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I INTRODUCTION





















Figure 1.1, Shigella invasion of the colonic epithelium. A, Shigello enters through
the basolateral side with the assistance of polvmorphonuclear cells (FMN, dark blue)
or through the apical b cell (light blue cell). B, Shigelfo survive and escape PhMNs
and macrophages of the lymphoid follicle by inducing apoptosis,. C. Shigella can
gain entry through the basal side by cell phagocytosis. D Shigella move around the
cell eytoplasm with the aid of actin fibers (intracellular spread) and, E. migrate to
adjacent cells through membrane protrusions (intercellular disseminaton). F, Inva-
ding bacteria instigate apopiosis leading to ulcerations of the intestinal epithelium.
{Adapted from Pedromo ef af. 1994 and Sansonett, 1999a)
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Figure 1.2. Bacterial lipopolysacchanide (LPS) LPS is present in most Gram-
Negative bacteria and comprises the lipid A (blue), core polysacchande (red) and
O-antigen (green). The bacterial cell wall components are shown by armows with
their names abbreviated: CM, cytoplasmic membrane; PG, peptidoglycan; PP,
periplasm; OM, outer membrane. Each O-antigen unit is a linear polymer of four
sugar groups (Rha, rhamnose; GleMAe, N-acetylglucosamine) forming the basic
O-antigen serotype Y (adapted from Reeves, ef of , 1996 and Simmons and Roma-
Nowska, 1987).
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Figure 1.4. The insertion of bacienophage lambda DMNA into the bactenal chromosome.  This s
an example of site-specific recombination i which the  lambda integrase enzyme binds 1o a specific
attachment site sequence on each chromosomal strand, where it makes cuts that bracketl a short
homologous DNA sequence.  The integrase thereby switches the partner strands and reseals them so
as to form a heteroduplex joint 7 base pairs long.  Reproduced from Alberts er af, 1994,
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Figure 1.5. Map of A prophage showing major gene clusters with some of the genes they
contain and major transcripts. Antiterminated transcripts contain arrowheads at terminator

sites. The late regulator Gene Q appears between clusters. DNA recognition sites are not
shown. Adapted from Campbell, 1994.













Figure 1. 6. Comparison of the O-antigen modification gene organization. Represented
are the serotype conversion and adjacent factors in the genome of phage SfV (Huan, P.T.
etal., 1997A and Huan, P.T. et al., 1997B), SfX (Guan, S. et al., 1998; Guan, S. et al.,
1999; and Verma, N.K. et al., 1993), SfII (Mavris, M. et al., 1997), and Sf6 (Clark, C.A.
etal., 1991; Verma, N.K. et al., 1991), and in the bacterial chromosome of serotype la
strain Y53 (Adhikari, P. et al.,, 1999) and Escherichia coli (Blattner, F.R. et al., 1997).
Genes encoding proteins showing >85% identity are the same colour. orfl, orf6, orf2
(SfIT) and 0720 are gtrA homologs; orf2 (strain Y53), orf5, bgt and 0306 are gtrB
homologs; int and int’ are complete or partial integrase genes, respecvtively; xis,
excisionase gene; oac, O-acetyltransferase gene; argW, arginine tRNA gene; artP,
attL and attR are phage attachment sites. ( Reproduced from Allison and Verma, 2000)
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of the glucose residue from UDP-glucose onto a bactoprenol lipid carrier molecule, this is
followed by a location- and linkage-specific transfer of glecose 1o the O-antigen sugar
units by Guell. It was observed that genes bgr [greBy| and geedf were sufficient to
mediate full O-antigen conversion [Mavris, 1997 #16].  On the other hand, three steps
involving  the sequential transfor of molecules were proposed in the O-antigen
glucosylation mediated by S fexnerf bacteriophage SIX [Guan, 1999 #151].  Guan e of.
(1999} proposed that the glucosyl residue is transferred first from UDP-Gle w a
membrane bound bactoprenol lipid, a process mediated by Guel.  This 15 followed by a
second step involving the lipid-linked glucose being flipped out (by either the GurA alone
or by GtrA in association with GurX). across the eytoplasmic membrane onto the
periplasmic region.  In the third step. the glucosy] residue is attached by GtrX onto the
rhamnose [ of the partially polvmensed O side chain which is sull bounded to its lipid

carrier.  This process is depicted schematically as a hypothetical model in Figure 1.7,

To determane the role of each gene in the serotype conversion casette, Guan et al, (19993,
have demonstrated that the theee genes, girdy, @irBy, and greX are required to mediae
full O-antigen conversion.  In order to evaluate the mole of individual genes, separate
mutations were introduced in each componemt of the glucosvlation cassette.  Mutanis
with deletions in the 37 terminal half of gird , can only partially convert to a sérotype X
strain, furthermore, insertion of 470 bp of exogenous DNA into the EcoR1 site of girBy,
also resulted into incomplele serotype conversion since a frameshilt mutation was

created.  This established that gerd and girB are required for full scrotvpe conversion.
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Figure 1.7. Hypothetical model for O antigen glucosylation.  The O-antigen repeat unit (Y-seroty pe
nnﬁﬁen] ie synthesized in the cytoplasm on the lipid, ACL, “flipped” into the periplasm by the protein,
RibX and polymerised by Rie. The glucosyl residue from UDP-ghecose is transferred to a lipid carrier
bactoprencl by GerB. This lipid-linked glucose is also “flipped into the periplasm by GirA alone. or in
conjunction with the specific glucosyliransferase, Gir. The group or type specific Gir protein then
transfers the glucose to a particular site on the O antigen chain as it is polymerised by Rfe, and returns
the bactoprenol molecule to the cytoplasmic face of the membrane (Reproduced from Guan ef al., 1999).
















II MATERIALS AND METHODS
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Table 2.1. Escherichia coli strains used and prepared in this study
B . = el S 3 el ol A
STRAIN DESCRIPTION SOURCE/REFERENCE
lrec A1, end A1, gyr A96, thi-1, Yanisch-Perron et al .,
JM109 hsd R'I?_I[rk—mk’.+}. sup E44, rel Al

(1985

|Miller and Mekalanos,

SY327 lambda |gene encodes pie protein necessary for
pir _the function of R6K origin (1988

P4‘I 89-a Iyscbgen with T7 RHA

polymerase gene under inducible |
BE866 lac UV'S promoter control ~ |Tabor etal ., 1985
B869 'P44ﬂ4 containing pT7-5 Tabor et al ., 1985
B150  'SY327 lambda pir containing pNV731 |P. T. Huan
B367 _PH‘IGB containing pNV314 F T. Huan =t
B377 JM109 com:amlng pN‘u’3E4 \P. T. Huan
B815 |JM109 containing pNV724  G.Alison
[B823  [IM109 containing pNV728  |G.Allson
B834 P2780 his dam 3 dam’ cloning strain P. Reeves
B856 3109 containing pNV749  Thisstudy =1
EBEL ~__JM109 containing pNV750 Th+5 Study
B858 IJMTGB containing pNV751 Thus study
B859 JM1 09 contalnlng pN‘u’?SE This stud:-.-'
BE60 JMIU&  containing pN‘u’?SS - Thisstudy =
EBE-'I ~IM109 containing pNV754 |Th|5 stﬁ?y" -
B862 _EMH}'B containing pNV755  |Thisstudy
B863 [ M109 containing pNV756  This study
B885  |pTrcc 99A containing SfV Xisgene  Thisstudy
BB76 EBEE l:untalnlng pN"u’?GE S :ﬁlﬁ study
BB77 BEEE 5 containing pNV??ﬂ ~ This study 0
BB78 __ _\EEEE containing pNV770 lThEStuEy
B879 B866 containing pT7-5 This study
BB&S |JM109 containing pN‘n.r‘??E = _I_hl?"s study
B1033  1JM109 containing pNV909 |This study
B1040 3834 containing pNV909 - Thls s study
B1076 B834 containing pNV934 _ [This study




Table 2.2. Shigella flexneri strains used and_prepared in th_is study ~

. s
|

STRAIN DESCRIPTION SOURCE/REFERENCE
SFL1 Wild-type serotype Y slpc*
SFL124 Serotype Y Y aro D Karnell et al. , 1992A
EW595/52  Wild-type serotype 5a ~Isipc*
SFL1339 SFL1 Congo red positive - G. Allison e
SFL1 342 5FL1 339 containing pUC18 G Allison
SFL1346  |SFL1339 containing pNV731 ~ |G. Allison
SFL1266  |SFL124 containing pUC18 This study
5FL1333 SFL124 lysogen with phage SFV 'This study Rl
SFL1334  SFL1012 containing pTrcc 99A | This study
EFL‘I 336 SFL1012 containing pNV775 This study
SFL1337 [Cured SFL1012 containing pN"u’??S This study O
SFL1338 SFL1 lysogen with phage SV This study
EFLI 347  |SFL1339 containing pNV724 This study
[SFL1348 |SFL1339 containing pNV314 |This study
SFL1349  |SFLI 339 ‘containing pNV324 [This study
SFL1367 SFE_I 339 cor cuntammg pHUEﬂB This st ud:.r ==
SFL1394 | SFLI 339 containing pN‘u"E!34 This stud:,r




serotvpe Y strain, was used as a host for phage propagation. plaque assay and as a
serotype Y (group antigen 3.4) positive comtrol strain [Kamell, 1992 #3064 ]| Kamell, 1993
#363]. Capsid and protease protein were over-expressed in £ colf B866, formerly
P4189, which is a lvsogen with a single copy of the T7 EMNA polvmerase pene under the
control of the isopropyl-p-D-thiogalactopyranoside (IPTG)-inducible lacUVS promaoter.
T7 RNA polymerase is needed o induce promoter ¢10 in pT7-5 for the consequent
transcription of the genes (see Plasmids and Vectors). Wild-type 8. flexneri  strains
EW3595/52 and Congo red positive SFL1339 (SFL1, Congo red binding, Per’) were used

as hosts for the expression of xis gene and invasion assay experiments respectively.

222 Plasmids and Vectors

Table 2.3 lists the plasmid vectors and constructs created in this study.  Most works in
recombinant DNA  preparation involved the plasmid vector pUCI? (Figure 2.1).
pNVT28 were ligated into this plasmid in order to prepare emplate DNA for sequencing
portions.  pUCI9 is a small high copy number plasmid (due to the absence of the copy
number control gene rop) with a pBR322-derived ampicillin resistance gene and origin of
replication. [t also contains the 146 amino acid terminal portion of the Ecoli laeZ gene
flanking its 54 hase pair polycloning site.  The former encodes for the amino-terminal
tragmeni of P-galactosidase and this can associate with the host-encoded carboxy-terminal

portion of f-galactosidase to form an enzymatically active protein, a process called o-
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[
Table 2.3. Liit of Plasmids useiand_constru_:;gd in this study
FPLASMIDS DESCRIPTION SOURCE/REFERENCE
pBR3IZZ and M13mp19 derivative; on pBR3ZZ,
|pUC1 B AmpR, fac Z+ Yanisch-Perron et af ., 1985 |
|pBR322 and M13mp19 derivative: orf pBR3 22
.ﬁ.mpR lac Z+ ; polycloning site in opposite
pUC19 ]_onentatmn to pUC19 Yanisch-Perron et al ., 1985 |
[TT puh.rmeras:e with Tag |/ Xba | frag. pm-m
promoter plasmid; polylinker region of plUC12;
pT7-5 Beta lactamase and ColE ori from pBR322 Tabor et al ., 1985
pKK233-2 derivative with trc promoter upstream |
|of MCS, rm B transcription termination signal, lacl? '
pTrec 99A .}a"d hl_etilxtamase gene Amann et a-.l'_.: 1988
|pUCT 8 with Xba |/ Sac | frag. containing phage 5\
phV731 2.8 kb 3-gene casette: gtré, B, V (Bam HI-C) P. Khinda
pNV314 (pUCT 3 with 3.4 kb Eco Ri fragment D of phage S5V [P, Huan
plC19 with 7.3 kb Bam HI fragment B of phage
pNV3Z4 |SFV . [P.Huan -
pNV724 SFY ~ |G Allison
'pLC18 with 5.5 kb Bam Hi/5ac | fragment of o
pNV728 |phage STV Bamé frag. A . Alison
[pNV77 5 pTrec 99A with 1 kb Xis gene from pNv324 | This study
phV 749 pUCT Y with 1.4 kb Hin dil frag. of pNV728 This study _ 0]
pNV750  |pUCT3 with 1.2 kb Hin dill frag. of pNV728 [ This study
pNV751 'pUCT9 with 2.0 kb Hin dill frag. of pNV728 [This study =l
ﬂ?iz—__pl.lc‘l B \lnl:h 0.6 Fl:h Hin dil f frag of pN‘u’?EH Thls study =
PNVT53  |pUC1S with 0.3 kb Hin dill/5ac | | frag. of pNV?EB This study
pPNV754  |pUCTO with 4.2 kb Pvu Il SV Bam Hi frag. A 'This study _ -
IpNV755 #.JC'IBmth 2.7 kb Pst | 5PV Bam HI frag. A This [Thisstudy
IpNVYSE ]JIJC‘I 9 with 2 0 kb Hin dill SFV Bam HI frag. #. [This study =
pT7-5 with PCR amplified phage SfV complete
pNV7ES (protease and complete capsid gene nt. 6556-5897 |Thisstudy |
pT7-5 with PCR amplified phage 5fV incomplete
IPNV770  protease and complete capsid gene nt. EZE?-:E*&? This stucy
PNVTTS pTrcc 99A with 1 kis Hindlll xis gene an}_pN\l'S-Zrﬂf | This study s
pNW7 31 cut and filled at the Neol site of gtry gene|This study

Va09
ﬁ:\fﬂﬁ-‘i pNV731 cut and filled at the Bell site of gtry gene | This study




Hindll1-Sphl-Pstl-Sall-Xbal-BamHI-5mal-Kpnl-5acl-EcoR1
I |

Figure 2.1. Schematic map of pUC19 showing the polycloning site, the loc genes,
beta-lactamase gene and the origin of replication. Reference: Yanisch-Perron er
al., 1985




complementation [Ulmann, 1967 #234].  In the presence of chromogenic substrate 5-
bromo-4-chloro-3-indolyl-f-D-galactopyranoside, X-Gal [Horwitz, 1964 #235], Lact
bacteria produced by c-complememation form blue colonies while fac- bacteria which
carry an insert that disrupts the amino-terminal fragment of [-galactosidase form white
colonies.  The structure of recombinant plasmids was verified by restriction analysis of
minipreparations of plasmid DNA,  pUCIS is identical to pLIC19 with the polycloning

sites arranged in opposite orientation.

Vector pT7-3 (Figure 2.2), a 2404 bp T7 RNA polymerase-promoter system, was used
o overproduce bacteniophage 51V capsid and protease protein.  The plasmid contains the
phage T7 Tagl/Xhal fragment from nucleotides 22879-22928 (610). the 70 bp polylinker
region of pUC12 and nucleotides 2065-4360 from pBR322 (the [-lactamase gene and the
ColEl ongin} [Tabor, 1985 #245]. Swain B869, formerly P4404, hosts the pT7-3
vector and was provided by P.A. Manning of Adelaide University, Awustralia.  Our
cloning experiments exploited the specificity of TT RNA polymerase for its promoters in

order to express inserted genes.

Plasmid pTre %9A (Figure 2.3) expression vector from strain BR79 was utilised in the
overexpression of the phage STV xiv gene. This was the strategy emploved in serotype V
wild-tvpe EW395/52 10 remove the 56V genome which was recombined with iis

chromosomal DNA [Leffers, 1998 #246].  plre 99A is a derivative of pKK233-2




Clal-HindIl1-Psil-Sall-Xbal-BamHI-Smal-Sacl-EcoRl

Col E1 Ori

Figure 2.2. Schematic map of pT7-5 showing the polycloning site, the phi-10
promoter gene, the beta-lactamase gene and the ColEl origin of replication.
Reference: Tabor ef af., 1985




Neol-EcoR1-Sacl-Kpnl-Smal-BamHI1-Xbal-Sall-Pst1-Sphl-Hindlll

1 l

pBR322 Ori

lacla

Figure 2.3. Schematic map of pTre 99A showing the polycloning site, the Ptre
promoter, the lac repressor, the beta-lactamase gene and the pBR322 origin of
replication. Reference: Amann ef al., 1988






































































— DB2 (Forward ) 5°- AGAGAATTCCTACCATTCAACATTAAGGCT-3’

— DB3 (Reverse) 5°-AGAGGATCCACATCGCCCAAAATACATCAT-3’

¢ Initial Denaturation Step

94°C for 5 min. (1X); Pause here, add enzyme

¢ Denaturation Step

94°C for 30 sec. (30X)

¢ Primer Annealing Step
50°C for 30 sec. (30X)

¢ Extension/Elongation Step

72°C for lmins (3025)

¢ Final Extension Step

72 °C for 7 min. (1X)

The elongation step is estimated to accomplish extension at 1-2 kilobases per minute.
Therefore, the one minute elongation time used was sufficient to produce the 1.3 kb SfV
girV coding DNA. The extension products were used as probe for colony hybridisation

(see section 2.6.3.2.).
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— Proteastart 5’-AAT GAATTC ATCTGACGGGGCTTTTAC-3’

EcoRI1

— Proteasemiddle 5°-AAT GAATTC GCACGCTGAATCTCTCAG-3’

EcoRI

— Capsidend 5’-AAT GGATCC GACTAATCAACCACCAAC-3’

BamHI

¢ Initial Denaturation Step

94°C for 5 min. (1X); Pause here, add enzyme

¢ Denaturation Step
94°C for 30 sec. (30X)

¢ Primer Annealing Step
49°C for 30 sec. (30X); Complete Protease-capsid

48 °C for 30 sec. (30X); Incomplete Protease-capsid

¢ Extension/Elongation Step
72 °C for 1 min. and 15 sec. (30X)

¢ Final Extension Step
72 °C for 7 min. (1X)

7S


















Glass Piale--..i
3 sheets 3™M Tilter
membrane
Saran Wrap Nitrocellulose
— Membrane
Transfer Buffer 3 sheets 3MM filter
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Figure 2.5. Schemate diagram of the capallary transfer set-up lor alkaline blotting ol
DA onto Hybond N+ mitrocellulose membrane.







































INVASION ASSAY

e . Passage TEST STRAINS
HeLa cells T @ @ @

(Monolayer) 5% C0, 37°C
10° cells/mi @ @ @

PBS washing

Bacterial inoculum
108 cfu/mi1 5 Hrs

PBS washing

Intracellular cell (D @ @ RPMI/FCS/Gentamycin 500ug for 1.5 Hrs.
count
(Treated)
Total cell count @ @ @ RPMISFCS for 1.5 Hrs. (Untreated)

PBS washing

Count plates with
0.5 ml .05% Triton X-100 20-200 colonies

0.5 ml LB
Spread onto Plate

U U U Intracellular cell

%
10-fold dilution invading = ——=2U™ ___ x100
Bacteria Total cell count

Figure 2.6. Flow diagram showing the invasion assay method
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T 1 | 13 Kb BamHI Fragment A |

wig-dnl-afi® SCTOIVPE-CONVErsIon pINYT28
genes

Figure 3.1. B, Physical Map of Bacteriophage SV showing restriction fragments represented by the letters of
the alphabet. Also indicated are the locations of BamHl Fragment A, pNVT28, thevis-inf-aitf region
and the putative pac site (Adapted from Huan ef af,, 1997 and Allison ef af., submitted for publication).
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Figure 3.2. Construction of pNV728 and transformation into JM109
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Figure 3.5, Genetic map of pNV 728 insert containing the DNA of the initial 5.5 kb portion of
phage SV HBamHl fragment A, Relevant restriction sites are indicated.  MCS is the multiple
cloning site.



Hindill Hindlll  Hirdll Hindlll  Hindlll Sacl
MCS 1386 2602 4517 5191 5591
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Figure 3.6. A, Location of the 0.7 kb HeoRV-Sacl probe and the 0.6 kb HindIll probe

relative to the genetic map of pNV728 inseri. B, 0.8% agarose gel electrophoresis of pNV728 double

digests showing the 0.7 kb FeoRV-Sacl and the 0.6 kb findIll fragments which were radio-labelled and
used as probes for Southem hybndisauon.




which hybridised with alkali-membrane bloved fragments of the SfV genome digesied
with different enzymes, Two identical membrane blots were prepared cach containing
various enzyme digests of SIV DNA.  Membrane blot | (Figure 3.7) was probed with
Pp.labelled EcoRY-Sacl probe while blot 2 (Figure 3.8) with the *P-labelled HindlIl
probe.  Fragments detected by both probes were the 13.0 kb SamHl band and its
submolar band; 18.0 kb EcoRl band and its submolar band; 20 kb, 6.5 and 5.1 kb Kpnl
band; 6.1 kb and 5.3 kb FcoRY band: 7.0 kb Psil band; 2.0 kb Pyull band and 0.6 kb
Hird11§ band (Figure. 3.7 and Figure 3.8). The 2.0 kb HindIII, 2.7 kb Psl, and the 4.2
kb Pyull bands were only detected by the 0.7 kb EcoRV-Sacl probe (Figure, 3.7 and

Figure 3.8).

325 Seguencing downsiream of pNV728 Sael sire

Three fragments detected by the EcoRV-Sacl probe which were not detected by the
HindlIl probe were selected for cloming and further sequencing of the SamH Fragment A.
[t can be deduced that the fragments detected by the EcoRV-Sacl probe and not detected
by the Hindill probe are DNA segments extending 1o the right of the Swel site since the
Hindlll prabe is siuated 0.3 kb to the left of the Sacl site (Figure 3.6).  Had the selected
fragments extended lefiward, they would have been detected by the Hindlll probe. The
three fragments were the 2.0 kb findlll, the 2.7 kb Psil and the 4.2 Pvull fragments
(Figure. 3.7, 3.8). The location of these probe-detected fragments relative to the SamHI

fragment A of phage SfV genome is shown in a schematic representation of the
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Figure 3.7. Southern hybridisation of the SfVgenome. A, 1.0% agarose gel electro-

phoresis of 51V DNA digest fragments. B, Auwioradiograph of membrane blot 1 showing

fragments from gel A that hybridised with a 0.7 kb FeeRV/Sacl radioactive
probe. (see also Figure 3.8).
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Figure 3.8. Southern hybridisation of the SfVgenome.

phoresis of 57V DNA digest fragments. B, Autoradiograph of membrane blot 2 showing

A, 1.0% agarose gel electro-
fragmenis from gel A that hybridised with a 0.6 kb HindlIl radioactive
probe.



combination of sequence and hybridisation results in Figure 39, Sequence information
from the overlapping fragments provided a basis that ensured our sequencing through the
nght side past the Sacl site of the 31V BamHI fragment A.  Sequences beyond the 4.2 kb

Frull fragment were read through primer walking.

All the sequence results were initially proofread and edited individually, based on the
sequence information from the complementary sirand of the genome, prior to a final
assembly using 21 WebAngis fragment assembly program. A single contiguous sequence
of 10109 bases was derived from a total 38 input sequences including 4 major edited
contigs (editcons] to 4), and wilised a total of 34 customised primers shown in Figure
3.10. The complete 10,1 kb sequence is presented in Figure 3,11 showing the relevam

restriction sites,

To confinm the identity and the correct continuity of sequencing from piW V728 through to
the Sacl site and the three probe-detected fragmenis.  relevant resiriction sites which
were separately predicted by the WebAngis WAG mapsort program for pNV728, the
three probe detected fragments containing the Sacl site [2.0 kb HindBIT (pNV756), 2.7 kb
Pstl (pNVT55) and 4.2 kb Peull (pNV734) fragments], and the 10,1 kb contiguous
sequence were compared.  Four restriction sites in the order of MindlT, Psil, Peoll, and
Serel sites inherent in the pNV728 insert were also found in the same ordered location in
pNVT36, pNVTSS, pNVT54and the 10,1 kb fragment A sequence (Figure 3.9 and 3.11).

The pNV756 Hindlll fragment had the Psil site at nucleotide position 18, Pvall site at
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55 kb
13 kb
BamHl
Fragment A
BamHl  Hindlll Hindill Hindlll Hindil Sacl
2 5581

Individual Hindill
fragments ligated
to pUC19
| 77 e
Probe 1
0.6 kb 2 0 kb
Hindill Hindill

T.0kb

Pt PIT?’% ’ Pst1

0.7 kb EFcoRV-Sacl and 0.6 kb Hidlll probes.  Relevanl HindIID, Fsil,
Meull, and Sacl restriction sites on the 0.3 kb K -Sgc] pNVT28 fragment with their
corresponding nucleotide position in pNV756, pNV755, and pNVT754 are indicated by red
arrows.  The nucleotide position of restriction sites were predicted by the Mapsort program of the
WebAngis WAG package. The green solid block serves as boundary line distinguishing between
0.7 kb Aindlll and 2.0 kb Hindll] fragments, 7.0 kb Psil and 2.7 kb Psil; and the 2.0 kb Pyvudl and
4 2 kb Pvull fragments.

Figure 39 Schematic representation of the mmmnf blotted fragments detected by the
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Figure 3.10. Gelassemble bigpicture of the single conug 10,109 kb bacteriophage SV
BamHI fragment A showmg the primers used with i1s location and template host.  Amows
indicate sequence location, length and direction of strand replication.  Total contig input
was 58 and editcons 1-4 represent four major edited contigs.



Figure 3.11. The linear sequence of the 10109 bases of phage SV BamHI lrapment A
showing the relevant restriction sites used in mapping as predicted by the Mapsort
program.  the restniction sites areindicated in red text and the enzyme recognition
sequences in italicised bold print.

Bamil
1 GSATCOCCTG ACGCACCAGS ATCTGCATCA TOTTCTOGAR ATCAGCCSTT
51 GQTACCSIETA CCTGITTACC CASCCCAATA CCCASTTTAT TGATGTCOCTS
101 RARARGCTCTIT CCAACCTCGC COTICGOATC CATCATGGOS ACTTICAGOD
151 COOTEOCGGC GTTTTCCTUA TCOGCATAAG ATTTCAGGOA AASCGTCAGO
201 COCOCTSCCA OTCCOOCACC AMGCGCOAGE CCACOCTGTS ACGOTTOTTO
251 CEOCTEGROGT TTARATCOCCC GGATTTTOTT TTGCATTITTC GACAGCOCEO
301 GAGAAAGCCT GTCGACACCSG GTOATCAACO CCTTAARGCTC AMATTCACCC
351 ATSTGTACST TTCTCCTOCT CTATCCTOIT TOCCTGACTS ACCAGTANGS
401 GATTTCACT GATCGGCATA TTCAGCAATT CGAAARGGATT AATGCGCCAG
451 TAGCTGQOSC ASTCAAAGAR CCOATCASTO ASCTATTOAS COCTCAGSOCS
501 TOOASGAAAM AMCCAGOCOAC ARGOCACGOC GUTGCATTOA GGTCTGOCGG
531 AGACATCTGE TOGACAGAGS TTTGOGGCAC TTTCGCOCADC CGCACAATST
601 ATTTCGACAC CACATOCOCC AMIAASTOTGA CTIACTCATT CTGATTOATC
531 TOGTAGGIAT ACCCCAGOTC SCGGACATOC TTICCCGOTGE GTTCATCARA
T8l CTCCAGTACE GAGAGTITCT COCCATOASS ASTAATOZOT TTOTTTAACT
TSl CAAGCTCTTT CATTACTGGT AATCCOCCTTC TICACCGTGG AACTCAAGAT
B0l CAACCGTACC TTCTTCGGCA TTATGGTTCO CTTCGCOCOTY CAOQCCAQOOT
851 GACGACAATA CATAGACCTG ACCOTTICGCC ASCTCGOCAS TGATSGTCAT
501 CTCATCAOAC OAGSTOATTT TSCTCOACCGS RAMTTCTIC GGCACCTIGA
P51  AGGTOCOCTTT SACATAMGGC GCACGGTAAI TTTCCOTTICC STCCACTEAA
1001 CCGTOCAGEC CGATGATETC ATCATTOACC STCCTGTTCA TGGGCACCTC
1051 AATGOCGOOS GTCAGCGATA GOTGOTGACT GTCAATTTTG AAATAACAGD
1101 TTOCOCCGAT ACGGGCCATT ATGCAGACTC CTCTGAATAC TOAAIACOHEA
1151 ACTGGTTAAC CACGOCAAAA ACACGCRACT GGTTAACATA GTCAGGLGHG
12001 AACAGEGTGT TCAGGCGGTT COGAACGOTA OCATCACGCT CCACAMCCAG
1251 GTACTGCTTA AACAGTTCOT AGTITTCCAC SATCCCOGCA CGOTCAAGCST
1301 GOACGOTACGT TCCOCAGCAGT TCOCCTTTGA TTACOGOOGG SGTGACAATC
1331 OCOCTGACCGE GACCAAAGCE GETACCSTCG CTGOCAAGCT TOTOACOOCC HindIII1386
1401 GTACTTACTG GTAATGACGE ATTTCASTTT GCCOCAGTACA TACGCACTGG
1451 TATGCASCOT CTCGCTGTOG AGGTAGCTGT TATCCGCAMS COCGTAMGCA
1501 TITTITOCTGT ACGTGGTUAC ATCACOUCTOA ATOCICAGCA COCCOCTITC
1551 GACATACGCC OTTOCCACCC CATCACACAS CASSGTOTSC TGCTCCGTOA
1601 TCOTOAACCS TTTCOCCTTC GGOCGCAGGCA GCATACCCACD CAGCTCACCG
1631 GCTCTGCGTGE GACGTGCCGG ATCOTTOCOG ATAMACACCS CTGCACGEGEC
1701 GOTACGOCTT CCOCOCCASCT COTCGGCAGS COTCTEGETC TOTTITTCGT
1151 ACCCCOOCAG GOTGATGTGC TGCTGOTTAA ACTGFTCACC TOCOTTCACT
1801 AGTTCTGACA OUTUTOCCOCT CTTTECCGTA TACACATCAD CATACAGOTS
1E51 ACGCOCATAG CTCCAGCGAC COCTGGTATE GTTCATOTOS GTCACCAGCG
1901 TOTTAACGGA GGCCGTGTCG TTGAACGGCA GACCGATATA ATCAAACIGC
1931 TOATOCGOCA TTUCAGOCAC COCOCCOOTE ACANCCOSAS COCCCGTTCC
2001 GOULEGTCCOC OTCGCCACGS CARATCTGTAC GOCOGCTGES AGCACTTCGC
1031 COCCACCGAR GOOGTAGTAA TTGAGUCTUA CAGUAATTTC ATTCCOGCAA
2101 AGCCCCTTAT GACOCOCOOST CAGCOTGACA ACACCAGOCS AAGATGAAGE
2151 TGTAAACGGC AOASTCOGAM COGOATTGAT GGCATCCTGSG ATACTOCTOO
1101 CAATCOTCOT SACGTTATOG COGTTGGTCA CCGOAGCCTS CACSCOOGTA
2251 CETCCCACAT AGACATTICAC COTOCCOCTT TCOSTTGOTT COCCGGTOAD
2301 CGTCAGCGTA ACCOTTOCCE COCCOCCTET SCOTTOCGSA ACGGOAATCA
2351 CATACAGCTC ACCAAACGGS TOGGTOTGGS GATANGCCTC GACCATACGE



2401
2451
2501
2551
2601
2651
2701
2751
2801
2851
2901
2951
I00L
3051
3101
3151
3201
3251
31301
3351
3401
3451
3501
3551
L11-1
3581
3701
37151
3801
3851
3901
3551
4001
4051
4101
4151
4201
4351
4301
4351
4401
4451
4501
4551
4601
4651
4701
4751
4801
4851
4801
4951
S5001
5051
5101
5151

ACATCARTCC
CTGEOGEETA
GATAAATCAG
GTAATCOZET
GAGCATCTGC
GUTOATCACG
AGCTCCOTGOC

CTGETCTGTG
ACCRACCAGT
CGTTGAGCGE
TCACATCATC
TCTACGOTTG
AGCOGCCTTA
CATCCAGACG
CoTCCTOTaC
TGCTGTATTA
CCAGCGCTIT
ANGICCAIAA
TTTAAGANTC
CRCAGRRCAT
ATGACATACT
COECARTOAT
TCAGCGTATT
GOAGGATCAA
ATTTACCGCR
TGGGTTGTTT
TOACCACGAS

TTCCCGOACT
AGACTOTTOS
CGATGOCCCG
CATAAAACAG
GTCATCSATS
CACGGOGORG
AMAAGGTOAS
CACAAACATS
GATATCGCCG
COAQCOTTCOS
TCETCTTICES
CTCATGACGA
TACCOCACGE
CGGACATCGT
COCGTTACTS
AITAGTCGGT
ACATACGCCD
CTOTGCCEES
GUGCAGCART
GTGATTTACG
TTTTCAARGCG
GCTGCCACTE
CECGRASGED
COGTTICCCT
GGEGCGATST
GACGTCCGGT
CHCATCRCTA
AAAS GOSOGE
GAAMRATCANT
COTACATTCG
CETTCAZATC
ACCTCATAAT
GETOATGGOG
TCTGGATANT
ACGCCARAGT
TTTATTCAGT
CCTGACGAAT
TAAAACTCAT
TTTTCETAGA
AGATATCACA
CATACAACTT
COAAGCAGTT
GAGE TGAAZD
COQCCAEAAD
COTARRRNGA
AATGGCAGAG
AANCCOOTCTS
ATSTATCOGCA
GAATTTTITA
GTACATTCAA
AAAGGECGTS
ATCGTTAARS
TGCTITATTT
CCASTCTOTO
AGGCGTACCTA
CAATACGTTC

ACARATCTGS
CARCAATCTC
CTGTCCTETG
COGAACCAGT
TICACCTTTT
COAGTAGTTG
CGCGGOCAGE
AAGATTCTCA
TCAGGCCOGT
CASTTCATCOD
TCAGCTCGCT
TTCAGATCCA
TTOCGEGTTC
COACCACATC
AGTATGACKA
ETGECTTTTS
COGOGAGTCT
{ajngeyriaiad alals
ANCADGCOTC
TAATTCOCGD
TTTCCACCAT
GATOCACCAS
ATRGAACAAA
CACCATTACG
TTACTSECTC
CTGATAACCG
BCCOACEOaC
COGACACGSS
FTOCAMAANG
CECAGCTOOG
GCGCTOACST
CAGTGGTGAT
TCOCCGGTCT
CTTCECOCAT
TATCCGOGGE
TCGCCOO0GET
TTTCATAGTG
TGGCARS TOC
ARTGGCTGAC
AGCCCATCORG
ACGGTTAAGS
CAAGCARCTC
TTRATSTCTT
GOEGGCACAR
CTAATCAACD
GIGTCTTCOCA
ATCATATTCC
CACSACGOAT
COORCCCCEA
CACTOARGCA
COTRACCITC
GOORGGTGEA
CAGAGCCAGA
TTGTOCCO0T
GCACCCGTOT
AGCAATGOGA

COGTGCATAGT
TGCACCETTA
CACTATTCGC
GTATTCGACG
TATTARCGCG
TTCTCRTCAA
GTCAGGCACT
GIAAGHANGT
TACCGOEATC
RGACTETTCA
GATHACCTOAA
GOAGCOTACT
CRGCCTRGTA
ATACGAAGCA
CORCGEAGAN
TTITCTICOCG
CAGCTTTCCG
GOTTTTTANA
AGTTTCATCT
SOCNIAMRANT
AMRGTTATTA
GATGATGACT
AMADCCOOAT
CTGETTRGGEE
TOOOTACCAT
GGETTTTCAT
ATCACGCATA
COCOOTTARA
GARGTCGTCA
TACACTCCAG
TTCACCCOGET
CCCCOGE00a
GEGCGETTTC
STCCOIAACT
CATATCCACT
CCGGCAGAAT
GTATARGICT
ATTTTCTTAA
AMGTABCNGA
GATCATCCGO
ARGTTTTCCG
ATCTTCATCA
COATTTTTAA
ARAMACTGOA
ACCARCECTA
GEATACAGTT
GOGTARCGET
AATOAAGCGA
TATCATCAAT
GOTECCACAT
TTCCATCTCA
ATTTCGETCC
ATTTOC TGOS
CACTIATICT
CCTRARTC ARG
CHGHIARGAT

CTOCCGEACGS
TTGOCETGAC
CECCTGGTTA
GAATGETOTT
COGGATATCM
CATTTCGOOE
GACOOCCCTT
GTTATTICRG
GASATAATCA
GCTCATOCTE
AAATCGAACT
GCCITCATAG
FESCCTTAMR
AMCTGACCGC
S@OOCTCTTTC
FRGAGTCATCT
ACCTCCGGCA
ATACGZECAT
FOGTCGTCES
ACCOTITCCA
CETGGAGCCA
ACGACGACGT
AAAAATCACT
SCTATACGTE
ITAACCAATC
CCOTTOCCaMA
TOACGCTGAC
BCOCATCTOC
TIGTTGCCTC
CAOCAGARAK
ACACACTGTC
TARCGAATGE
CTSCCASOTO
TAACCGHETA
COCAQOCCOA
GTAGGTTGCG
ATAMGGAGCA
COTOTITAMD
AGTECTAGCT
AZGCCTETCA
TICGACTCTS
GAGAAATCAT
CAOCATAAAN
TTACGCGEOG
CCTTTCCCCA
AMANCOATSS
CAACCAGACS
TCARAGTCACD
TTCCTEATCA
CAACAATATC
CTGATCASTT
GCGACCGATAT
ACTTCACCGC
GOCAGCCCTT
ATAACGEGOT
AAGCTTOCAT

HindITI2602

HindIII4517

EcoRv4811

HindIIISI01



53201
5251
5301
LELE
5401
5451
5501
5531
5601
5651
5701
5751
5801
SEEL
200
5951
S00L
6051
S10LE
6151
6200
£251
£301
6351
5401
6451
g50L
E551
E60L
E651
&701
6751
801
s851
6901
£951
To0L
T051
Tlol
1151
7201
7251
7301
1351
1401
7451
7501
7551
7601
TES1
770
17151
TROL
TE3L
7901
1951

ATCEATCGOG
ATGTCATTIT
TCACCGGCTT
ATCASCTOTT
GCGICACACT
GCCAGGAATG
ACCCTOGACA
CACTGGCACT
TCCTGTTGOG
ATTGCTTTICA
CAATTCETTC
GIGCGCTGOT
GCGCATTTICA
TCATGATATT
CATACGTTGA
GCCATOCTTT
TATGTCACAG
AATAACAACT

CACGOAMAGT

AGCACCAGAT
TAATCCOOGC

CRASAATAML
RGCACATOGT
TATCAGCTCA
COGGGTTATC

ATTTCACGGT
AATCTCCTEC

COTTCANCCG

CCATCCATCO

TTCCGCOTAR

CTGTCCTGEA
SASCOCOOCA
STTCATTTIC
BOCCACTOCA
GOCEATSCCA
TTTCTGGTAD
CGARGTTCAC
GTGACGCATC
AATTGTTTTC
ATGTACGCCT
ATCAAGCGCT
CTTCCGTOCA
STTGCAATAT
TOCTTTACGE
TTAATGGCTT
CATOGAGCTA
GACTGACATS
CCGTCCTCAT
CAMACATORD
CACGAATGGT
TCATCAACTS
ATTAGCATCG
CARMAGCGOT
GAACGACAGT
STCATGCOTC
CATTCATTGG
COGATTAGCA
GATTCATATS
GTAATANICOA
AAGCCCCGTC
GRETAAACAR
ATCATCGTOT
SITOSCTTTT
CGGCOATCAT

CORAGGROTGS
CATCGCAGTS
TATCAACGED
CTTCTGAACA
STGC@CCOAD
COAAACTOCA
GATAMCATCA
ATCAAGRGAT
TCOTCATAAT
TTGACGGGCT

GCAACTCATT
AIACTTCCOCA
FUCCNGC AGA
TCETGCEACT
CCGTASCATT
GGTATATCCG
GOAACGCOTT
CACTTATCAA
CEGATCARGA
GATCCTGACG
TCOCAGTTCGE
TGCGTTATCA
TATTACGTTT
GTTAAGAAGS
TCTGTAGCGS
ACADCCOART
CRGCAGATGG
CCTAATACCA
TGETTAATAT
CTGTGTC T
AGAOATTCOAD
TGSTTARACA
GGGCCGEATG
CAAMCACTOA
TCAGCACGEA
TTTTTCCCTC
GOATTCOACGE
CTCGAATGOG
AGTRATAGEMA
AGATTGAACC
GCGACGETTA
AGCOOACAMA
TOSAGETOAT
TOQAACGETTC
CASTCAGTGD
TCOTGGUGED
SCCOCAGCTT
SACGGGCATT
COCATGOCTA
CTSATTATTA
CRARCGOOCT
TTCATCAGCT
ACCECEROEA
TGTGACGTTG
GUCTCATCAT
CTTCCCCTTG
AAGACAGGAD
TCAGGACTOA
ATCACCOGTT
GASCATCAAD
CASCAGTAMA
COTAARSCEE
GCAATTAGTG
GAGAGGAAAT
CASTGCAACT
TCAC TAAATC

AGARCACRCGA
TACCOAANTC
ACACCARCTT
GTCAGARGTG
TCATCTTCTC
COCTTTTCAT
TCSCTCTTCT
AMRCCTERGE
TTCTGACGCT
ACGCAGTTCT
ATTTTGCTTT
COMATITTIT
CTGTTICAST
CTCAGRRCGE
FOCECTETTG
CAGCCTOCTS
GARAAGCGEG
CTCCTCACCG
CTCCACGTTG
GOAGCCTGEA
COTOCOTACT
STGCECETAT
ATTTOGCGEA
TCCATAACCD
CCTCACCGET
ATCOTTTTTT
TTACCAGCAT
COGUCCTOAT
TTGCGCEOGE
TGACGTAATA
AGCTCCTGCT
CTGAATCGOT
TAATCATGTS
AGCTTCATCA
CTTOTAATCS
GTAACGCCTS
TCCTTATTGA
ACCGCTGARG
TTOTTTCOEC
COCAGTGC RS
ATATTCGTTS
TCGTTTCCCA
TTACGTTTCA
TTICAGTTCG
GAACCTADATA
TGCOTGCGTA
ATAGATACAD
CATAAACOTC
ATCGEGETGS
CAGCACCCOT
GCACCGEACA
GOACGTAAGE
ATTTCATAGA
COTCASOTTC
GOACTATCGA
ATCGTTACCT

ATGATTTTCG
SUTETCTTCT
CHGARGTACT
GTCAGAATCT
AACAACTTTC
CCTGAGE TAS
GATITCAGCT
TOGTTTCTCA
GCTCTTCCTC
TCTTCOCATS
CTTCCACTOD
CATTCAGGGT
TCATGCAGTT
STTOACGOGE
CGCECCTCCT
ATAQGCAGOA
TTATCTCGCG
TCACGGGECGEA
CATCGOGGCC
TGTCATAGCG
QCACTACOCC
ATCATCACCA
ATGAMCCGRA
ATAATOTGCS
GTAACARCGE
QOEICTTAA
CTCGTOCAGS
TACGGCTCAT
TOCTGCGRAG
COCGECGEET
COCAOTTCRT
TEOGCAGARA
CHCRGGAATA
TOTCANTGAT
AGATCGSOTG
COATGCCTTC
STCCCCTTTT
AACCTTTCTG
ATCTTGCATA
GEATGTSOAT
TACAAACCTGT
COOCATACAD
COCAGGTATA
CGOCATTTGT
AAACGCCTOA
TAACATGCRA
GAATACACCG
TOCCCREAAD
AAGGATTCTC
COCOCTTCTG
AARTCRAGAGC
AGGCCARRAL
ATTAAGAGAT
TTTRAGCATT
TTTTGTTTEC
GGCATOTTTT

Pas15220

PvuIl5155

SacIfigl

HindIIITOR1

PatITT 70



BOO1
8051
8101
8151
BIol
8251
8301
8351
LIT
BdS1
301
BSS51
2601
BE51
BT01
8731
BE01
BES1
B501
B951
2001
9081
2101
9151
2201
2251
9301
2351
a401
2451
pE0l
5551
2601
9651
8oL
2751
SE0L
L1131
801
9551
10001
10051
10191

TGCCGACTAT
TERAAGCGTT
CATATTGGCT
CAAGGTCATS

ATAATCCACT

TAAGATTTICC
TICTICTICC
TCCGASCATT
CEETCAGCTC
TIGCCCTETC
CACGCACCAC
GACCOCRGAG
AIATCTTOTT

GLGCCTTGOG
COAGCOATAT
AAACTATAR

ATTGCCGATA
COGATTOANT
AMGTTCTGGA
TOACAGCCCT
TCATTTIGTT
TCAGCACCAT
SCOTTCOGCT
CATACGETAC
TCAATCTCGE
COCCAOTCA
TCAGTGATTT
GAACGOGOCG
CAGACGGRECT
GATARNCCGRA
TOGETOCAGT
ATCGTTAGGT
CGTAGCACGS
AGTGECTGAC
ATCGGTGGCA
ARCCATCACT
GOACGGTICA
CATGEATETG
COTGTTTCTC
TOACAGGCAR
GTTCTTACGE
AGCCTTTATT
COTTCOMAREG
TOGCARCAGE
AQCOETAACG
CLGCTGGUAGE
GACATCACGD
COCTOATEAT
COGOCAGGTC
BCCOCCETAC
CEGATTTITG
TGGCAATATT
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CHAPTER 4

Sequence Analysis of Shigella flexneri Bacteriophage
SfV BamHI Fragment A which Encodes for the
Structural Proteins of the Late Region

4.1. Introduction

Temperate bacteriophage StV is one of several Shigella flexneri bacteriophages involved in
mediating host serotype-conversion through O-antigenic variation of the LPS
[Petrovskaya, 1982 #48]. S. flexneri serotype Y has the basic O-antigen structure
consisting of repeating units of tetrasaccharides which comprise the LPS together with the
lipid A and the core polysaccharide [Brahmbhatt, 1992 #51]. Upon lysogeny,
bacteriophage SfV confers type V O-antigen modification by attaching a glucosyl group to
the rhamnose 1l sugar of the tetrasaccharide repeat unit through an «l.3 linkage
[Simmons, 1987 #2]. The O-antigen modification genes gird ), gtrBy), girV, are
located in the BamHI fragment C of the SfV physical map immediately downstream of
the site-specific integration locus composed of the anP site, int and xis genes [Huan,

1997A #118][Huan, 1997B #117](Figure 4.1).

Recently, 15 kb of sequence upstream of the xis gene was determined (Allison et al.,
submitted for publication). This region to the left of the xis gene in the physical map

was described to contain early region genes necessary for lysis, regulation, DNA
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Figure 4.1. Functional Map ol Bacteriophage SIV showing vesiriction fragmenis represented by the letters off
the alphabet. Line bars indicate the location of identified functional regions of the 81V genome. Functional
designations are written below the line bars and the pac site is indicated by an arrow. (Modified and adapted
from Huan ef al.. 1997and Allison ef al, submitted for publication).




bacteriophages were also conducted to establish likely pene produet funetions and 1o gain
an understanding of the evolutionary link between various groups of bacteriophages.
This region contained genes and products which shares homology 1o essential major and

minor structural proteins of bacteriophages, primarily of the family Siphoviridae,

4.2. Results

421, Analysis for the presence of ORFx in the 1001 kb Sequence

The contiguous sequence of 10.1 kb portion of the SamHI fragment A had an overall
G+C content of 53.9%. Analysis of the 10.1 kb fragmem using the National Center for
Biotechnology Information ORF finder (httpz/fwww nchi.nlm.nih. gov/gorfizorf.htmi) and
the Frames program available through the Awustralian National Genomic [nformation
Service (ANGIS) (hup/www.angis.orgau), identified | incomplete ORF and 13
complete putative ORFs based on the following criteria: 1) A minimum of 30 codons
per ORF; 2) Presence of start codons AUG (ATG), UUG (TTG), or GUG (GTG);
and 3} Start codons preceded by a potential Shine-Dalgamo sequence complementary to
the 3" end of the 16 5 tRNA of & flexneri (Table 4.1}, The core consensus sequence of
the ribosome binding sites, AGGAG, was conserved in most cases for the 14 putative
ORFs identified. The stop codons UAA (TAA), UAG (TAG), and UGA (TGA) were
found in 4, 1, and 9 of the ORFs, respectively.  All putative ORFs were coded on the

same coding strand and transeribed in the same leftward direction (Figure. 4.2 and 4.3).
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Table 4.1. Genetic features of bacteriophage SfV Bam HI fragment A ORFs.
[ ]
MOLECULAR
! INTERGENIC | ISOELECTRIC | LEMGTH | WEIGHT
|ORF*| START |  STOP DISTANCE POINT (nt) - (kDa) PUTATIVE RBS AND START CODON
|
164 | 10058 (ATG) | 9564 (TGA) 0 10.36 495 17.9 | pasatttaaccAGGAGTGeegeatATG
|GGGGAAGAAGAAAGAAAGEEICtAACCCGLLCtG
577 | 9567 (ATG) | 7834 (TGA) -3 533 | 1734 65.3  AAAAtcatcGAALcATG
367 | 7563 (ATG) | 6460 (TGA) 271 | 9.45 1104 41.9  |GtcAGtectGAGACIGCGATG
200 | 6467 (ATG) | 5865 (TAA) -8 | 492 603 22.7 GAGGGAAAAACCAATG
409 | 5854 (ATG) | 4625 (TGA) 11 5.08 1230 45,8  |UAACGCGIAAAGGAAACItCATG
107 | 4546 (ATG) | 4223 (TGA) 34 423 324 124 ttctBGeGGGCACAGGAGGUATE
104 | 4130 (ATG) | 3816 (TGA) 93 7.26 | 315 | 11.5 tgatccgectGeGGGLGGALATG
168 | 3841 (ATG) | 3335 (TGA) 25 ~12.56 507 20.0  |GLAGGCAGAGLCAacGGAGGCaIcan T’
186 | 3338 (ATG) | 2778 (TGA) -3 4.20 561 21.0  |cactGAAGccGGAGCGACGCAGATG
56 | 2769 (ATG) | 2599 (TAA) ] 10,11 171 06.4 UecttectGAGAALEtteATG
498 | 2615 (ATG) | 1119 (TAA) -16 5.54 1497 54.8  cgegttaatAAAAAGGIGAACACCGATG
118 | 1119 (ATG) | 763 (TAA} 0 4,66 357 129 tcagtattcAGAGGAGEctgcatadTG |
89 | 763 (ATG) | 494 (TGA) 0 515 | 270 10.0 |tccAcGGLGAAGAAGGGGAttaccagtaATG
116 | 352 (ATG) | incomplete 142 O R 125 |AAACAGGATAGAGEAGGAGAAACgEacacATG

* (ORF designation is based on the number of amino acids
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Figure 4.2, The 1001 kb phage SOV BamHI fragment A is represented by the solid
line with a terminal amowhead specifying the 5-3' ranscripional dircction of the
o s, Relevant restniction siles with the nucleoude posion  are indicated by
dashed arrowlines above the mapline.  The incomplete orff {6 and thirteen putauve
orfs are shown below the mapline as coloured blocks plotied according (o their
approximate length and relative location: Pink blocks represent orfs in reading
frame 13, vellow blocks represent orfs in reading frame F and blue represent orfs in
reading frame E.  The orfs are designated in Arabic numbers based on the number
ol their amine acids and predicted functions based on database homologies are
shown below the block.



Figure 4.3. The linear sequence of the 10109 bases of phage 56V BamHI fragment A
showing the coding strand, its three reading frames and the complementary strand.  Start
codons are shown in bold print and the stop codons are double underlined for each open

reading frame and the putative ribosomal binding sites are italicised.

amino acids for each open reading frame are shown in bold red text.
transcribed in the same lefiward direction and these orfs were detected using the ORF
finder program throwgh the National Center for Bistechnology Information (NCBI)

homepage.
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Results of the ORF analysis are summarised in Table 4.1, with the ORFs designated

based on the number of amino acids.

422 Putarive Functions of the ORFs

Predicted amino acids of the ORFs were derived and compared o DNA and protein
sequences in the databases using BLASTP [Altschul. 1997 #313]. FASTA and FASTX
programs [Pearson, 1988 #314].  Significant protein similarities were detected between
those in the database and the translation products of ORFs encoding [or late phage genes
such as the terminase. protease cnzymes and phage structural proteins like the tail
sheath, portal protein, and capsid. The most significant similarities are reported in Table
47 Eight of the 14 putative ORFs showed similarity to other phage protein
homologues.  orff64 had similarity to hypothetical proteins of unknown funclion
expressed by bacterial genes of cryptic prophage origin. [t also showed similarity to
unknown proteins of bacteriophage GMSE-1 and 5. thermophifus bacteriophage Sfil9.
Orfxf07, 104, 168, 186 and 118 did not pick up significant homology to any database
sequence.  The remaining ORFs with relevant phage protein functions are presented in

the succeeding sections.

423. ORFS7?
The putative gene product (gp) of phage S0V ORF377. has similarity o the lage

terminase subunits and putative terminases of several bacteriophages which infect diverse
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Table 4.2. Table of similarity between phage 5fV fragment A predicted

gene products & proteins

from the GenBank and Swissprot databases

Protein ID Accession 1
ORF Organism Matched p Percent ldentity Locus Number Predicted Function
164 |Ecok O157:H7 prophage CP-933C 2 0e-10 Sa% in 50 aa AAGESEEH | ApnOS3za  |urknown &
Bacteiophage GMEE-T | z0e10 46% in 141 aa BAGSOZEE | AF311659 |unknown
| H_influenzae Genetic isiand 1 1 1.0es 36% in 90 & AAF27358 | AF198256 |unknown
caBEBaS) |
X. nematopivius provical orf8 5.7e06 27.8% in 158 aa XME133022 AN33022  hypothetical protein
Far —_— -
M. tuberculosis HITR segment 700162 5 Te-05 27.7% in 155 aa MTEY336 95586 unkongwn
| - CABDZ3S7
M. tubsrcidoss H37Rv segment 118/162 | 0.8e-05 20 6% in 162 aa MTCY441 280225 |unkmewn
| |5 thermophius st13 | 20e04 29.0% in 92 a3 AADA4055 AF115102 |unknawn
577 |E coll INTE-PIN region 24e-132 | 96.5%in 367 aa TMFN_ECOLI Pr5a78  |hypothetical 50.9 kD protein
P. aerugmosa phage D3 2,683 46.3%in 570 aa | AAD3BSS4 AF165214  [terminase
R capsulatus _strain 581003 1 3e51 | 31.1%n559a AACIE226 AFD10496  |hypothetical pratein
H_influenzae_Genetic isiand 1 5.08.61 29%inSs2aa |  AAF27387 AF198256 |phage D3 terminase-like protes =
S aureus phage oh PVL 14629 | 24%in567a BAASIBTS | ABOO9866 unknown ' |
8 subtils_phage phu 105 | 68e28 | 29%in4i5a BAAJEE28 | ABD162B2 |unknown B
L casei phage AZ gp3 = 40625 | 27%in 585 s BFHAIGRY X87563  |unknewn
| ,lﬂwtm:ﬂﬂ' Phlntﬂ'l C31 1.2e-1% 25 1% in 522am : cag.afc_mns AMDDESE9  |putative large :u_-rmnnenmwt
LISV FS. thermephius s£i19 4 Te-12 21.9% i 562 aa _AchISﬁ AF115102  [putative large !u'rnir_l-util.ib'.ﬂ‘l-_
_ | 5. thermophius sh21 83811 21.1% in 567 aa AADL1029 AF112470 [terminase large subunit L
| 5. thermaphius phage OT1 4, 7e-08 33.1%n 121 aa AADZ1879 AFDBS222  |putative terminase small suburdt
| 367 |8 subtibs_ohage phi 105 | 42e38 | 290Wn3S5aa | BAA3GE31 | ABDI6282 |wypothetica proten 25 '
M. milvenzae Genetic island 1 | 8.0e38 3% in 352 aa BAF2TIER AF19B256 phi= 105 WZS like pratein
Coliphage HKS7 7.5027 | 25.7%in 428 aa WP3_BPHKT P49859  |portal protein
|P. aeruginosa phage 03 1 de-24 27.6% in 359 aa AADIA95S AF165214  |portal protein
i |5lrep¢mrm phage ph c3l 2020 2T0%in411 aa CAADT 104 AJODESED putative portal protein
" & CAPFUTAIUS BUFIN SB‘DEIE 1.0e-19 26.6% in 368 an AACIBZZS | AFO104096  |hypothetical proten
|5 aureus phage phs PUL 69611 | 22.5%in349 aa BAAZIBTT ABOO9EEE  [portal pratein i




Table 4.2, Table of similarity between phage 5fV fragment A predicted gene products & proteins
from the GenBank and Swissprot -:fatabases {continued)

ORF | Organism Matched

200 Licl‘oﬁlcﬁn casel phage A7
S Furgus m#ﬂ P"-IL
SI'MPW PMF PﬂiE31
|5, subtis pmge ohi 105
H. Hril'umzu Genetic lsland T
{W HEAT
mmm sag 118/162

408 Stwm:rcss phage phi C31
H, Lr#?w'la'u Em&tc :l'md 1
.‘i Humm.u IH'H'IH 51'921
5 thermophius prnggnrl

122 huﬂgnil:m hormalogry

136 |No significant hsmalogry

153 '\hwrlllcrll homuhm

155 ‘-n ﬂpnru:ml earmabogry

56 ph.'lueﬂu complete m

prn-neHuDNterRFl. sheath protein

[ leplORF2,3
498 M. infloanzse HI1511

pha-pclvluﬂN-’-.fn-r ORF 1, sheath protein

|GpL, ORF 2.3

| M. meningizichs MI5E

[\ anthes fiere diE
118 Maiugmxmhmmhm
89 |P asrugincss phage phi CTX
116 5 typhimrem sop E gene

P aerupincsa phage phi CTX

p

ADe2s |
9.0e20 |

5.7e15
A.2e-12
3.0e14
7.0e-02
3.4e-02

1.1e-0%
2.0e-05

30005 |

1.0e-04

1.7e-05

1.7e-0%
4.0e-5

9.48-50
2.0e-41
3.4e-02

B.0e-01
|, 2e-0%

2.1e-03

I Percent ldentity

44%in 171 aa

35%in 1930

IE%in 171 aa
36.3%in 171 20
34%in 17 as
£9.9% n 157 aa

JiMin 15048

25 in 397 as
20r% in 405 aa
20/ in 374 aa
22% in 304 a2

42.3% in 52 aa

42,3% in 52 aa
38.4% in 49532

35.8% in 500 aa
25% in 486 aa
24.7% in 248 aa

Z7. 1% n 85 aa
45.2% in 104 2a

403 in 121 as

Protein ID
Locus
CABGIGES
EAAI1ETH
CAADT 105
BAATEGRIZ
AAF2T363
VP4_BPHKT
CAB02356
CAAOT106
AAF2T364
AADA1033
AADZ1384

AAFOT11E

BAAIDIO4
YF11_HAEIN

Al
AMF4 1495
AAC27632
EAA35251
AADS4238

BAAIB253

ﬁur.e-sslﬁﬁ
Pl
AJZ51T490

ABOOSEGE
AIDOESES
ABD16282

. AF19E236

P49EED
280225
AJO08589
AF19EZ56
AF112470

AFOBE222
unknown
wnkeneram
" unknenam

_ AF0B3977 | HI151D homologue

ABOOGEIZ
P34233

ABDODE3I

AEQDZ460

AFOTEA8S

ASRB550
AF15362%

ABDQBS S0

piative protease
[Uknoai i
|phi-C31 protease-lie protein

Predicted Function
D‘UMI.M PO ate
Lrﬂmum

(probead pratease

m‘i-tr tn-"u"Fd- BF‘l-II".?'

mljﬂr ﬂn:lfr prnleh

phuge P31 ke cqmd pmtun
mi}o-i head protein precursos
rruh-r haad protein

CIEFI majar tail sl.hur-l.

h:rpc'tlielul pmttn

|sheath protein gp L

'Ehbilh protein

lem body formation ard -m':i'ty
u‘llcnunm -
|CRF 24 similar 12 E gene of P2 (essentia
[t pratein

:-l'l‘ﬁr !b-p"nlqmﬁ of phanl 136 (rail
protaing

|RF 25 simdlar to T gene ol phage F2

{esertial tail protein}




hosts (Table 4.2).  These phages with their corresponding gene coordinates were:
Psendomonas aeruginosa phage D3 ORF2 (nt 419-2110%  Srapfyfococcus aurens phage
oPVL proviral protein ORF2 (nt 337-2231); Bacilius subtilis phage ophi-105 ORF22 (nt
612-1862); Lactobacilfus casel phage A2gp3 ORFS (mt 1718-3409);  Strepromyces phage
GC31 gene 33(nt 1282-2841); Streprococeus thermophilus bacteriophage Sfi19 ORF623
{nt 2107-3978); Streprococens thermophilus  bacteriophage S21 ORF623 (mt 173%-
3009, Streprocacens thermophilus phage DT ORF3 (nt 1103-1792); Lactococous lactis
phage bIL170 gene 12 (nt 779-2401), Lactococcous lactis phage p008 ORF2 (nt 1130-
2752); Lactococeus lactis phage skl ORF2 (nt 788-2410); and Lactobacillus phage adh
ORF624 (20183-22057).  The higher percent identities were observed between ORF377
and proteins encoded in bacterial genomes: the region of homology in E coli is in
prophage el4 gene region with a 96.5% identity to ORF3TT over 367 amino acid residues;
a 3% identity over 359 amino acids with that of Rhedobacrer capsulatus hypothetical
profein; and 29% identity over 5352 amino acids with that of Haemaphilus influenzae
genetic isfand 1 ORFL0.  These data indicated that bacterial terminase genes could be
encoded by a ervptic phage.  More expected was the second highest homology score
(46.3% in 370 amino acids), which was traced to a bacteriophage D3 of Psendomonas
aeruginesa.  Its ORFI692 was reported to have significant similarity 1o the same phage
and bacterial proteins as those homologous to phage SV [Gilakjan, 1999 #278].
Multiple sequence alignment of the £ coli YmiN hypothetical protein, phage D3
ORFI1692 and phage SV ORF577 revealed conserved regions within a considerably large

area of the protein (Figure 4.4).  The conserved regions may represent functional
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Figure 4.4. Mulliple sequence alignment of phage 5fV ORF577 encoding the putative
2e terminase subumt, £ cofi hvpothetical protein YWMEN ECOLI {Accession Mo, PTS9T8),
and P aeruginosa phage D3 ORF 1692 (Accession No. AF165214).  Alignment was
performed using the Eclustalw program in WAG with a gap penalty of 10. Identcal residucs are
in black boxes, similar residues are boxed in dark gray. somewhat simi
are italicised. and non-matching residues are not shaded

r residucs



terminase active sites which could also exhibit similarity in their secondary structural
conformation. Im addition. it was interesting to discover that the distinet position orf377
immediately upstream of the head assembly genes, is also observed among other
bacieriophages [Duda. 19958 #289)[Lucchini, 1998 #318](Smith, 1999 #276][Kancko,
1998 #204][Tremblay, 1999 #207][Altermann, 1999 #206]. Based on location and
homology (o several bacteriophage terminases. evidences indicate that orf377 encodes the

SV terminase subunit,

424, ORF367

ORF367 is 271 nucleotides downstream of ORF377 and shares significant homology to
the portal proteins of the following: Baciffus subtifis phage phi-105 ORF25 (nt 2512-
3762);  Haemophifus influenzae genetic island 1| ORF25; Coliphage HK9T gp 3 :
FPrendomonas aeruginosa phage D3 ORF4 (nt 2264-3568); Srrepromyces phage $C31
gene 34 (nt 2886-4259) Rhodobacier capsulotus stirain SB1003 protein D AACI6225;
and Staphvlococcus aurens phage oPVL proviral protein ORF4 (ot 2451-3701).  The
predicted gene product had a similar isoelectric point (9.43) and molecular mass (41.9
kDa) to the portal proteins of phage D3 and phage DT1 portal protein [Gilakjan, 1999
#278][Tremblay, 1999 #207].  However, other phages had larger portal protein
products.  For example, phage ¢C31 has a 54 kDa product and phage A has a 39 kDa
product which unlike other phage portal protein are processed.  This is why the SV

putative portal protein ORF367 and those of phage D3 and DT1 had higher molecular
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masses [Catalano, 1995 8272][Smith, 1999 #276]. The organisation of orf377 and or/367
is similar to other phage terminases and ponal proteins.  Based on the position of the
gene, the location of orf367 which is immediately downstream of the putative terminase
gene is similar 1o the gene amangement found in other bacteriophages [Duda. 19958
#289)[Lucchini, 1998 #318][Smith, 1999 #276][Kancko, 1998 #204][Tremblay, 1999
#207][Altermann, 1999 #206]. With this observation and considering that the protein
product of most genes from the database homologous 10 ORF367 is the portal protein, it
is likely that orf367 also encodes for a product with a similar function.  In addition,
several portal proteins were compared and found to be conserved among bacteriophages
[Smith, 1999 #276]. Portal protein serves an important role in directing incoming DNAs
into the head during the formation of mature phage particles.  Thirteen subunits form an
annular structure situated at the opening of the prohead shell and serve as passageway for
DNA duning the packaging process [Dube, 1993 #320], In phage HK97, the pornal

prolein panticipates in the capsid maturation process [Duda, 1998 #319].

42.5. ORF200

A 227 kDa protein with an isoelectric point of 4.92, is encoded by orf2iM).  FASTA
search detected significant homology 1o Lactobacilius casei phage A2 protein, B subrilis
phage phi-105 ORF26 (nt 3752-4378) and 5. surens phage $PVL proviral protein ORF3a
(nt 3694-4278) proteins all of unknown function. The search also showed high sequence

homology to the protease proteins of Sireptomyces phage $C31 gene 35 (nt 4240-4881)
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and coliphage HK97 ppd.  Bacterial proteins which are similar to the ORF200 protein
include the ORFI12 of M. influenzae genetic island | and M ruberculosis segment 1187162
MTCY441.20C, both of which were reported as similar o coliphage HK97 gpd protein
(SwissProt [D VP4 BPHKT)[Cole, 1998 #328].  Protease functions were assigned Lo
phage &C31 235 kDa gp35 and coliphage HK9T 25 kDa gpd, baoth have similar
molecular mass to the 22.7 kDa phage STV ORF200. Based on its similarity to several
bacieriophage proteases in size and isoclectric point (pf), it is tempting to predict a
similar function encoded by orf200. However, further experiments should be conducted
in order to test for its functional properties (Chapter 5).  Protease is a compotent of the
head assembly genes and has proteolytic action that processes the major head protein
{capsid) prior to covalent crosslinking to form the mature head shell  [Kancko, 1993
#1204 ][Gilakjan, 1999 #278]|Duda, 19958 #289]. The processing and head maturation of
HEK9T has been characterised in detail [Duda, 1995C #301).  Similar o the position of
phage SOV o200, the protease gene has been located immediately upstream of the capsid
gene of other bacteriophages [Kancko, 1998 #204)[Gilakjan, 1999 #278][Duda, 19958
#289][Smith, 1999 #276][Altermann, 1999 #206]. Alignment of SfV ORF200 product
with L. casei phage A2 putative protease revealed significant amino acid sequence

conservation extending throughout the entire length of the proteins (Figure. 4.5)

426, OREI09
The closest homologue 1o STV ORF409 is the major capsid protein of temperate phage

phi-C31 encoded by gp36. The gene position of the capsid protein is reminiscent of the
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Figure 4.5. Sequence comparison of Shigella flexneri phage SfV ORF200 putative
protease and Lactobacillus casei phage A2 protease gene products (Accession
MNo. AJ251790). Homology is evident throughout the entire protein.  Identical residues
are indicated by asterisks and conservative changes are indicated by periods.  Alignment
was performed using the Eclustalw program in WAG.



gene arrangement of the late structural proteins in double-stranded DNA bacteriophages
including phi C31, HKST, oPVL, D3, gadh and phage SfV (Figure 4.6) whose putative
protease ORF200 is immediately upstream of ORF409 with only 11 intergenic bases. In
terms of molecular mass, the 43,8 kDa phage SV ORF309 gene product is comparable to
the 41.7 kDa protein of phage phi-C31 gp36 which in turn is homologous 1o coliphage
HK97 42 kDa major capsid gp5 [Smith, 1999 #276][Duda, 1995C #301].  Although
ORF409 showed the highest homology to phage phi-C31, s probability value (1.1e-09)
and percentage identity (23% in 397 aa) were much lower than the scores obtained for the
ather SfY ORFs (Table 4.2).  Funhermore., ORF409 was not similar o proteins of
bacieriophages phi PVL, phi-105, HE9? and phage D3 whose gene products
consistently showed high homology to other phage SfV ORFs (Table 4.2).  This implied
that major capsid proteins are less conserved compared to other head assembly
componens [Smith, 1999 #376).  Smith & al. (1999), compared the percentage
sequence  identitics between major capsid homologues from  diverse phages using
BESTFIT. They reported that the major capsid proteins generally have less
conservation than the proteases and portal proteins.  This could be the reason why phage
SV ORF409 only shows significant homology 10 phage ¢C31 gp 36 and could also
explain why similarity to Psendomonas phage D3 capsid was not evident despite the high
46% identity of its ORF1692 terminase gene product with phage SIV ORF577 (Table.,

4.2)
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At this stage, we can only assume that orfd0% codes for phage SIV capsid protein with
an isoclectric point of 5.08. However, the striking conservation in the organisation of
the DNA packaging genes positioned immediately upstream of the head assembly genes
among different bacteriophages, provided a strong evidence as to the identity of phage
SOV orfs 577, 367, 200 and 409 (Figure 4.6).  Based on the location of ORFA09 and its

protein homologies, it appears that ov/%09 encodes the capsid protein of SV,

427 ORFs 56, 495 &9 and [fd

orfd¥8 extends from nt position 2615 w0 1119 of the 10.1 kb BamHI fragment A,
translating a 498 amino acid protein with molecular mass of 54.8 kDa and a pf value of
5.54 (Table 4.1y, Following GenBank sequence database search, ORF498 was found to
be homologous 10 the 55 kDa phage Mu tail sheath ORF L (9.4¢-56), which is similar in
sizc 10 the 54.8 kDa phage SV ORF498 [Takeda, 1998 #321]. The highest probability
score for ORF498 FASTX database search (4.9¢-36) matched with the sequence
designated as HI1511 of the Mu-like prophage integrated into Aoemophilus influenzae
chromosome [Fleischmann, 1993 #210] which also matched highly with phage Mu ORF
L [Takeda, 1998 #321]. Immediately upstream of Hoemophilus HF1S11 is HII510, a
pratein homologue of phage Mu ORF1 which is located wpstream of ORF L. HI1510
showed significant homology 1o phage SV ORF36 which is also found upstream of
ORF498 (Figure. 4.7 A and B). Similarity searches of predicted ORFS9 protein matched

with Psendomanas aeruginosa phage 6CTX ORF24 which is similar 10 gene E of phage
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P2 [Makayama, 1999 #203]. In the GenBank database, phage P2 gene E {accession
number AF063097; protein 1D AADO3291) was idemtified as an essential tail protein.
ORF116 of phage SV had 40% homology 10 Psendomonas aeruginosa phage oCTX
ORF23 which is similar to T gene of phage P2.  The T gene was also idemtified as
encoding an essential tail protein of phage P2 With the pending functional
characterisation of phage SV ORFs498, 56, 89, and 116 and based on sequence
homolgy and clustering of these genes in a particular genomic region, we can only deduce

that these genes encode for the major and minor tail components of phage STV

4.3 Discussion

The BamHI fragmeni C of bacteriophage SV flanking the the O-antigen modification gene
region has been well-characterised.  The important [unction of proteins encoded by
fragment C genes in serotype conversion has been established through sequence analysis
and several cloning experiments [Huan, 19978 #117] [Huan, 1997A #118].  For example,
Huan and colleagues have constructed a fully serotype-converted 5 fexmeri Ja strain,
SFLI1168 (Type antigen V) by introducing a 5.0 kb BamHI fragment C of phage SV into
& fexmeri serotype Y, SFLI24 (Group antigen 3.4).  SFLILGE was indistinguishable
from the 8 flexreri 3a wild-type strain.  The discovery of phage SV genomic portion
encoding importamt factors for serotype conversion was followed by other experiments
that lead 1o the localisation of other serotype conversion modules [Adhikan, 1999

#112])[Adams, 2000 #523].  Inspired by the wealth of information derived from such
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limited segment of the penome, it was deemed necessary to proceed in the analysis and
characterisation of the genctic blueprint in order to unravel and fully understand the

biology of phage SEV.

In this project, the 1001 kb portion of BamHI fragment A was sequenced amnd analysed.
This portion yielded putative ORFs, eight of which showed similarity to other phage
proteins.  The higher FASTA similarity scores of most phage SV ORFs were traced o
the genomes of prophages. Fxamples were the £ coli hypothetical 50.9 kDa protein of
el4 prophage, and prophages in Rhadobacter capsulains strain SB1003 and Haewmophilus
influenzae genetic island 1. This indicated a pattern of genetic exchange and transfer of
DMNA across species mediated by mobile gene camiers like the bacteriophages.
Bactenophages have been known to be important transposing agents of genelic elements
from various bacterial species that paved the way to evolutionary progress [Cheetham,
1995 430]. Bacteriophage infection can relay not only genes that are unnecessary to host
existence but also important genes like virulence factors that can transform avirulent
bacterial strain into a harmful pathogenic organism [Bishai, 1988 #332][Miao, 1999

#524].

ORF377 showed significamt similarity to several phage terminase subunits (Table 4.2).
Based on the statistical significance of the E value from the database search and the
conserved position of ORF577 immediately upstream of the putative portal protein gene

arf367 (Figure 4.6) [Lucchini, 1998 #318], ORF377 may also have a terminase enzyme
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function. The terminases play an active role in DNA packaging during the phage head
assembly [Casjens, 1988 #266]. Comprising a small and large subunit, the ierminase
complex initiates cither a sequence specific (cos) or non-specific (pac) packaging cut in
the adjoining head-tail concatemeric DNA and presents the DNA through the portal
vertex of the prohead [Eamshaw, 1980 #270][Bazinet, 1985 #326]. The terminase and
portal prolein interact to form a headfiilling packasome complex which facilitates DNA
translocation coupled with ATP hydrolysis. When the head is filled with a cerain DNA

density or a specific sequence is reached, the terminase cuts the DNA [Black, 1995 £325].

Considering the constant cycle of Iytic and lysogenic existence of bacteriophages, it was
not surprising to detect a high percentage identity (96%) between orf377 and £ coli
yofN. However, the extent of amino acid saquence homology of the £ coli FMEN
encompassed only a limited region of ORF577 compared to other terminase homologues
of bacteniophage onigin. It 15 possible that the putative terminase region in ymfrr which
was introduced by a eryptic phage, had became latent and had acquired several mutations
which contributed to the ohserved homology to a limited region of ORF577 [Campbell,
1996 #324](Blatiner, 1997 #4]. It is also possible that phage ¢14 terminase is encoded
by a mosaic gene onginally derived from various phage sources through gene

recombinations.  This could account for its limited sequence identity 1o ORF377.

Another possible product of bacteriophage promiscuity leading 1o genetic mosaicism

could be 1V arfl64,  Although homologies 10 proteins of bacteriophages and prophages
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were detected, these proteins were reporied to have unknown or hypothetical funciion
(Table 4.2). The size and location of orff64 is similar 1o other bacteriophage small
terminase subunit. It is immediately upsiream of or/377, which is a location similar to
the 204 kDa small terminase subunit (gpNul) of bacteriophage A gpA-gpNul
holoenzyme complex [Catalano, 1995 #272)[Tomba, 1993 #353].  In phage D3 the
predicted small terminase subunit gene orf387 also lies upsiream of the large terminase
subunit gene orf7692 [Gilakjan, 1999 #278]. These terminase protein complex were also
observed in other bacteriophages such as the gp3 and gpl6 of phi-29, gp2 and gp3 of
P22, gpM and gpP of P2, gpl6 and gpl7 of T4 and gpl 8 and gpl9 of T3 [Powell, 1990
#354]|Guo, 1987 #355][Hashimoto, 1992 #336][Eppler, 1991 #337] Analogies
pertaining to orf764" s location relative to terminase gene position in other hacteriophages
ar¢ interesting to note,  however, it would be very presumpluous to consider orfl64 as
being a terminase component since it only showed significant homology to bacteriophage
proteins that are not yet identified.  Further studies must be conducted on orfT 64 in
order 1o determine its real identity.  The terminases together with the portal protein at
the prohead portal vertex comprise the packasome [Hendrix, 1978 #358]Earnshaw, 1980

#270][Black, 1995 #325].

The identity of phage Mu gene L and ORF2 as the respective tail sheath and whbe genes
was confirmed by N-terminal sequencing of the purified Mu tail proteing [Takeda, 1998
#321]. The tail components were purified by sucrose density gradient ultracenirifugation

from the cell Iysate of heat-induced lysogenic Su™ strain containing a phage Mu Tam
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muiant defective in the phage head synthesis [Shore, 1982 #360].  Significant homalogy
of phage 5fV ORF498 protein 1o the gene L product of phage Mu suggests a possible tail
sheath protein function for the ORF498 protein.  In considering gene organisation, the
immediate upstream  location of phage S0V ORFS56 w ORF498 is similar 1o the
arrangement of phage Mu gene [ which is directly downsiream of gene ORF 1
(Figure 4.8). However, phage Mu tail wube gene ORF 2, transcribed after gene L, was
not identified as homologous to phage SOV ORF118. ORF118 did not show sigmificant
homology to any database protein and yielded high levels of pap insertion when aligned
with other phage tail protein. The gene may represent a dysfunctional ORF of host origin
repeatedly transferred as the phage undergoes multiple lytic-lysogenic cyeles. or a
remnant 1ail gene of viral origin that has become vestigial in function since it was
positioned between genes of putative tail protein identities (Figure 4.3).  Predicted amino
acid sequences for ORF8? and ORF116, downstreani of ORF118, were homologous to
essential tail proteins encoded by phage P2 pene E and phage P2 gene T, respectively
[Makayama, 1999 #203]. This clustering of bacteriophage STV putative tail structural
genes strongly suggested that ORF56. 498, %9, and 116 comprise another SIV gene

module which codes for the phage tail assembly components.

There are several methods adapied in identifving the late protein functions in these
bacteriophages.  Protein functions were derived using approaches such as comparison
with conserved domains, functional assessment experiments., and identification of

essential structural features common among known proteins [Smith, 1999 #276][Kaneko,
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Figure 4.8, Schematic diagram illustrating the homology of bactenophage SNV tail
region proteins to the gene products of bactenophage Mu and Haemophilns influenzae
Mu-like prophage. Dashed lines indicate homology between two predicted proteins
with corresponding similarity scores shown in pink text.  Represented by coloured
arrows are genes with related protein products.  Phage Mu ORF1, sheath protein gpl.
and ORFs 2 and 3 has been submitted 1o GenBank sequence database with accession
number ABOOOE33. HIIS10, HIIS11, HI1512, HI1513 are proteins cncoded in the
Mu-like prophage of Heemophilus inffeenzae (Accession No: U32827), BAA3625] s
the protein 1D for phage $CTX similar to phage P2 gene E tal protein { Accession No.
ABOORSS0); and BAA3G6253 s for phage $CTX protein similar to phage P2 gene T
tail prodein (Accession Mo, ABOOESS0),



1997 #280][Gilakjan, 1959 #278][ Tremblay, 1999 #207][Desiere, 1998 #162|[Kobayashi,
1998 #361|[Garcia, 1997 #362]. Recent reports cited nonsequence alignment technigque
that used ORF length and isolelectric point (pf) to make a comparative analysis between
the unknown proteins and the gene products of coliphage A [Chandry, 1997 #316].
Tremblay et af,, (1999) provided further evidence of its utility when they compared the
molecular weight and pl of Streprococens thermophilus phage DT1 proteins with those of
coliphage A in order to support assignment of putative functions for 15 ORFs, a method
inspired by researches on gene function prediction among Siphoviridae phages using the
gene map |Lucchini, 1998 #318]. Using a similar approach [Tremblay, 1999 #207],
phage SIV ORFs were compared with the molecular weights and isoelectric points of
phage DT1 and phage A.  Some SfV late gene products showed properties which are
similar to phage DT1 and phage &.  For example, ORF577 encoding for the putative
large terminase subunit, the putative protcase protein ORF200, the putative capsid
ORF409, and tail protein ORFs 498 and 89 have molecular weights and isoclectric points

which are comparable to those of phage DT1 and & (Table 4.3).

The properties of the putative protease ORF200 {molecular weight, 22.7 and isoelectric
point, 4.9) are similar to phage DT1 ORFY scaffolding protein (MW 24.5, pf 5.0) and
phage & scaflolding protein Nu3 (MW 20.8, pf 4.5).  Comparison between the protease
and scaffolding protein was done based on their conserved gene location adjacent 1o the

major head protein and in consideration of their analogous function in providing support
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during the formation of the head shell [Duda, 1995B #289][Duda, 1995C #301].
Likewise, the putative major head protein of SfV showed similar properties 1o its
counterpart proteins in DT1 and &, except for a higher molecular weight of 43.8 kDa for
phage SV major head protein (Table 4.3} Howewver, several reports mvolving
bacteriophage head assembly have experimentally confirmed the requirement for the majaor
head protein to be eleaved in order to attain its mature form [Gilakjan, 1999 #278][Duda,
19954 @275][Smith, 1999 #276][Kaneko. 1998 #204]. If such a process occurs in phage
SV ORF409 protein, then we would expect a reduction in its molecular size possibly
down to the size of phage DT major head protein (MW 32 kDa) or to that of phage A
(MW 38.2kDa) (Table 4.3).  Therefore, functional studies involving experiments which
would elucidate the occurrence of cleavage in ORFA0M putative head protein should be
investigated not only o ascertain its role as the capsid protein but also o determine other

factors required for such a process to take place.

Variations in protein properties among bacteriophages SV, DT1 and A were also
observed for the il components suggesting a divergent gene pool source.  Another
example is ORF367 encoding the putative portal protein which showed a higher pf value
of 9.4 compared to DT1 ORF 6 (g 5.2) and phage & protein B (pf 5.7). despite similar
molecular weights for their protein products, laken together, this method of
comparative analysis between predicted protein properties could be useful in providing

additional support in the assignment of putative gene functions for phage SV ORFs.



However, it should be used with caution and should not be considered as a substitute but
only as an adjunct to the more definitive protein functional analysis  using

experimentations,

Many SV late protcins are homologous to the late proteins of other Siphovindae
bacieriophages which infect diverse bacterial hosts.  The organisation of the late
structural genes showed remarkable conservation (Figure. 4.6). [t is possible that the
genome of bacteriophages such as 931, PV, D3, ¢105, . DTI, 519, 5621 and phage
A2 was assembled from a common gene pool source [Hendrix, 1999 #166].  Another
evidence showing linkage of phage 51V 1o the Siphovindae family is its morphology
(Figure 4.9). Phage SfV belongs to the group B category of Bradlev's classification,
possessing an isometric head and a long non-contractile il which is also inherent among
bacteriophages of the Siphoviridae family [Ackerman, 1987 #287][Bradley, 1967 #179].
Due to these genetic and structural similarities. a genetic pool lincage of phage SV 1o

bacteriophage members of the Siphoviridae family was observed.
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F‘ligurc 4.9, Transmission clectron micrograph of hmleﬂﬂphﬂi%‘ SV, A, phage STV stained with
24 phosphotungstic acid (Huan et al., 1997C). B, phage STV in cluster stained with 2% uranyl-
acclale.
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CHAPTER 5

Post-translational Cleavage of the 45.8 kDa Major Prohead
Capsid Subunit is Catalysed by Shigella flexneri

SV Bacteriophage-encoded Protease

5.1. Introduction

The 1001 kb BamHl fragment A has been shown Lo encode genes which are homologous
1o the late structural genes of many bacteriophages and prophages (Table 4.2). It was
also noted that the organisation of bacteriophage S0V late genes have a similar gene
arrangement to those found in other double-stranded bacteriophages such as D3, HK97,
o031, oPVL, ¢adh, T4 and A (Figure 4.6). The order of transcription proceeds from
the DNA packaging proteing, the terminases and portal protein to the head assembly
genes comprised of the protease and the major head protein.  SfV ORF204 and ORF4049
products showed significant homology to the protease and capsid proteins of several
bacteriophages including phage oC31, D3 and HK97.  Recent comparative studies have
revealed evidences supporting the similarity in the capsid structure and head assembly
process of phage @C31 and D3 to phage HK97 [Gilakjan. 1999 #278][Smith, 1999 #274].
The capsid processing and maturation of HK9T had been studied extensively and was
considered unique. since the process does not require the use of an independemly

encoded scaffold protein as support in the formation of a mature head shell but relied on



the assembly of capsid subunits that had undergone molecular modification and struciural
processing [Duda, 1995C #301],  In order to determine if phage SV follows the same
initial head processing step during head assembly involving cleavage of the capsid protein
prior to crosslinking, we have conducted experiments that would show the capability of a
functional ORF200 10 induce reduction in the size of ORF409 upon overexpression.
Ohir experiments demonstrated the processing of a 45 kDa 5V major capsid subunit after
its translation.  Our experiments have established that an intact protease gene or/200
immediately upstream of the capsid gene orf409, s required 1o effectively cleave the

unprocessed capsid subunit into a 32 kDa form of the prohead.

5.2. Resulis

5.2.1. Protein Band H N-terminal Sequence was Located within ORFA09

In order to support and establish the identity of some SIV orfs, the phage structural
proteins were separated on SDS-PAGE.  The protein profile showed several bands
which were labelled with alphabetical letters starting from the largest protein as band A
{Figure 5.1A). Using Western immunoblotting procedure. the protein bands were
blotted and hybridised with adsorbed and unadsorbed rabbit polyclonal antisera raised
against the whole phage SOV particles which were propagated in the S0 flexmers host,
SFL124.  Adsorption procedurs using 5FL124 acetone powder was performed in order

1o reduce non-phage SV specific antibodices in the erude polyelonal antiserum preparation
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Figure 5.0. A, 12% SD3-PAGE gel of PEG precipitated STV phage particles. B, Western blol
of phage 51V protein hybnidised with rabbil polyvalent unadsorbed antisera raised against

whole phage SV particles.

Mote the SFLI124 host protein band of similar molecular mass

as the protein band H of phage 5fV. C. An identical Western blot as in B except that the rabbit

polyvalent antisera used was adsorbed with SFL124 acetone powder,

Note the reduced

background and non-specific binding with crossreacting host protein on membrane using
adsorbed antigera. I3, N-terminal amino acid sequence of protein band H revealed the first
residue to be internal to the predicted amino acid sequence of the OREF409 protein.  The first ten
M-terminal sequences are shown in bold print and walicized.



(Figure 5.18 and 5.1C).  Anti-5fV antibodies detected band H a1 approximately 32 kDa

bevel.

Six bands were extracted from the gel. transferred electrophoretically to PVDEF membrane
and pieces of blotied membrane were analysed using an automated protein sequencer at
the John Curtin School of Medical Research, Biomolecular Resource Facility.  Only the
M-terminal amino acid sequence of protein band H, AQGYAQDERKG, cormesponded 1o a
protein encoded in the 10.1 kb SamHI fragment A region.  These M-terminal amino acid
residues were found as the 116" ta 125" amino acid residues of the predicted aminoe acids
of ORF409 (Figure 5.10). This indicated that the mature phage protein band H starts
internal to the sequence of the phage SOV capsid ORF409, Similar results have been
reponied for other bacteniophages such as phage HK97, PVI., phi-105, phi-C31. and
3 [Duda, 19954 #275][Duda, 19958 #289][Kancko, 1997 #280][Kobavashi, 1998
#361][Smith, 1999 #276](Gilakjan, 1999 #278]).  The major head protein of these
bacteriophages is proteolytically cleaved.  This process is well characterised in HK97.
The proteolviic cleavage of the capsid is conferred by a protease which is encoded

immediately upstream of the capsid gene.

222 Localisation and Amplification of the Putative Provease and Capsid Gene fnsert

Database homology searches have detected several bacteriophage-encoded capsid

homologues as signiticantly similar to phage SV ORF409.  Further support to the
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identity of this ORF was derived afier the first ten amino acid residues of phage SV 5[)S-
PAGE protein band H detected by anti-S51V antibodies, were traced within the predicted
amino acid sequence of QORF409.  With ORF200 having a similar location as the protease
genes in other bacieriophages.  the function of ORF200 in processing ORF409 was
investigated by assessing the fate of ORF409 protein in the presence and absence of a

functional ORF200,

Phage S0V orf200 (mt 6467-5863) and orS09 (nt 5854-4625) are located at the upper 5
end of the 10.1 kb BamHI fragment A, within the head protein cluster of the genome’s
late region (Figure 5.2A and B).  Oligonucleotide primers were designed to capiure the
enlire protease and capsid orfs.  The forward primer 5'(3'-AAT GAA TTC ATC TGA
CGG GGC TTT TAC-3"), designated s proteasestart, is located 207 nucleotides
upstream of the orf200 start codon (ATG) and the reverse primer 3°(57-AAT GGA TCC
GAC TAA TCA ACC ACC AAC-3"), called capsidend, flanks the complementary
termination ¢odon (TGA) of or/¥09 (Figure 5.2C). A gere segment containing part of
arf 200 and the entire o409 was also amplified. PCR primer proteasemiddle 57(3°-AAT
GAA TTC GCA CGC TGA ATC TCT CAG-3") was designed to anneal at the upper
third portion of the protease DNA sequence amplifving the 3° half of the gene (Figure
5.2C). The 5 end of the primer was situated at exactly 232 pucleotides downsiream
from the stant codon of orf200.  When paired with primer capsidend, PCR vielded an
insert comprising the 371 bp 3° half of orf200 and the emire orf¥09 DNA sequence.

This insert with a truncated putative protease gene and a complete putative capsid gene
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Figure 5.2, A, Physical map of bactenophage S50V showing the whole genome’s SumHI fragments;
B. Map of the sequenced 1001 kb BamHI [ragment A with corresponding ORF designation and
putative function, arrows indicate transcnptional direction; €. Map of the head assembly genes
showing coordinates of pnimers used to amplify the complete protease-capsid insert and the
incomplete protease-capsid insert, the primers were tagged with EcoRl or Bambll linkers for

directional cloning. The PCR products were cloned into the ScoRLBumHI sites of pT7-5 to create
pHVTOS and pNVTT0, respectively,



was cloned and overexpressed to compare its protein products with recombinant straing

containing the complete putative profease gene.

For directional cloning with expression vector pT7-3 [Swdier, 1990 #300)[Tabor, 1985
#245][Tabor, 1987 #262], extra AAT-EcoRl linkers were tagged on to the 5° end of the
profteasestant and proteasemiddle primers and an AAT-BamHI linker was included at the
5" end of the capsidend primer.  This facilitated directional cloning ensuring the correct
transcriptional orientation of the insert with reference to the vector’s promoler sequence.
The proteasestart/capsidend primers successfully amplified 2055 bp flanking the putative
protcase and capsid genes  including  their likely rnbosomal binding  sites,
GAGGGAAAAA with 3 nt spacer sequence from orf200 start codon and
GIAAAGGAAA with 4 nt spacer sequence from the or&09 start codon. The
proteasemiddle/capsidend primers amplified 1616 bp flanking the truncated putative
protease gene and the complete putative capsid pgene.  Both inserts were cloned,
overexpressed and the protein profiles compared with SDS-PAGE and immunoblotting

results.

323 ORFX00 is Required ro Cleave RFA0D Gene Produce

The PCR: products were digested and ligated into pT7-5 and transformed inio P4189. £
coli P4189 has a single copy of the T7 RNA polymerase gene under the control of the

IPTG-inducible facl/V3 promoter. After transformation,  the identity of the
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recombinant plasmids were confirmed through restriction digest analysis.  Plasmids were
cut with Sacl and Psil which have restriction sites located at the polveloning site as well
as nucleotides 5591 and 5220 of the capsid gene, respectively.  This gencrated three
fragments indicating the transformation of strains with the desired recombinant plasmids.
The resultant transformants were strain B876 with pNV769 containing the 2.4 kb pT7-3
vector and 2 kb complete protease-complete capsid insert and strains B877 and BR7S
with pNV 770 containing the vector and the 1.6 kb truncated, incomplete prolcase-
complete capsid insert (Figure 5.3).  The protein products were overexpressed using
0.4mM IPTG to induce a log phase culture. and aligouts were taken at 0, 60, and 180

minutes intervals prior o visualization in 12% SDS-PAGE stained with Coomassie blue.

Upon induction, the 45 kDa capsid protein accumulated over time in strains BET7 and
B878 without a pronounced incrcase in protein band intensity at the processed 32 kDa
level (Figure 5. 4A, lanes 4-7 and Figure 548, lanes 4-5).  This indicated that the 43
kDa capsid proteins were not being cleaved because the incomplete protease was non-
functional, thus the unprocessed capsid at this level accumulated. A separate 12% SDS-
PAGE was prepared thai clearly illustrated the increasing bamd intensity at the 45 kDa
capsid level in B877 over time (Figure 5.5, lanes 6-9).  The accumulation of the 45 kDa
protein was noi observed in BE76, instead. a gradual increase in intensity of the 32 kDa
capsid band was observed over time (Figure 3.5, lanes 1-4; Figure 5.4A, lanes 2-3; and
Figure 548, lane 3).  Meither protein accumulated in the control strain BE66 containing

the vector only.  This suggested that the complete protease insert orf200 in BE76
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Figure 5.3,  Schematic diagram of phV76% and PNV TT0 cloning showing the designation
of eormesponding recombinant strains.
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Figure 5.4. 12% SDS-PAGE gel of PTG induced log phase growth of strains BE66, BET6, BET7
and BETE, lane 1; LMW prodein calibration marker: lanes 2 and 3: strain BE76 at 0 and 60 min.
post-induction: lanes 4 and 5 strain BE77 at 0 and 60 min. post-induction; lanes 6 and T: strain
BE7E at 0 and 60 min. post-induction, B, lane 1: B866, control strain containing the vector only
at 180 min. post-induction; lane 2: LMW protein calibration marker; lane 3: BET6 at 150 min.
pt:;ﬁ-il_:dur:lmn'. fane 4; BETT at 180 min. post-induction; and lane 5: BE7TE at 180 min. post-
induction.
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Figure 5.5. 12% SDS-PAGE gel of strains B876 and B877 in [PTG post-
induction time series. lanes 1-4: strain B876 at 0, 60, 120, and 180 min.
post-induction, respectively; lane 5: M, LMW protein calibration marker;
lanes 6-7: strain B877 at 0, 60, 120, and 180 min. post-IPTG induction,
respectively.



encoded for a functional protein that caused the cleavage of the 45 kDa capsid protein

generating a 32 kD protein digest product.

5.24. frmmumablor Analysis Confirmed ORFI09 Gene Procwet as the Capsid

Polyclonal rabbit antiserum raised against whole phage S0V panicles which earlier
detected the processed capsid (section 5.2.1), was used to confirm the position and
expression of capsid proteins from elones comaining the ORF409 insert.  Aliquots of
phage SV stock and strains B866, B8T6. and BSTT at 120 min post-IPTG induction,
were separated on a 12% SDS-PAGE then blotted onto to Hyvbond N+ nitrocellulose
membrane for Western immunoblotting.  Although the sera had been adsorbed with
saturating amount of competitor host SFL124 protein,  ani-Shigella SFL124-speciiic
antibodies that crossreacted with proteins of £ coff PA1R9 control strain B8&6 were still
present (Figure 5.6 lanes A4 and BE).  Six bands were detected representing proteins of
BB66 which were also dewecied in BE77 and BET6 (Figure 5.6 lanes 5, 6, §).  This was
expected as all three strains are derivative strains of £ coli P4189.  Two major phage
SV structural proteins were detected. one representing the deduced 32 kDa processed
capsid band, the only form composing the mature phage head, and a ~55 kDa protein
band suspected as representing the putative 1ail protein sheath ORF498 with a 54.8 kDa

molecular weight (Figure 5.6 lanes A3 and BT7).
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Figure 5.6. Western immunoblot of strains B266, B&76, BET7, and phage SfV protein. A, lanes
1-2: 12% SD5-PAGE gel of strains BE77 and B8T6 respectively, at 120 min post-IPTG induction:
tane 3: phage SV, and lane 4: strain BE66 (control strain with pT7-5 vector). B, Western immuno-
blot using rabbit anti-SfY polyclonal antisera. lanes 5-0: strains B877 and BEV6, respectively:
lane 7: phage SV, and lane §;: B866 control strain.



The deduced 45 kDa capsid which is unprocessed was not detected in the phage SV lane,
suggesting that the 32 kDa processed capsid is the only form of head protein utilised in
the formation of mature phage particles. This 32 kDa processed form of the capsid was
also detected in BR76 (Figure 5.6 lane 6) with the complete protease gene insert bul was
not as pronounced in BETT (Figure 5.6 lane 5) with the incomplete protease gene insert.
Autoradiographic signals with similar intensity at the 32 kDa level were detected for both
B877 and the control strain BB66 (Figure 5.6 lanes 5 and 8).  This significs that the 32
kDa protein band visualised in B877 does not represent the processed capsid but an E
coli host protein of similar molecular mass, an observation clearly illustrated upon direct
comparison of the 32 kDa band signal intensities between the processed capsid in BE76
and phage SV capsid (Figure 5.6 lanes 6 and 7) and the E. coli host proteing in BE7T7 and
the control strain B866 (Figure 5.6 lanes Sand 8).  Another proof of the absence of the
processed capsid in B877 was the accumulation of the 45 kDa unprocessed form which
was as evident in B876 (Figure 5.6 lanes 5 and 6). Considering the homology of ORF409
to other bacteriophage capsid protein, its molecular size,  N-terminal amino acid
sequence and identity based on the immunoblot results,  our functional experiments
provided additional evidence which would suppont the designation of orf¥09 as the phage
SIV gene encoding for the capsid protein that gets cleaved in the presence of the complete

orf200-encoded protease protein.
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53 Discussion

In this study we have identified the genes encoding the protease and capsid protein of the
serolype-converling 8 fexmeri bacteriophage SMV.  Alanine was the first amino acid
residue of the mature processed capsid band H whose first 10 amino acid residues were
determined (Figure 5.1). 1t was found 1o be the 116" amine acid residue of the mature
capsid protein sequence. This indicated that the start of the mature protein sequence is

internal o ORF409 and suggested that processing of the capsid protein may be involved.

Functional studies of the ORF200 indicated its role as the protease protein required in the
processing of the capsid through cleavage. SV ORF200 has significamt homology to
putative proteases of bacteriophages such as phage A2 of Lactobacillus casel ORF242
gene product which is similar to ClpP-like (protease Ti) [Chung, 1996 #308] proleins n
the chromosome of bacteria and eukarvotes such as Coenorfabditis elegans (Q27539),
Yersenia emerocolitica (Q60170), Homo sapiens (Q16740), Paracoccus denitrificans
(P54414), E coli (P19245) and Hacmophilus influenzae (P43867) [Alermann, 1999
#206]. ClpP is a proteolytic subunit of the Clp complex which exhibits potent
profeinase activity when combined with the ClpA. C, X subunits of the Clp eneyme
system [Wawrzynow, 1996 #359]).  The Serinel08 and Histidine83 residues of phage
oadh ORF242 protease with 22 interpeptide residues were found to correspond 10 £ colf
ClpP protein residues Serinel 11 and Histidine136 with 24 interpeptide residues.  These

important amino acid components were reported to form part of the enzyme's catalytic
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site [Maurizi, 1990 #329). Similarly, these sites were found in phage SRV ORF200
residues Serine 61 and Histidine 85 and residues Senine 435 and Histidine 69 of L. caser
phage A2 protease profein. [t is also interesting to note that for both bacteriophages,
the putative serine and histidine catalvtic sites are separated by 23 interpeptide residues
(Figure. 5.7).  Again, we can observe the similarity in protein propertics suggestive of

the probable protease characteristics of S£V ORF200 produet.

The diversity of capsid assembly processes adapied by double-stranded bacteriophages
has been well-studied [Casjens, 1988 #266][Casjens, 1992 #265][Hendrix, 1994
#263][Hendrix. 1999 #166][King, 1974 #264].  While the basic mechanism involves a
common transition of structural components from the detailed arrangement of subunits
through the formation of a mature icosahedral head, the steps and intermediate molecules
involved in the capsid development process vary.  For example, phage P22 requires
multiple copies of a cigar-shaped scaffold prowein that interactz with the viral coat subunit
1o ensure the proper shell configuration [Fuller, 1982 #267).  This protein is absent in the
developed phage particles and only found inside the protein shell coat of immature
proheads. signifving its transient role in the development of the head [Murialdo, 1978
#268]. Other phages encoding the scaffold protein are phage T4 genes 22 and 67 [Black.,
1974 #269]; phage & gpNU3 [Eamshaw, 1980 #270][Black, 1978 #271][Catalano, 1995
#372]; phage P2 gene P2N and phage P4 sid gene [Marvik, 1994 #273|[Marvik, 1993
#174].  In the pseudo T-even bacteriophage RB49 [Monod, 1997 #284] and the well-

studied coliphage T4, a substantial portion removed from the amino terminus of its initial
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Figure 5.7. Protein sequence alignment of Shigella flexmeri phage 5V ORF200 putative
protease and Lactobacillus casel phage A2 protease (Accession No. AJ251790) showing the protease
catalytic sites composed of serine and histidine residues which are numbered for both bacteriophages.
There are 23 amino acid residues separating the serine and histidine residues indicated by italicised
text.  Alignment was performed using the Eclustalw program in WAG.



capsid subunit through cleavage mediated by a phage-encoded protease enzyme [Dickson,
1970 5285 [Hosoda, 1970 £286]. The apparent contrast in the head assembly pathway
between phage HK9T and phage T4 is that the latter use scaffold proteins to supporn
shell structure integrity and these are eventually cleaved into several pieces prior 10 DNA
headfilling [Mesyanzhinov, 1990 #327]. Duda e af. [Duda, 1995A #275) demonstrated
that HK97 capsid is an assembly of pentameric and hexameric head protein subunits
without the use of scaffold proteins, and referred o the cleaved amino terminus portion
of the capsid protein as a substitute scaffold.  Conversely in P22, capsid assembly
utilizes monomer units that serve as assembly intermediates in shell formation [Prevelige.,
1993 #279].  Although there are variations between the many double-stranded phages
studied, one central fact that prevails is. that subunits of the mature head are not
produced as pre-fabricated molecules ready to be incorporated as an imtact shell.  The
componens of the head need 1o undergo proteolytic digestion, structural changes and

molecular interaction prior to the final assembly { Figure 5.8).

About a third of ORF409 protein was released afier proteolyvtic cleavage., a mechanism
nol unique to phage SV [Casjens. 1988 #266]. For example, both Vibriophage KVP20
[Matsuzaki, 1998A #281] and KVP40 [Matsuzaki. 1992 #283][Matsuzaki, 19988 #282]
capsid had 62 N-terminal amino acid residues of pro-MCP (Major Capsid Protein)
released upon maturation to MCP,  These similaritics were also observed in the head
morphogenesis of bacteriophage members of the Siphoviridae family, possessing long.

non-contractile tail [Ackenman, 1987 #287][Ackerman, 1997 #288).  Phage SV capsid
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Figure 5.8. Schematic representation of two types of bacteniophage head assembly process.
A, Pathway involves cleavage and structural crosshinking in the absence of a scaffold protein
B. Pathway requiring scaffold protein. {Adapted from Hendrix or af., 1994)



protein shared closest homology (31% [D) 1o Strepromnces phage $C31 whose putative
capsid (gp36) translation product was discovered 1o have had an additonal 111 amino
acids at the N-terminus [Smith, 1999 #276]. A putative gp35 protease product was
suggested 1o have cleaved the gp36 to produce the mature form.  Gp35 of phage 6C31
was found 1o be homologous to HK97 gene 4 which is the prohead protease.  During
head assembly in HK97, the initial shell structure probead | composed of 420 units of
unprocessed 42 kDa capsid protein and 12 portal protein units, is cleaved by the
protease enzyme eliminating 102 amino acids from the 57 terminus of the capsid subunit
and generating prohead 11 [Duda, 19958 #289). in the mitomycin-C induced
Stapinlococcns aurens VE bacteriophage oPVEL [Kancko, 1997 #280], the N-terminal
amino acid sequences of protein B (major head) are located between the 117" and 146™
amino acid residue of ORF 7. Internal amino acid sequences were also found at the 1th
residue of the ORF4 putative portal protein [Kancko, 1998 #204].  The 34 kDa size of
its processed capsid approximates that of fts 32 kDa phage SiV counterpart.  Recently,
Gilakjan er af., 1999, reporied the discovery of a 186 kDa high molecular weight protein
in serolype-converting phage D3 that failed to enter the gel mainx upon SDS-PAGE
[Gertman, 1987 #200][Miller, 1974 #291].  Sequencing revealed the protein as an
aggregated cross-linked hexamer derived from the head monomer subunit starting at
Alal12,  The mature phage 173 head protein was demonstrated to have lost 111 amino
acid residues from its Neterminus upon proteolytic cleavage.  These evenis were
analogous o our phage SPV in which N-terminal sequencing of the mature capsid vielded

an Alal16 as its first residue with a total 115 amino acids cleaved off from the precursor
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protein (Figure 5.9).  Head morphogenesis in phage HK97 and D3 is also similar, both
having a 31 kDa processed head unit [Gilakjan, 1999 #278].  From ihe discussion
presented so far, it can be deduced that the processing of major head proteins is well-

established and is universal among dsDNA bacteriophages.

Other similarities between phage SIV and HK97 head morphogenesis were also observed.
For example, phage SV has a slightly larger 45.8 kDa unprocessed head subunit
compared to its 42 kDa prohead [ precursor counterpart in phage HK97. Tt is also
possible that phage STV primary cleavage site located between Argl15 and Alall6 could
have similar properties as the HK97 cleavage site.  Based on experimental results, Duda
and his colleagues [Duda, 19958 4289 located the phage HK97 head protein cleavage site
between Lys103 and Serl04 and had proven that the site sequence requirement is not
absolute since there was only a modest decrease in cleavage when lysine was changed to
leucine. This suggests the role of substrate conformation in the specificity of cleavage

and the possibility of having intermediate cleavage sites.

Adding support to the designation of phage SV orfs 200, and J0% as the protease and
capsid proteins, respectively, is the identical organisation of the these head assembly
genes  among represeniative bacteriophages belonging mostly to the Siphoviridae family
(Figure 4.6). Taken together. we have proved that cleavage of the phage SV 45 kDa
ORF404 capsid only occurs when the complete and intact protease gene orf200 15 present

and tha the phage encoded proteins required for head subunit processing are the capsid
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Figure 5.9,

Partial sequence of bactenophage SV or@09 encoding the capsid protein.
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site.  The first ten N-termnal amino acid sequence of protein band H are wnitten in
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substrate and the protease.  Finally, in considering the remarkable similarity in capsid
assembly and processing not only in physical and molecular properties of the genes and
their products, we have observed that bacteriophage SV shares an evolutionary linkage

to the bacteriophages belonging to the Siphoviridae family.
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CHAPTER 6

The Role of Shigella flexneri
Bacteriophage SfV Genome in Host Virulence

6.1, Introduction

Majority of bacteriophage SV genome has been characterised and further studies on the
protein products should be performed in order to determine their function.  Several
studies on the role of bacteriophage in pathogenesis have been reported recently.  The
aim of this project was o determing if phage SIV playvs a role in & flexneri pathogenesis,
a study based on recent reports on the role of bacteriophages in bacterial host

pathogenesis [Waldor, 1998 #537][Miao, 1999 #524].

The initial step in the pathogenesis of shigellosis is the invasion of intestinal epithelium
[LaBrec, 1964 #331]. Fenetration of epithelial cells by Shigella involves a three main
stage process.  Initially, bacterial emtry occurs by induced phagocytosis.  This is
characterised by the bacterium being engulfed by long pseudopods [Sansonetti, 1992
#24].  Shigella evades fusion with the phagosome enabling them to escape from the
phagoeviic vacuole [Sansonetti, 1986 #339].  The release of bacteria is followed by
intracellular organelle-like movement (olm) along stress fibers [Vasselon, 1991 #340] or
along the actin filament ring at the perijunction arca [Vasselon, 1992 #341],  Passage of

bacteria into adjacent cells is mediated by a bundle of actin filaments which push the
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hacleria and form a protrusion into the other cells.  This allows intercellular transfer of
hacteria 1o occur without bacterial exposure 1o the extracellular fluid, a movement

designated as intra- and intercellular spread [Ogawa, [968 #342]

Animal models have been used 1o study the virulence and infection process of Shigella
For example, the Sereny test is performed in guinea pigs and involves testing the capacity
of Shigella 1o cause keratoconjunctivitis via invasion of the comeal epithelium [Sereny,
1957 #109]. Ligated rabbit ileal loops have also been wilised.  Injection of Shigella into
the loops results in Muid eeretion into the gut lumen and uleer formation i the bacterium
is invasive [Gols, 1974 #332)[Wassef, 1989 #333). Pathogenic mechanisms of Shigella
were also observed in orally challenged Rhesus monkeys [Takuchi, 1968 =334].
However, most knowledge regarding Shigella invasiveness has been derived from
mammalian tissue culture experiments [Gerber, 1961 #335][0aks, 1985 #336][Sasakawa,

1988 #337].

In addition to invasion, it would be useful 1o identify genes in bacteriophage S0V that
could convey important properties 1o its Shigella host upon lysogeny.  In this swdy.
we investigated how the subtraction or addition of phage SV, or the addition of segments

of the SV genome affect the capacity of 8 flexnerd to invade mammalian HelLa cells.
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6.2, Resulis

6.2.1. Preparation of SFLI2 and SFLI fvsogen strains

Bacteriophage SIV particles were serally titrated ten-fold and propagated on wild type
host SFL1339 (SFL1 with Congo red binding ability, Per') and SFL124 (atenuated
derivative of SFL1) expressing group antigen 3.4, SFL124 lysogen designated SFL133

and SFL1339 lysogen designated SFL1338 were identified using vamous genetic and
serological procedures.  To ensure phage S5V had integrated into the host chromosome, it
was induced by UV iradiation and isolated.  The genomic DNA was extracted and the
characteristic DNA fingerprint band pattern typical of phage S50V was visualised
following restriction digest with BamH] and FcoRI (Figure 3.1A).  Phage sensitivity test
was also used to confirm that the lysogen strain was protected against phage SV
superinfection (Table 6.1A). For the lysogen strains SFL1333 and SFL1338, growth
was evident on an area in the bacterial lawn where 20 ul of phage SfV suspension was
dropped. This indicated that the lysogen strains have acquired immunity from phage SfV

infection which was not observed in SFL124 and SFL1339.

The lysogen strains strongly reacted with monovalent amtisera comtaining agglutinins
specific o S Mexneri type antigen V and group antigen 3,4, This suggested serotype Y
(SFL.1339 and SFL124) conversion o serotype V (Denka Seiken Co., Lid.. Japan). and

denoted successful integration of the phage genome into the host chromosome,  The
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Table 6.1A _ Analysis of SFL124. SFL1339 and their derivative lysogen strains

Strains Phage SIV | UV induction PCR Serogroup 3.4 | Serotype ¥V Congo Red
! Sensitivily of 5V Amplification | Agglutination | Agglutination | Hinding
| ol gV
| = I
SFL124 8 NI WA i -
EW 59552 R 1 . A § i
SH.1333 R 1 A ¢ | « |
SFL1339 s N1 | NA : f
SFLIT3R R 1 | A 4 . £
Table 6.1B Analysis of putative cured derivatives of EWS595/52 __:
Strains Phage 81V PCR Serogroup 34 | Serolype V| Congo Red
| Sensativity | Amplification = Agglutination | Agglutinstion = Binding
L of gy
[SFL124 5 NA i = ;
hi“’ﬁ?&ﬂl R A + ¥ -
SFL 1336 K A + +
SFLI33T112) B NA s . -
] R A - + * |
F2 34 A - + + [
3 R A fEd | 4 . |
G4 R A | + . +
0] R A | - + -
[T R A + I a +
7 R A . . '
s R A (= + =)
149 E A . - "
1o R A - + AR
11 R A + . 2o
13 R A - + + I

= sensitive; R=resistant; I=induced; Nl= not induced; Asampiified; NA=not amplified




identity of the lysogen sirains was confirmed when the 1.3 kb glucosyltransferase gene
{zrrb) was amplified from representative colonies using the primer pair created by [,
Basiin: DB2-3"-AGAGAATTCCTACCATTCAACATTAAGGCT-3" and DB3-5%-
AGAGGATCCACAT CGCCCAAAATACATCAT. The presence of the large
invasion plasmid associated with S flexners virulence was endorsed by the lysogen’s
ability to bind Congo red and grow in Congo red supplemented Tryplicase Soy agar
{Per”)[Sansoneni, 1982 #349].  Stain SFL1338 bound Congo red and satisfied all other
criteria that confirmed it was an SV lysogen. The virulence characteristics of SFL1338
was compared to its parental strain SFL1339 in the cell invasion assay in order to assess

the contribution of the phage genome 1o its invasive capability (section 6.2.4).

6.2.2. Preparation of cured wild-rype EW395/.32 Type V strain

Two methods were used to cure S fexneri EW395/52 (Type V, SV lysogen).  Initially,
the mitomycin C method of Stanley ef al., [Stanley, 1999 #248] was used.  The strain
was plated onto LB medium containing varied concentrations of mitomyein C. Thirty
surviving colonics were screened by phage sensitivity testing but all were found 1o be
resistant to phage SfV. This indicates that the prophage was still present and providing
immunity 10 superinfection.  The second method used invalved inducing the phage out
of the bacterial host chromosome by overexpression of the excisionase gene (xis) [Leffers,
1998 #246]. Phage SV xis gene was obtained from sirain B377 with pNV324 containing

the 7.3 kb BamHI fragment B in pUC19 (Genbank Accession No. SFUS2619) Huan,
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1997C #230). The recombinant plasmid was digested with findlll, which cleaved at m
8390 upstream of the 5" end of xix, and at nt 8761 in the pUCI9 multiple cloning site
{MCS). The MCS is adjacent to the BamHI nt 9338 site which is located at the 3 end of
the xis gene (Figure 6.1). The 1 kb xis-comaining HindlIl fragment was ligated into the
pTrc 994 expression vector which has a strong [PTG-inducible tre promoter upstream of
the MCS. The ligation mix was then transformed inte rubidium chloride competent
IMI09 cells.  Plasmids were obtained from several transformants and digested with both
Findill and BamHI.  The plasmid DNA from strain BESS, designated pNVTT5, yielded
the 1 kb xis insent and the 4.1 kb pTre 994 vector, indicative ol having the xis gene in the
correct orientation with respect to the vector promaoter.  Plasmid pNVT775 was then
transformed into electrocompetent wild-type EWS95/52 (Tvpe V) and designmed as
SFL1336 (Figure 6.1). The Xis protein was overproduced in SFL1336 through PTG
induction at two timepoinis of 60 minutes and 180 minutes. and 784 of the resultant
colonies were inoculated onto duplicate plates for colony blotting hybridisation (Figure
6.2). Each plate included a positive control stram SFL1334 (EWS95/52 with pTre 99A)
which was uninduced . and a negative control strain, SFL1266 (SFL124 comaining

pUCIS).

Alkali blotted DNA from test colomies was probed with radioactive “P-labetied
glucosyliransferase gene, girl”.  This probe was amplified from the plasmid pNV323
which contains serotype-conversion cluster, girdy,. girB,. and gl Thirteen

colonies that did not hybridise 1o the girV' probe were sereened using the phage
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Figure 6.8, Flow diagram showing the steps and methods used in the preparation of EW595/52 cured strain
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Figure 6.2. Colony blot hybridisation experiment of SFL1336 colomes after IPTG induction.  The
colomies were grown overnight on duplicate plates afier 60 minutes (membranes C, D, E, F) and
* 180 minutes (membranes G, H, 1. I) post-IPTG induction (0.4mM).  Membranes A and B contain
colonies of control strain SFL1334 inoculated after 60 minutes and 180 minuies posi-IPTG
induction, respectively.  The colonies were transblotied (coloony lifts) on nylon membranes,
denatured, and the DNA subjected to alkali fixation, before probing with the 1.3 kb 51V
serotype-conversion gene (girl’) PCR amplified from pNY323 (B376). Colonies El, F2, F3, G4,
G, HO6, HT, 18, 19, 110, 11, 112 and J13 were not detected by the probe and were examined further.
Each membrane was inoculated with a positive control strain (\), EW395/52 with pTre99A, and
a negative control strain SFL 1266 which is SFL124 with pUCTE (L), followed by the first test strain ().
Figure K represents the template panern used during colony inoculation.




sensitivity test, colony PCR and slide agglutination test to ensure the phage SFV genome
had been exeised from EW395/52 (Table 6.1B8). Only colony [12 designated SFL1337
was sensitive 1o SIV, did not agglutinate with type V antisera, did not yvield a gV PCR
product, and was Congo red positive.  Qur curing frequency of 1.3x10°% was similar to
that of phage Lambda cl857 lysogens which was 3.8x107 [Leffers, 1998 #246]. Test

results suggested that SFL1337 was cured of 51V,

Having determined the loss of type V antigenic expression in the cured strain SFLI1337
and the presence of girl in lysogen SFL1338, a Southem hybridisation experiment was
performed to confirm the imegration of the whole SV genome into the [ysogen
chromosome and the loss thereof in the cured sirain.  Chromosomal DNA of relevant
Shigella strains was extracted, digested with BamH] and EcoRV, blotted onto membrane

and probed with *P-labelled phage STV genomic DNA (Figure 6.3).

The DNA fingerprint band pattemns of the phage 81V genome was visualised in the phage
BamHl and EcoRV **P-labelled digest fragments (Figure 6.3, lanes 2 and 3) that showed
similar BamHl band pattern observed in an earlier gel electrophoresis (Figure 3.1A)
These BamHI and FcoRV SV restriction band patterns were also seen in the S0V lysogen
EW595/52. its transformed clone SF1.1336 containing pNY 775 with the xis insert, SV
Iysogens SFL1333 and SFL1338 (Figure 6.3 lanes 4-7, 12-13, and 16-17). Conversely,
the phage DNA restiction pattern was not evident in the cured strain SFL1337 and the

serotype Y strains SFL124 and SFL 1. (Figure 6.3, lanes 89, 10-11, and 14-15).  Strains
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Figure 6.3. Southern hybridisation of chromosomal DNA of prepared Iysogen, cured and SFL1339
strains probed with the s2P-labelled SV genome. A, 0.7% agarose gel electrophoresis run at 12V
for 17 hours and blotted to Hybond N+ nucleic acid transfer membrane. B, Autoradiograph of A
M, SPPlcut with EcoRL; B, BamHI digests; E, FooRY digests,



of the same background showed similarity in the restriction bands produced.  For
example, the bands seen in SFL1336 were also observed in EW395/52 which was the
parent strain transformed with pNV775 1o produce SFL1336.  Likewise SFL124 band
pattern showed similarity (o its parental strain SFL133% (SFL1, Per’) and between their
respective ysogen strains SFL1333 and SFL1338.  This supported the identity between
the parent strains and their derivative strains.  The slight difference in the band patterns
observed between the lysogen strains and phage S0V is attributed w0 the presence of 31V-
integrated bacterial host DNA in the lysogen strains. The ~1 kb extra band detected in the
BamHI digests and the ~5 kb band in the EcoRV digests of SFL1336 and SFL1337 are
generated from pNVT735 which contains the SOV xis gene ligated o pTre99A vector
{Figure 6.3, lanes 6-%). SFL124 was the bacterial host used during the propagation of
phage SIV, therefore, it is possible that SFL124 DNA could still be present in the SiV
genome DNA preparation which was used for labelling. Both SFL124 and its parental
strain SFL1339 only showed DNA fragments which cross-reacted with phage host
SFL124 DNA present in the probe preparation. and did not show the band patern
typical of phage SV (Figure 6.3, lanes 10, 11, 14, 15). Above results thus confirm the
identity of SFL1336, SFL1337, SFL1338 and SFL1333 with respect to the presence or

absence of the prophage.

6.2.3. Preparation of SFLI isogenic strains transformed with plasmids comaining

grenomic porfions of phage 517
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SFLI derivatives carrving plasmids with various phage SfV genomic fragments were
constructed in order to investigate the role if any, of specific phage SIV penes on host
invasiveness. Five isogenic strains of SFL1339 (SFL] Per’) containing recombinant
plasmids with various portions of the phage genome were produced (Figure 6.4).  These
include SFL1342, SFL1346, SFL1347. SFL1348 and SFL1349 (Figure 6.4). SFL1342
is SFL1339 with only the pUCI8 vector, this was used as a baseline control.  SFL1346
is SFL1339 containing pNV731 which has pUCI1E with PCR amplified (-2.8 kb) three-
gene serotype-conversion cluster, grrday,  girBo and gord.  SFL1347 is SFL1339
containing pNV724 which has pUICI8 with the BamHI fragment E portion (~3.1 kb).
This was originally cloned in the B828 Ecoli sirain and codes for the putative ongin of
replication, DMNA adenine methvlase and other regulatory proteins. SFL134E 13
SFL1339 containing pMV 314 which has pUCTS with the FeoRl fragment D portion (=3.4
kb), This was originally cloned in the B367 £ coli strain and codes for the excisionase
(Xis), the amino terminal half of the integrase protein (Int) and some unknown protein
[Huan, 19974 #118][Allison et al., submitted for publication]. SFL1349 i1s SFL1339
containing pNY324 which has pUC19 with the BamHI fragment B portion (~7.3 kb).
This was originally cloned in the B377 £ cofi strain and codes for the putative early
regulatory and immunity proteins. These strains were tested for their capacity Lo invade

confluent Hel.a cell monolayer.

2.4, Hela cell mvasion assay

The strains containing STV genes were assessed for their invasive capabilities using the
Hela eell invasion assay.  The invasion level of the lysogen strain SFLI1338 was
evaluated against its serotype Y parent strain SFL1339.  Also tested were the cured

strain SFL1337 versus its serotype V parent strain SFL1336 and the SFL1339 izsogenic
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Figure 6.4. Diagram showing phage SV segments cloned in isogenic SFL1339 strains .
The functional map of the phage genome, as derived by Allison ef af.. is included



strains were compared against the baseline invasin value for SFL1342 (SFL1339 with the

viector only).

Six invasion assay trials were performed in duplicate to compare the level of invasion
between SFI.1338 and SFL1339.  This was performed in order to determine if there are
factors encoded in the integrated SV genome that could enhance the invasive polential of
the lysogenic strain SFL1338. Results revealed a consistently higher level of invasion
with the lysogenic Shigefla, SFL1338, than for SFL1339 (wild-type SFL1, Per™WFigure
6.5A). At a 93% confidence interval, paired comparison one-sample t-test for the mean
invading SFL1338 and SFL1339 vielded a 2.669 t value. This denotes a statistically
detectable difference in the mean invasion between the two groups (p=.044).  For the
cured strain SFL1337 and the serotype V SFL1336. a higher statistical difference of
6.738 1 value (p=.007) was observed (Figure 6.58). The mean level of invasion for the
cured strain was significantly lower than the invasion level for the control strain SFL1336
which is the wild-type V strain containing the uninduced xis gene.  The data indicates
that the presence SIV in the hacterial chromosome enhances S ffexneri invasiveness.
This is apparent since both the lysogenic type Y strain SFL133% and the wild-type SV

Ivsogen strain SFL1336 showed consistently higher percent invasion values.

In order to determine how invasiveness is effected by specific phage SV genomic regions,
the level of invasion by strains SFL1342, SFL1346, SFL1347, SFL1348 and SFL1349

was compared (Figure 6.6A).  The Tukey multiple comparison test was used 1o detect
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Figure 6.5A. Invasion Comparison between
SFL1338 and SFL1339
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Figure 6.5. A, Companson of the invasion level between the serotvpe ¥V ysogen strmin SFL1338
and its serolype Y parent SFL1339. B, Companison of the invasion level between the serotype V
strain SFL1336 and 1ts serotype Y cured strain SFL1337.



Figure 6.6A. Invasion Comparison between
Transformed SFL1339 Isogenic strains
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significant differences between the mean invasion values (Figure 6.6B8).  Ratio values
were derived for each strain using analysis of variance that allowed for treatment as well
as baich effects. Using the more stringent least significant difference, LSD
{Tukey=0.79), the strain's ratio values on a log scale were compared (Figure 6.6B).  This
analysis showed that there was no significant difference between the invasive capabilities
of SFL1342 (ratio value=0.35) and all the other strains except for SFL1346 (ratio
value=1.39). Likewise. no significant difference was observed in the level of invasion
between SFL1347 (ratio vaive=0.44) and all the other strains except for SFLI1346,
between SFL1349 (ratio value=0.47) and all the other strains except for SFL1346 and
between SFL 1348 (ratio value=0.73) and all the other strains.  From this data, it was
concluded that SFL1346 containing the serolype conversion genes was the only strain
showing significantly higher invasion values than the conirol stran SFL 1342 (which does
not have any phage S0V gene insert).  This suggests that the SV serotype-conversion
genes are invoived in increasing 5. flexmeri’s ability o invade Hela cells.  Although there
was no significant difference between the invasion values of SFL1348 and SFL1346, 0
should be noted that SFL1348 invasiveness is not significamly different from that of the
SFL1342 baseline value. However, had we made our comparisons based on the mong
liberal LSD (Fisher=0.26)Figure 6.6B), we would see a significant difference in the
invasion value hetween SFT.1348 and the baseline SFL1342.  Therefore, due to this
discrepancy between LSD (Tukey) and LSD (Fisher), the contribution of SFI.1348
containing genes encoding the phage’s site-specific imegration proteins, in stimulating

Shigella invasiveness should be further investigated.
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6.2.5. [nvasiveness of gtrl siant (girl)

The role of the three gene serotype-conversion cluster in invasion was investigated
further.  The resulis described above had shown statistically significant increase in
invasion by SFL1346, which carries grrd,y, gy, and gl In order to determine if
the increase in invasion was mediated by serotype-conversion, mutations that would
cause a frameshift in the gl gene were constructed.  Initially, pNW731 Neol site (ni
1074) was digested. filled-in. re-ligated and ransformed into JM109 host (B1039).  The
resulting recombinant plasmid, pNV909 was sequenced and the presence of the predicted
frameshift mutation confirmed.  Four bazes G, T, A and C were inserted between nt
1076 and 1077 of the girl” gene causing a frameshift from frame a to €. The amino acid
sequence was conserved until Prol 58, alterwhich, the succeeding Trpl 39 was displaced
with a cysteine residue followed methionine and aspartic acid.  Plasmid pNV909 was re-
transformed into SFL1339,  However, the resulting recombinant strain SFL1367 sill
exhibited strong agglutination with anti-TypeV antisera, with the supposed gl mutation
(4 base insertion at the 180™ nucleotide upstream from the C terminus).  This suggested
the grrl” gene was still functional and capable of adding glucosyl groups into the O-antigen
to mediate serotvpe-conversion. It also indicated that the product encoded by the 180
nucleotide bases downstream from the gird” Neol site was not required o mediate

serotvpe-conversion and that the active site of the glucosyltransferase 1s still intact.
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An alternative girl restriction site, Sell was also used to disrupt the girl’ gene.  The Bcll
enzyme used was sensitive w Dam methylation, so pNV731 was mitially transformed
into the Dam” host, B834, creating BI040, The non-methylated pNV731 was digested
with Befl at gerb nt 425, filled-in, re-ligated (the recombinant plasmid was designated as
pNV934). and transformed into the Dam™ E. coli host to yield strain B1076.  pNV934
sequence revealed four bases C,T.Aand G inserted into the Befl site of the girl” gene
between m 427 and 428 (Figure 6.7).  The amino acid sequence was conserved until Asp
312, afterwhich His 313 was displaced with an arginine residue followed by serine and
lewcine found along the d frame.  When digested with 8cll, plasmid pNV934 was not cut
because it had lost its Bell site due o the alieration of Bofl palindrome sequence brought
about by the four base insertion imo the restriction site (Figure 6.7).  The latter strain did
not agglutinate with anti-TyvpeV antisera but only with the anti-Group 3.4 antisera.  This
suggested that the serotype conversion glucosyliransferase gene (gol) in SFL13%4
became non-functional due to the frameshift mutation (Figure 6.7).  Afier confirmation of
pPNV934 genotype, it was then electroporated into SFL1339 (SFL1. Per’) 1o produce

SFL13%4.

SFLI394 was tested against SFL1342 and SFL1346 in the invasion assay. Using the
Tukey multiple comparison test, the percent mean invading SFL1342, 1346 and 1394
cells were compared using the 1LSD value on a log seale equivalent to 0.99.  There was no
statistically significant difference between the ratio values of invading SFL1346 (ratio

value=066) and SFLI1394 (ratio value=0031).  And the mean percentage invasion of
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Figure 6.7. Diagram showing insertion of four nucleotide bases (blue letters) after
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SFL1394 was consistenily lower than SFL1346 but consistently higher and significantly
different from the baseline SFL1342 invasion ratio value (ratio value=0.07) (Figure 6.8A
and B).  The observed difference bhetween SFL1346 and SFL1342 confirmed the
reproducibility of previous experiments implicating the role of the SEroly pe-Conversion
genes in the increased invasion capability of S flexreri host.  SFL13%4 did not revert 1o
the SFL1342 baseline value despite the introduced grrl” mutation.  This led us 10
speculate that gred and el together or individually may contribute 10 host invasive
potential. The data also suggests that gorl” may play a partial role in conferring invasive
traits,  Therefore, funther invasion experiments should be conducted which would
include SFL1394 (gird”, girB’, and gir?”) being tested against  strains containing

mutated gied andior girl genes.

6.3 Discussion

The ability of 8 flexnerf to invade and proliferate in colonic epithelial cells is essential for
the pathogen to induce bacillary dysentery [LaBrec, 1964 #331].  The primary faclors
involved in the invasive process are expressed by complex genes on the large 230-kb
virulence plasmid [Watanabe, 1985 #497][Sasakawa, 1992 #32] as demonstrated by
tissue culture studies [Hong, 1998 #141][{Perdomo, 1994a #41]). It has been shown that
vindlence genes such as bacterial toxing and adhesion molecules can be encoded by

bacteriophages [Sjogren, 1994 #300][Cheetham, 1995 #30]. Thus the aim of this study
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Figure 6.8A. Invasion Comparison Between
SFL1342, SFL1346 and its Mutant Clone SFL1394
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Figure 6.8. A, Comparison of the invasion level among SFL1342 (SF1.1339 containing the pUC1#
w::u:r}, SFLI3a6 ISI;?LBJQ containing the serotype-conversion genes in pLICIE), and SFLI1394
{SFL1339 containing pNYV731 with a mutated ptr'¥ gene). B, Tukey multiple comparison showing
lie rativ values of the different strains on a logarithmic scale.  SED, standard error of difference
15 -:qual to 0.36;  L3D (Tukev), 15 more conservative with the least significant difference

uaf equal to 0.99:  LSD (Fisher), is more liberal with the least significant difference being



was 1o investigate whether serotype converting bacteriophage SV was able 1o influence

the ability of Shigella to penetrate mammalian Hela cells,

To assess the effect of the phage S0V penomwe,.  we initially tested lysogen SFL1338
against its wild-type progenitor strain SFL1339 (SFL1 Per’). and the wild-type V
SFL1336 camrving the uninduced xis gene against the cured derivative SFLI337 via an
invasion assay. During the selection of the strains, the Congo red hinding phenotype
{Per’) was maintained.  This was necessary sinee lack of ability to bind Congo red is
correlated with foss of virulence [Sereny, 1957 #109])[Murayama. 1986 #498] and occurs
when the large virulence plasmid is muated or lost [Maurelli, 19848 #499],  In our
curing experiments, excess Xis production successfully induced the SfV prophage from
the host chromosome [Kaneko, 1997 #280][Stanley, 1999 #2438 Similarly, Xis
expression from pREKS resulted in a dramatic increase in the curing rate for both wild-type
and fon lysogens. indicating that Xis was the limiting factor rather than [nt for curing
[Leflers, 1998 #246], Weisberg and Gottesman [Weisberg, 1971 #501] first observed
that excessive quantities of Xis i vive inhibit phage imegration and instead promote
phage excision, and that protcase degradation of Xis leads to rapid phage lambda
lysogenisation. [In phage SfV, ORF 8 encodes for Xis. and overlaps with the integrase
gene.  Similarity in the overlap and the organisation and sequence of awP, im and xis
between phage SfV and P22 were also observed [Huan, 1997A #118][Vander Byl, 2000

#351][Allison, 2000 199].
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Part of the screening process used 1o ensure phage integration and deletion was phage
sensitivity. This was observed in earlier experiments in which & fexners serolype Y
(3,4}, became resistant to superinfection with homologous phages after phage 516
infection of 5 fexmeri [Lindberg, 1978 #120][Clark, 1991 #119]. In our experiments, the
lvsogen strains SFL1333 and SFL1338 had successfully acquired phage SV which
conferred resistance to further SEV infection.  The lysogens grew and did not lyse when
reacted with phage SiV. Conversely, the cured strain SFL1337 had lost phage Sry
which made it susceptible wo phage SV infection as demonstrated by a clear zone where
the phage suspension was placed. This supports the role of O-antigen modification in

eliciting immunity against infecting phage.

The consistently higher invasive capacity of wild type V strain and lysogenic 5. fexnert
strain suggested one or several factors encoded by the phage genome may be involved in
invasiveness.  This led us to create various SFL1339 isogenic strains which were
basically identical except that they camied various portions of the phage S5V genome
introduced through recombinant plasmids.  These strains with an identical genotypic
composition except for the introduced plasmid insert were ideal for determining the
specific genomic part which contributes to the invasive potential of the bacteria.  Of the
constructs prepared. each carried specific SfV gene fragment inserts encoding for different
proteins (serolvpe conversion, attachment,  excision,  integration,  replication,
methylation, immunity and regulation) [Huan, 19970 11 7](Allison ef al., submitted for

publication). The strain SFL1346, had the highest level of invasion, 1t was significantly

151



differert and higher than the other mutant constructs, most specifically to the baseline
value of SFL1342.  This indicated that the addition of a glucosyl residue 1o the rhamnose
Il of the O-antigen sugar units via an 1.3 linkage as oceurred in SFL1346 confers a
conformational change in the LPS structure which made it more reactive or accessible to

the epithelial cell membrane.

The alteration of the LPS through O-antigen moedification has been consistent with the
knowledge that LPS has important roles in bacterial entry, intercellular spread in the
intestinal epithelium as well as resistance to host defences [Hong, 1998 #141|[Okada,
1991A #22)[Rajakumar, 1994 #128].  Studies imvolving rough mutants of S flexmeri
lacking O-antigen and those having mutated O-antigen chain length and composition were
observed to be capable of cell invasion but incapable of intra- and intercellular spread
[Okamura, 1983 #447)[Hong, 1997 #545)[Okada, 1991A #22)[Sandlin. 1996 #544).
However, the specific role of O-antigen conversion on virulence in & fexneri has not
been investigated.  This made our experiments important and unigue in that SV is the
first 8. flexmeri bacteriophage characterised to have plaved a role in the invasion potential

of its host.

The gtrl’ gene is the main gene invoelved in the addition of the glucosyl moiety into the O-

antigen. Therefore, a frameshift mutation was introduced in this gene in an attempt 10

hamper the attachment the glucosyl residue to the repeating sugar units of the LPS and
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thus prevent the modification of the O-antigen. However, only partial reduction in the

invasion level of SFL130 was observed.

It is also possible that gerd and gorf may have a role in enhancing the invasive properties
of & flexseri. Therefore, further experiments should be conducted to prove this.  These
will invelve recombinant clones containing plasmids with varied combinations of mutated
serolype-conversion genes insert.  These straing should then be tested for invasivencss in
order to refule or add support to our findings and provide information as to the precise
contribution of each of the three serotype-conversion genes in confemng invasive trails.
Also, further work can be performed o determine il other O-antigen glucosylating
systems of other 5. fexneri bacteriophages such as S£X, 511, and 51, would also exhibit

similar effect on host invasiveness,



Vil GENERAL DISCUSSION


















of the 18 kDa gpl6 (small subunit) with the 69 kDa gpl7 (large subunit) results in
cleavage of the resident plasmid DNA plus also the host E. coli genomic DNA
[Bhattacharyya, 1993 #514]. Compared to the uninduced clones, our preliminary trials
showed reduction in viable cell growth over time after induction, suggesting a lethal effect
of overproduced terminase by excessive cutting of the DNA. However, no smearing of
cleaved DNA was observed. This implied that there may be additional factors that need
to be cloned and expressed along with the putative large terminase ORF577. One factor
could be encoded by orf164, which is located immediately upstream of ORF577 and has
a similar size to other phage small terminase subunits. Studies have observed that the
small subunit enhances DNA packaging and has ATPase activities associated with phage
T4 gpl7 [Bhattacharyya, 1993 #514][Bhattacharyya, 1994 #515]. However, the action
of the small terminase subunit in phage T4 is thought to be redundant since the large
subunit (gpl7) alone can catalyse the cleavage of both plasmid and host DNA when
expressed in £. coli. Also, gpl7is highly active during in vitro DNA packaging where it
exhibits ATPase activity [Bhattacharyya, 1994 #515][Leffers, 1996 #516].  Therefore,
the possible role of the of phage StV orf164 putative small terminase subunit should be

investigated further.

Another protein which could be incorporated with the terminase insert is the putative
portal protein ORF367. The portal protein is a dodecameric ring structure at the base of
the prohead and contains a central channel of diameter 3-4 nm where the DNA is held

prior to prohead entry and exit [Valpuesta, 1994 #517].  Orf367 could have been
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of phage SfV genome analysis should be accomplished in order to discover not only
essential regulatory and structural genes but other sequences which could be utilised in the
development of large-capacity vectors and site-specific integration vectors necessary in
the application of genetic engineering techniques. Finally, decoding the complete genetic
blueprint will ultimately lead to a comprehensive understanding of the physiology and

molecular biology of bacteriophage SfV.
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APPENDIX

Bacterial Growth Media

LB Broth
Tryptone 10g
Yeast Extract S5g
NaCl S5g

Make up to 1 L in water and sterilize by autoclaving.

LB Agar
As for LB broth, adding 15 g/L agar before autoclaving.

Ampicillin
Add filter-sterilised ampicillin (10 mg/mL) to cooled broth or agar (<55°C) to a final
concentration of 100 pg/mL.

IPTG / X-Gal Plates
Add 20pL each of X-Gal and [PTG solutions (20 mg/mL) and spread on plate.

Bacteriophage Techniques

NZCYM Medium
NZ Amine 10g
NaCl 17g
Cassamino acids lg
MgS04.7H,0 L7
Yeast extract L7002

Dissolve in 1 L of water and sterilize by autoclaving.

SM Buffer
1 M Tris.HCI (pH 7.5) SmL
NaCl 04¢g
MgS04.7H,0 02¢g
2% gelatine solution 0.5mL

Make up to 100 mL with water and sterilise by autoclaving.

Plasmid Miniprep

Solution [
50 mM glucose
25 mM Tris.HCI pH 8.0
10 mM EDTA pH 8.0
Sterilised by autoclaving. Stored at 4°C.
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