected.

IV. The property of interaction between YhcB and cell shape proteins

In this study, I have examined the interaction of YhcB with cell shape
proteins using the BACTH assay, and found positive interactions with MreC, MreD,
RodA, and MurG, a biosynthetic enzyme for peptidoglycan precursor. However, no
interaction with the cytoskeleton protein MreB was detected. MreB, MreC and MreD
are encoded by the mre operon (Felipe et al., 2007) and required by many rod-shaped
bacteria in their elongation mode of peptidoglycan synthesis. MreB is the sole known
bacterial actin in E. coli, and localizes just underneath the cytoplasmic membrane in a
spiral-like pattern along the length of the cell. MreC is a bitopic inner membrane protein
and MreD is a polytopic one. RodA is encoded by the mrdB (rodA) gene residing in the
mrd (mureinD) operon, with its predicted 10 transmembrane segments and may
somehow take part in the translocation of murein precursors (Holtje, 1998).
Biochemical assays have shown that RodA along with PBP2 is required for proper
peptidoglycan synthesis by transglycosylation, though it is unclear as to the mechanism
of its contribution (Ishino, 1986). Thus, the fact that YhcB interacts with these proteins
might indicate that YhcB, MreC and MreD together with RodZ form a kind of complex
(Fig. 32) functioning in a mechanism of peptidoglycan synthesis such as, flipping the
peptidoglycan precursor across the inner membrane. However, I also found that YhcB

interacted with MreC, MreD and MurG clearly in the absence of RodZ, which might
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Fig. 31 Conventional model of protein folding and proteolysis
A chain newly synthesized on a ribosome may fold to a native state or can

be proteolysed.

(a) Chaperon assist protein intermediates and folded proteins to reach
their native state. :

(b) Protease proteolyse misfold proteins that have failed to reach a
native conformation. (Elena et al., 2009)
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Fig. 32 Model depicting the interaction of YhcB with bacterial morphogenetic
protein and cell wall synthesizing protein

YheB directly interacts with MreC, MreD, RodZ and MurG. Broken line shows
indirect interaction.

MreB is shown as a red helix beneath the inside of the inner membrane (IM) that
interacts with RodZ. RodA is a five-pass inner membrane protein. MreD is a ten-
pass inner membrane protein. OM, outer membrane. IM, inner membrane. PG,
peptidoglycan.
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indicate that these proteins are located nearby in IM but not forming a rigid complex, or
RodZ could be the last component of the complex assembly. In case of RodA, only 20%
of the transformants co-producing YhcB and RodA were positive in the assay of
interaction, which could be due to the toxic effect of RodA dverproduction in the

absence of RodZ, however.

V. YhcB interacts with itself

The systematic analysis of membrane protein complexes in the cell envelope
of E. coli found the molecular mass of YhcB in BN (Blue Native) PAGE to be 5~12
times larger than the one in SDS-PAGE, suggesting that YhcB existed in a
homo-oligomeric complex (Maddalo, 2011). Using BACTH analysis, I proved that
YheB indeed interacts with itself, but it is not clear how many YhcB monomers interact
and form a complex. The functional significance of oligomerization also remains to be

examined;

VI. Characterization of yciB

YciB is a predicted multi-pass inner membrane protein with five
trans-membrane domains. It was speculated to function as an intracellular septation
protein, because the mutant of its homologue in Shigella flexneri, ispA, was found
defective in cell division leading to the formation of long filamentous shape lacking
septa (Mac et al, 1996). In E. coli, AyciB mutation reduced the growth rate but yciB is
not essential for the cell growth. Some of AyciB cells exhibited enlarged or misshapen
morphology against normal rod shape, and dead cells or hollow sacculus were also
observed. This observation seems to be consistent with the report about the isp4 mutant
of Shigella flexneri, suggesting that yciB in E. coli is also involved in cell division.
Overexpression of yciB is harmful to the cell, and superfluous YciB seems to form
abnormally large or irregular shape cells. Overproduced YciB could not be tolerated
and was either degraded or led to the cell death. Due to this phenotype, characterization
of YciB protein such as sub-cellular localization is so far unsuccessful and biochemical
analyses remained to be performed. In Gram-negative bacteria, yciB gene is located
conservatively on the chromosome between the genes yciC and ycid, however, it seem
to be transcribed at a very low level and separately from the other ones, which might

indicate a regulatory role of YciB. In this study, however, I could find that YciB
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interacted with RodZ, which might be suggesting that YciB plays a new role between

the cell elongation and cell division.

VIL. Perspective and Future experiments

In this study, I investigated the functional relation of rodZ and yhcB as well as
yciB in E. coli, mainly by the technique of molecular genetics, and indicated that YhcB
could be a new component of the cell morphology process in E. coli. Also, YciB which
was predicted to be an intracellular septation protein, was found to interact with RodZ,
suggesting that YciB might be another player participating in the cell morphologenesis
and peptidoglycan synthesis. However, I have no firm, especially biochemical evidence
to support this idea, and the molecular mechanisms in which these proteins function in
the cell morphology remain to be investigated. Further investigation of YhcB as well as
YciB would give more insights into the elaborated mechanisms of cell envelope
biosynthesis and its regulation.

Apart from the basic research in molecular biology, the knowledge of cell
envelope and division of E. coli is very important in clinical research, public health and
food safety, because they are closely related to the pathogenesis of bacteria. Laboratory
strains of E. coli are harmless and useful, but some E. coli is not friendly and cause
urinary tract infections or diarrheal diseases and contributes to infant mortality. For
example, a novel strain of E. coli 0104:H4 caused a serious outbreak of foodborne
illness in northern Germany in 2011 resulting in 810 cases of serious complications and
39 deaths (Bielaszewska M et al., 2011). Thus, understanding how the cell envelope of
E. coli is developed and the cell division is regulated under different conditions will

help to solve public health and hygienic problems, as well as to develop new medicines.
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