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ABSTRACT

Aervmonas salmonicida is a Gram negative rod shaped bacterium capable
of causing furunculosis in salmonid fish and othei' chronic and inflammatory
diseases in goldfish, carp and also salmonids. The surface layer of A.
salmaonicida, the A-layer, has‘ been demonstrated to be a major virulence factor
for the organism, and its subunit A-protein has been purified and its
struttural gene vapA lias been cloned.

The vapA gene from A, salmonicida strain A450 was subcloned (pSC150)
and expressed in Escherichia coli. Its DNA sequence was then determined to
consist of 1,506 bp encodmg a 502-amino acid residue protein, containing a 21-
residue signal peptide and a mature protein oi oO 778 Dalton. The A-protein
assembled on the cell surface in the form of an 5-layer was refractile to trypsin
cleavage while trypsin digestion of the punfled mature protein revealed a
highly resistant 39,400 Dalton N-termmal fragment and a 16,700 Dalton C-

terminal u'agment with moderate resistance. These trypsin-resistant

~ fragments may form distinet structural domains, consistent with three-

dimensional ultrastructural observations.

The plasmid pSC150 contained 62 bp of Aeromonas DNA in front of the
vapA structural gene. A promoter (P2) was predicted in thls region which
showed sequence homology to the E. coli ¢70 promoter; However, primer
extension in the wild type str;ain A449 showed a transcriptional start site 181
bp upstream from the ge?ne, and thus, another promoter (P1) was shown to be
the major promoter. ‘Thze DNA sequence coding for the untranslated leader
mRNA contained two stem-loop structures, a putative small open reading

frame spanning the stem-loop structures, and a palindromic sequence whaich




overlaps the predicted ribosome binding site. Northerzi analyses of A449 vapA
mRNA showed that incubation at 159C produced the highest level of the
transcript, and the transcript half-life was 22 min in cells grown at 150C
compared to 11 min in cells grown at 200C. DNA gyrase inhibitors nalidixic
acid and novobiocin significantly reduced the vapA transcript level.

A. salmenicida 300C mutants were found to produce significantly
reduced levels of A-protein and some of thém were shown to have the native
insertion elements, 1SA1 and ISA2, inserted in/ the uhpA area. These insertion
elements huave been cloned a sequenced, and also identified in the wild
type straiﬁs A449 and A450. ISAZiwé“s shown to have sequence similarity to
other bact‘eri?al insertion elements.

Fiasmid encoded vapA expression in E coli was also affected by a
do.wnstr‘eém‘ gene abcA, which, when deleted from the clone, significantly
reduced vapA expression. This reduction could be complemented by the abcA
gene carried on a second plasmid. In additi_on',! the lipopolysaccharide (LPS) O-
chain deficient phenotype of A449 mutant strain TM4, which has the abcA
gene interrupted by ISA1, was also complemented by abcA. DNA sequence
analysis showed that the abcA gene coded for a 308 amino acid residue
protein, which was confirmed by in vivo and in vitro expressior and gene
fusion with lacZ, and was localized in the inner membrane fraction of E. coli.
At the N-terminal part of the protein, the pfédicted: sequence of AbcA
displayed high homoltz;gy with a bacterial transpbrt protein super fam’il_y,

including a well conserved nucleotide binding sequence. This binding

sequence was shown by site-directed mutagenesis to be required for LP5 O-
chain complementation in TM4. ATP binding activity was confirmed in the
purified AbcA-LacZ fusion protein. A leucine zipper-basic region sequence

with predominantly o-helica! conformation was predicted further

it




downstream, with leucine residues in four of the five heptad repeats and a

valiite residue in tiie remaining heptad repeat,




Examiners:

Dr. T. J. Trust, S}ﬁpervisor

Dr. W. W. Kay, Departmengal Member

Dr. R. W, Otson. Depattriental Member

Dr. P. J. Romanigk, Departmen{gl” Member

Dr. M. J. Ashwood-Smith, OutsideMember

Dr. W. ]. Page Ev)ter Exc.mmer
(Un*versity of“Albetta)




TABLE OF CONTENTS

ABSTRACT wiierimmnmensnssnsmensusesssssssssasssissssassnssesssssse Seasadvbnisranaes pridpssensiniasassnensinns ii
TABLE OF CONTENTS...voovvmsvssmusssssmsssomssssssssssssssssssssssssssssssssssssssssssssssaessons vi
LIST OF TABLES......ccovuiisunnisnnnsiininssssssnsssssnsnans Jiresrinseserersanansnsansssssasnasisnssieersess veorendX
LIST OF FIGURES.....ccccoucuns ssvsnsibesseeys eesssssnsabersensaaapineentapinbasnissranarases PR PRI
LIST OF ABREVIATIONS......ccconunee srisessonine vorass sssasssernisiesssresassss vosrsssessasens werneesXiii
ACKNOWLEDGEMENTS. ......ocinisimmmsminssisinsisassmnisnns passsistessasases poresssaseiss s XV
INTRODUCTION cvnniversnsnsmssmsssssssncssasnes vebtrroninnditsrsassintaonsonts ssesssanssatsantens snrensess wnl

BACLETIAL S-LAYETS vvvcvusnuuuiuensinsessssisssssssssssissssssmsasssssssssssssssssssesssassssssssssssssss 1
Biological functions of 5- layera ................ Pevbaebsfasebeansaei b sbanest TN |
S-layer proteins........iniinoeiios Fiseesbesasanss 4
S-layer protein genes ... vreaeies 5
S-layer protein gene promoters.............. seainansanessenisuizenintensiasaine N

Aeromonas SalMONICIAa ......vsiinvirissinsisssisissssssssisnsns Srsssrersybinsissssasisessionesis 8
The genus Aeromonas ... sesssananse 8
TRE SPECIES...cviicisiiicrsisiisisnsissinssnsssississsssisns st asisssstsses 9
Pathogenesis.....uiivnniiniinns persisssisereereisastsssrsnsasinsaststines vrissesssserisaranes 10
A-layer ..o ViasasssasteNensssibesesnsasesissninenstsiben et e e beas bR R RSGSF 13

Morphology.......ocesuseiense S P UR PRSI w13

Subunits.....ue bossnisiiveniaensaaaistinann voasirssensaspinsrsssiserersrisens w15

A-layer formation and anchoring........c..cnmiinen B [
Virulence........couisniirveres Gisiissssiersgaresssenserspsrssathaniasheasintnsasens 17

. Other biological FUNCHONS...uvvvveevessusissnssssssssssssienss Gespebsinsiings 13

C)iher Aeromonas S-layers ... Sessepaseisiisssasntaiasshsnsesasisininsiabiis 20
Lipopolysaccharides (LPS).......uummissmrirnins fobasianasanssssans RO A |

Purpose of this dissertation ..o 22
MATERIALS AND METHODS .......cccimmmsissmmsissssssssssssssssssmisssssssssssessssssssssesssass 25

Bacterial strains, vectors and media.....c.ooiiiiiniiisicsincninniens revsersrieernesndd

DNA techniques........coueunes PSS biuasiaissaasirshserisnisasraiy brsssismmiansrsiiadsis 25
DNA preparation....issssmisimsis visbssusnsasssessrsssses 25

Aeromonas chromosomal DNA ............ bensurasrisnsrsssisasininianias 25
Plasmid DNA preparation ..., povsisesornane sibearatinsnasase 28
M13 DNA preparation ... sisaseisuinis vesnsnrasnicrenee 29
Oligonucleotide preparation ..., 30
Molecular clomng ................................................................................ 30
Preparation of E. coli competent cells..........couuuusunne. erssrenrens30
DNA restriction digestion.........cccvsrinens Cribrsserisensessnnsssreierans 31
DNA ligation ... U T YD C N 31
Electroporation........ TR 32
M13 cloning......c.ivissurenens e SR UPO T 32
Southern analysis ... eavasnssenssaressnses witaergninnarins .33
Non-radioactive labeled DNA .........ccommssssissrsnss w33
DNA fragments radiolabeled by nick translatlon....‘ ........ 34
End-labeled oligonucleotides ....mimemmensnniirmnissisensssassanss 34
Polymerase chain reaction (PCR} ... .35
DNA SEQUENCING .siuusiurmsmsismssninmmsnmsimisssissssssisissssssssisssississ 39

Manual sequencing.......uiininvsmiinisecsnes bsissasinissasnisigsrass 36

vi




Automated SEQUENCING...iiesriiiimmimmiisisiisesimaeiine 30
Site-dir‘acted‘ mutagenesis '9l.lll.l."'tlllllil...il.l‘.l.'l.“.}l'..‘lll'l"ll!l"l"q‘.'l.s‘?

Computer anﬂl Sis unnun-noqnnonnnnunun’uuuﬂ0-0.’nologuuuuounnnunnonsg ‘

RNA preparation and detection......iiinsnmmnin:38
RNA preparatioR.....cmiismsiisiimmssmsiinain 38
Northern hybridization.. ..o e w39
RINA stability aSSay ... veucssissssivnnmnsisersssisens 39
Primer extension exXperiments. ... eaniinsmsirsasmemsiesiensedd

Detection and purification of proteins......niinimiesisaen 40
Sodium drdecy! sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Cooimassie Blue staining.......40
Immnunogold electron microscopy assay ..l
Cell fractionation vl

Culture supernatani......msmnaeanndl

- Periplasml.imiisiiisiiiieinsssssasn 44

- Cytoplasml. i 42
Inner membrane and outer membrane........cvrarerennnn 43
Western blot.......ovnmmininnimsnaiinomsnad3
Silver stain for proteins.......ciiiniismnc o 44
Protein preparation for N-terminal sequencing.........coviiriennnn 44
T7 polymerase in vivo transcription....iiniiiinn 45
In vitro gene expressioNu.....sisiimmemnianiinn 40
Purification of the AbcA-LacZ fusion protein..........suiiend?
f-galactosidase aSSAY ...nivmniniissssnon 48
Nucleotide affinity chromatography ... 48

LFS detectionu i d9
Silver stain for LPS....cuummimiimminnissssnsnd9

' 'S 51
RESUL’.[ NP AT AV PRI PR b PN 000000 st In AN a ReRtanads dnedtitsdsnictissstrbrodrisbasssincdopuntnive i

L. Structure of vapA gene and its product, A-protein........coiviniiiniinnin.51
Subcloning and sequencing of the A. salmonicida A449 A-
protein gene (VAPA) ... 1
Subcloning cf the vapA gene from A, salmonicida A450...............54
DNA sequencing of the A450 vapA gene.......cuirininnisinnisenninidd
Conservation of the VapA gene ... 62
A-protein Structure . ...uiinnissinannssisenn 63
Cellular localization of A-protein in E. coli....cuserisiisisnisierinni67
A-proteir. conformation in periplasm.....c.vininiininiin67

II. Characterization of the vapA gene promoter area...........uvsssinnisienn73
Subcloning and sequencing of the flanking region in front
of the VAPA geNe.....iiininismiiinsssnn 7
Primer extension analysiS......uiiiionmmaiiisnd? 7
VAPA tTANSCHPL S1Z€ it 79
Growth phase dependence of vapA transcriptioni.......wiunnn 79
Effects of growth temperature or vapA transcription ... 82
vapA transcript stability..iiviiiianiniiinn 82
Variation of vapA transcript levels in other growth
CONAIIONS vivrinissinsisnnsnsiviissmsmssissesssissisissesssisissisiis 8D
“Iffects of nalidixic acid and rovobiocin on vapA - ,
trANSCIIPHON i sisisssisnsssnsssssssscsssssssssnsiessn 80




IiI, The vapA gene in sorne A, salmonicida 300C mutants is

interrupted by insertion elements .....c.oeesssirssisirenss A R 89
DNA rearrangements in 300C mutants..........cvvueee. rsrseansanenesegosies 89
Identification ¢f two insertions in the v1pA area in A,
salmonicida 300C mutants.......imeeeieniiinns rosserbronsass Searaissocnnts w93
Cloning and sequencing of ISA2 ....ccirissessecssinns s presssssansrsenesssdD
Effect or insertion elements in the vapA premoter region
on A-protein productionu.....cmisiniisiemssmos. 102
IV. Characterization of a gene downstream from VAPA.oriireiriseiresssiinns 103
A-protein expression in E. coli affected by a downstream
Aeromonas DNA SEQUENCE. uusussssnassistsssssssssssssssssssssnass Sisariinniossissonias 103
vapA expression in E. coli can be complemented by the
© downstream SeqUENTE. mmmssesssesssissmssssnsssssmenssssisssisssarnsssssns 103
 DNA sequence analysis of the downstream reg1on.......,,u..... ....... 105
Predicted AbcA protein structure ..., wernnns 113
Identification. and localization of AbcA protem ..... Pisinsssnsee p——y -
Analysis of aDCA eXPIeSSION....mmsmiimiinsmisssistisi. ..118
Purnf\catlon of the AbcA-B-galactosidase fusion protein L
and identification of ATP binding activity........c.ovrniviiininainnan 122
abcA ~ene complements LPS O-chain expression in TM4......... 124
& 1le-d1rected mutagene51s in the P-loop of AbcA .......................... 126
DISCUSSION .uivuiviucmsmsmsmsivssslissnssssasssssssssssssssssissssssassinsasssssnssssns crsnssisstainsaearisassishesiossses 129
I. Structure of vapA and analysis of its promoters .......................... voinnenere129
II. Aeromonas insertion elements........ccivuveeuinnne T S 140/
III. The abcA eNe...vciivisiivsissnsisssssssessns serimsnesssssesssssisssassisinssissrnsnninnis 143
IV. Summary ... sbieiniineies Sosses et a i e e spanadbinenis 149
REFERENCES ..o essaiabnesissinsiiesinitsioiisstnbareies 151
APPENDIXES.......ccou. \gesastsspssssasepinetnsasntsinisiassornistinsassr srarsbni iSRS s asa b bs b s bR 000 172
1. Entire DINA sequencn determmed in this study..oenncssnisennieeriionenns 172

IL. List of oligonucleotides used in this study .......couunnvciinisirinnnne, w175

o

viii




Table 1.
Table 2.
Table 3.

Table 4.
Table 5.
Table 6.
Table 7.
Table 8.
Table 9.
Table 10.
Table 11.
Table 12.

LIST OF TABLES

Aeromonas strains used in this study......ccouimne Sobtossrss s iaatteseFiso s 26
Vectors used in chis study.....ciimmmmimm, peinsnsneanssonns 27
Codon usage for the A. salnionicida A450 vapA gene, and A,

hiydrophila genes coding for expotted proteins ... ressssssseassiens w 60
vapA transcript level affected by pH.......... vorserenes wessrsnsssaes e 80
vapA transcript level affected by Ca*+ addition and depletion........ 86
vapA transcript level affected by Fet++ depletion.............uuuew vesinions . 87
vapA transcript level affected by Mg++ addition............. verssinsessisense 87
vapA transcript level affected by OXygen......unnimiiin, bsererines 87
vapA. transcript level affected by nalidixic acid...uiiimii , 88
vapA transcript lovel affected by novobiocin....... poesessstis erasissins . 88

Results of DNA hybridization of A. salmonicida 30°C mutants..... 96
Codon usage for the A. saimonicida A450 abcA gene and vapA gene
.............. DO BN i N0 00NN s sttt eto o s bl iRttt Il N tidaunadraseoraitnteseasinietisinsorarttasires :‘-11




Figure 1.

Figure 2.

Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.
Figure 10.

Figure 11.

Figure 12.

LIST OF FIGURES
Schematic illustrations of the bacterial envelcipes containing S-
layers...venien coasnsnseres sessrseransavesnens porgorerasnis sty 2
Electron micrographs of‘Aeromonas AAyer i v 14
Physical map of the cloned A. salrionicida chromosomal DNAs
containing the 7apA gene .. oo Pmsssestsstssssratesssrsessisssinsiti DO
Western blot of A-protein subclones in pTZ18R ......ccccviinsvieisinnes . 56
Nucleotide sequence of the vapA gene and flanking DNA from A,
salmonicida strains A449 and A450, and the transiated aming acid
SeqUence ... srobieariesssnetbrronstasyians Serseribesessntren s ssn b usn s asbne sassrsnsassesene ~ 58

Southern blot analysis of BamHI digested chromosomal DNAs

from A, salmonicida strains probed with pSC650 ......ccvummsinsenrnisssinnes 64
Kyte-Doolittle hydrophilicity plot of the A-protein ......... sossasnonisnsns 64

SDS-PAGE analysis of A. salmonicida A450 A-protein stiucture by
TPCK-trypsin cleavage and CNBr hydrolysis ..., 66
Schematic maps of A, salmonicida A450 A-protein secondary
structure, CNBr hydrolysis fragments and TPCK-trypsin

fragments ..o Festissisbies st it binssiby CieRsnbeit spbebrissiisnisebbvhsbessstbsnains 68
Western immunoblot analysis of 7.5% SDS-PAGE showing the
cellular localization of A-protein coded By pSC150 in E. coli

DHb5a ............... vassssssiain basesescsinnnnesiisnsitnnis wsssssssimmsssisisssssanitisssseisesnines 09
Western blot anaiysis of 12% SDS-PAGE of TPCK-trypsin partially
digested periplasmic A-protein from A. salmonicida and E, coli
SELFAINS wvivvievniaserions st sesssasns st scoassans brsseesaiis SO RRNTIN e 71
DNA sequence of the 5' region of the vapA gene of A450, the
immediate upstream flanking DNA, and the predicted




Figure 13.
Figure 14,

Figure 15.
Figure 16.

Figure 17,
Figure 18.

Figure 19,

Figure 20.

Figure 21.

Figure 22.

Figure 23.

Figure 24.

Figure 25.

Figure 26.

a'ni.'lf.-‘ aCid Sequeflce L R e R Ry e R N R R R R AR P IR XL ] 74

Primer extension of the vapA gene in A449 and A450 ... 78

Northern hybridization of wild type and mutant Aeromornas

strains probed with TJ41 ......ccrenmiirinnirinsinnes RO RIPNI .
vapA transcript dynamics during cell growth at 159C ... o 81
vapA transcript level at various temperatures measured by
Northern hybridization ..., RPN EP PO PPN . 1.
vapA transcripl stability aSSaY ..o 84
Electron micrographs of immunogold labeling of A459 and

A450-3 €IS woivvrinins s 90
Southern hybridization of A450 and A450-3 chromosomal

DNAs probed with oligonucleotide TJ44 .......cccvmarvsisrnirmriniens 91
Comparison of physical maps of A450 and A450-3 chromosomes

/estern biot of whole cell lysate of A, salmonicida 30°C mutants

With rabbit anti"A"prOtEin antiserum L R R TNy R Y AR R Y] 94

~A0 Sal'noniCida ISAZ Sequence R N Ry N Y RN Ry R Y R Ry Yy RN AN Y YWY 97

Amino acid sequence alignment of the predicted ISA2 encoded

protein and other proteins coded by prokaryotic insertion

EIQmentS L Ty Ry Ry X N AR I R R XYY ] 100

Restriction maps of inserts in eéch subclone used for abcA
subcloning and compleménta.tioﬁl ......... vissseseensssassssssensersassnnses 404
Western blot detection of A-protein and densitometric analysis

of the blot showing the complementation in E, coli by abcAu....... 106
A-protein production from E. coli strains with and without abcA

gene detected by in vitro transcription-translation ..., 107




Figure 27,

Figure 28.

Figure 29.
Figure 30,
Figure 31.

Figure 32.

Figure 33.

Figure 34.
Figure 30

Figure 36.

Nucleotide sequence of the abcA vg‘ene and flanking DNA from A.
salmonicida strain A450, and translated aminp acid sequence ....... 108
Schematici mép of deduced sequence of AbcA ........... seiiseseseninsinie 114
a-helix‘ structure of the leucine zipper region between L2711 to

L239 viewing from.’one end of the heliX ...cvivivevnniiniinecineccrnneninninn 116
Alignment of the AbcA protein of A. salmonicida with other
ABC-transporter proteins .... ..... | ssiitieesnsnsssnesestesensserssssssgeens 117
In vivo plasmid express‘ionh'abnd localization of AbcA pfoféiﬁ

from pSC161 ﬁs‘i‘ng the T7 polymerase expression system ............. 119
Expressiorn, localization and purification of AbcA-p-galactosidase
fusion protein as shown by SD5-PAGE and Western blot analysis
using monoclonal antibody apaiﬂét E coli ﬁ-galactbsidase ............. 121
Nucleoticfe binding ability of the purified AbcA-8-galactosidase
fusion protein .......... ..................... esssrsasnanssnnstssennrisaiens 123
Silver stained SDS-PAGE gel of LPS samples ......ouminirisnissinins 125
Sequences ind.icating mutation sites in the abcA gene P-loop
constructed by site-directed mutagenesis ..........cocoruerieeene AR 127
Phylogenetic tree of putative transposases from ISA2 and other

related bacterial insertion elements by GeneWorks ....... seressirarnsares 144

xii




A600
ATP

cAMP
cfu
CRP
DEPC
DTT
EDTA
EGTA

Kd,
LB
L’-aigar
LPS

mg‘
ng
min
rl
ul
mM

LIST OF ABREVIATIONS
Absorbance at 600 nm
AdenOSi':.{.;{ triphosphate
Base pair -
Cyclic adenogibnophosphate
Colony forming unit
cAMP receptor protein
Diet:hy‘lpyrocarbonate
Dithiothreitol
Ethylenediaminetetraacetic a.cid
Ethylene glycol-bis(g-aminoethyl ether)N,N,N',N'-tetraacetic
acid -
Hour
Kilobase
Kilodalton ’
Luria-Bertani Lroth )
Luria-Bertani agar
Lipopolysaccharide
Molar
milligram |
microgram |
Minute
milliliter
microliter
millimolar

Molecular weight

Xiii




PSI

1bs

sec

SD

SDS
SDS-PAGE
SPK buffer

TE buffer
Tris

X-gal

nanogram |
Open reading fraiﬁe
Phosphate buffered saline
polyethylene glycol
picogram

Isoelectric point

picomolar

Pounds per square inch

ribosome 1bii§1ding sequence

Second |

Shine Daigarno riboéomal binding sequence

Socdium dédecyl sulfate |

Sodium dodecy! sulfate-polyacrylamicle gel electrophoresis
The 10 X SPK buffer contains 20 mM Tris Cl (pH 8.0), 50 mM
MgClz, 5 mM DTT, 1 mM EDTA, 500 mM KCl, and 50% glycerol.
10 n:nM of Tris and 1 mM of EDTA, pH 8.

Tris (hydroxymethyl) aminomethane
5-Bromo-4-chloro-3-indolyl-B-D-galactopyranoside

xXiv




ACKNOWLEDGEMENTS

inspiration, guidance and encouragement. I thank all the members in Dr.

Trust's lab, past and present, for their valuable help and support in my

experiments. I also thank my family for their suppert and understanding

during my program,
This study was supported by University of Victoria Fellowship and

research grants to Dr. T. J. Trust.

XV




INTROCUCTION

Bacterial S-i2yers

S- layers,' or paracrystalline surface protein arrays, are regular two-
dimensional assemblies of protein or glycoprotem monomers that constitute
the outer layer of iae cell envelope of a wide vauety of bacteria (143, 191) (Fig.
1). The subunite in these S-layer lattices are held together and onto the
underlying surface by ron-covalent forces (142). S-layers were relatively
unknown three decadey agn. The first S-layer to be descnbed was by Houwink
in a study of a Spirillum species by electron mlcroscopy in 1953 (94). Today, S-
layers have been identified on hundreds of bac¢teria and archaea (143, 192, 193)
and studies on S-layers have cxiaanded from simple morphological analysis to
considerations of 'th[\air biochemistry, immunochemistry, molecular biology
and their role in pathogenesis. |

For comparative and classification purposes, S-layers have been
classified according to their space gfoups, unit cell size, and the position of
their protomers and pores relative to "the symmetry elementé (186). ‘In theo.ry,
six distinét’ arrangements can be found for a P6 crystal, three fo;r,a‘[ P4, and one
only for P3, P2 and P1 crystals. So far; P6, P4 and P2 symmetry lattices have
been identified. Although P1 and P3 lattices are theoreticaily possible, they

are relatively rare if they exist at all,

Biological functions of S-layers | ‘
Although a wide range of S~1§yers have been identified
morphologically, further detailed studies on the biological functions of S-

layers are still at an early stage. Up to now, bacterial S-layers have been
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Fig. 1. Schematic illustrations of the bacterial envelopes
containing S-layers. (a) Archaea. (b) Gram positive bacteria and
some archaea possess a pseudomurein layer. (c) Gram negative
bacteria. CM: cytoplasmic membrane; CW: rigid cell wall layer
made up of peptidoglycan; OM: outer membrane; PG:
peptidoglycan layer; S: the surface layer. SA: additional S-layers.
From Sleytr and Messner (192). |




shown to function in maintaining cell shape, blocking entrance of large size
molecules, preventing binding of certain harmful molecules to the cell
membranes, binding bacterial phages, and mediating cell adhesion, In some

cases S-layers determine and maintain cell shape or contribute to envelope

rigidity (192). This was best illustrated in Halobacterium strains where

glycosylated S-layers are the exclusive cell wall component (141). Upon
blocking; the glycosylation by exposing grawing cells to bacitracin, the cell
shape changed from rods to spheres (232).

The physical characteristics of the protein meshwork determines the
permeability of a particular ’§-layef. Ultrastrﬁctural studies have suggested
the existence of channels of 2 to 6 nm diameter (143). This pore size would
not s;igﬁificantly affect the permeation of smaller nutrients and degradation

products, but could block lytic enzymes and bacteriophage particles from the

environment which could be harmful to the cells (191, 192). As a protective

coat, for example, the Campylobacter fetus S-layer prevents C3b binding to the
bacterial cells (27) and renders the célls serum and pixagocytosis resistant (26).
S-layers have also been shown to pﬁrdtect cells from baéteriophages (105) and
from predation by Bdellovibrio bacteriovorus (120), and also function as
bacteriophage receptors (50, 95). From available data, it also appears that S-
layers can provide organisms with advéntages in cell adhesion and surface
recognition (192). S-layers mediating cell adhesion have been demonstrated
among bacterial cells (auto-agglutination) and between bacterial cells and
epidermal surfaces (55). |

The bacterial S-layer is also a promising tool for a variety of
biotechnological applications, For example, with well defined mclecular

weight cut-off values (10,000-15,000 (143)), S-léyers can be used as

ultrafiltration membranes. In contrast to the amorphous structure and a




pore-size distribution of regular ultrafiltration membranes, S-layers provide a
crystalline structure and uniform pore sizes. In addition, functional groups
on the s‘urface of the S-layers such as carboxyl, amino and hydroxyl groups can
be modified to suit various applications. These structural features could be
also uSef1L11 for the immobilization of macromclecules, a process which
traditionally e,mploys amorphous polymeis with a random structure and
binding sites. In addition to these potential industrial applications, S-layers
also have poiéntial in biomedical research. Because of their abundant
production and their outside location, S-layers could become ideal carriers for
other proteins. Indeed as early aéf?1~989, Yamagata, Udgkaj and their group
reportea that the human epidermal grthh factollt (hEGF) gene could be fused
to B. brevis 47 "middle wall" S-layer protein gene and successfully expressed in
B. brevis 47 (235). The protein was produced efficiently in a large amount (0.24
g/liter of culture), and the mature hEGF protein was correcily cleaved from

the bacterial middle wall protein leader sequence and secreted.

S-layer proteins

S-layers are usually ;coxhposed of a single protein species'and are among
the ;host abundant of all prokaryotic cellul%\r proteins. Thus far, a number of
bacterial S-layer proteins have been puriﬁeél and biochemically characterized.
The molecular weights of these proteins ate in the range of 40 to 220 Kd (194).
Some of the S-layer proteins are glycosylaAted, with a remarkable structural
diversity of the carbohydrate chains even among strains of the same apecies
(142). S-layers composed of twd protein subunits, although rare, havﬁé ‘been
reported (86). S-layer proteins share a number of common features, For
exampie, they contain 40 - 50% of hydrophobic am‘ind acids, more acidic

amino acid residues rather than basic residues (193), and a very low content of




Cys and Met residues. In terms of amino acid sequence, similar primary
s¢équences can be seen among strains within the same genus such as
Methanothermus (M. fervidus and M. sociabilis) (30), Caulobacter strains (shown
by Southern hybridization) (195), Rickettsia (R, prowazekii and R. typhi) (33), and
Baci[lus brevis {B. brevis HPD31 hexagonal array protein HWP and B. brevis 47
middle wall ;protein MWP) (48). However, S-layer proteins from unrelated
bacteria uéually do not display sequence homology, excépt for a few exampley
such as the homology seen between the N-terminal regions oi the

Acetogenium kivui Sllaysal“ protein and B. brevis 47 middle wall pistein (165).

S-layer protein genes

In contrast to their fé‘la‘tively’ simplicity with which S-layer proteins can
be isolated, cloning afhd expression of S-layer protein genes has often proven
to be difficult, In éome cases, S-layer genes have had to 'he clonéd on
overlapping fragments (165). Partly due o these difficulties, and also due tn
the late start of genetic research on S-layers, studies of S-lay';e}:' structural genes
are still at a quite preliminary stage. Udaka anci their cowbrkers cloned the
first S-layer profein gene from Bacillus brevis 47 i:n_1984 (217), Hdwe_ver they
were not able to clone the promoter region into E. coli, and were subsequently
forced to use Bacillus subtilis as the host cell (234). Since this first cloning of an
S-protein gene, a number of S-protein genes have beei cloned and sequenced.
So far, the S-layer protein genes being sequenced include Baéillu“s brevis 47 (48,
21, 216), Rickettsia ricketisii (76), Bacillus sphaericus (29), Acetogenium kivui (166)
Bacillus brevis HPD31 (48)', Halobacterium halobium (128), Haloferax volcanii (201),
Methanothermus fervidus and Methanotfzermus wciab_z’l_zfs (30), Deinceoccus
radiodurans (164, 166), Campylobacter fetus (25), Rickettsia prowazekii (33), Thermus

thermophilus (56), Lactobacillus brevis (222) and Caulobacter crescentus (75). From




these studies it appears that S-layer proteins are usually encoded by single
copy genes (195) and transcribed as monocistronic units (59, 222). In the case
of C. fetus, where S-layer protein antigenic variability is displayed, there
appear to be several copies of the gene, only one of whi.h is expressed at a
time (M. Blaser, personal communication). B. brevis is another exception.
This organism has a polycistronic operon (cwp operon) since two different S-
layer protein genes coding for outer and middle, w‘all‘proteins (OW’I;""‘an;l
MWP) are expressed in this species} (236). Although VOWP and MWP are
cotranscribed from the same operon, transcriptional terminator-like
seqﬁences were found following each of thése; genes (216). The monocistronic
natt;re of other S-layer genes is also supported by the fact thaf transcriptional
terminator-like se:quérices have been found immediately following the genes
(25, 29, 48, 75, 128, 166, 222). For example, T. thermophilus HB8 5-layer gene has
an 11l-base-long inverted repeat with a predicted free energy value of -24.2
kCai/ mol followed by a T-rich stretch 15 nucleotides downstream from the
translational stop ccdon (56). |

Irn most of the S-layer genes, a region coding for a protein‘leg‘l.der
sequence has been identified at the 5' end. - In the case of B, brevis 47 middle
wall protein gene, two tandemly located translation initiation sites were

found (3). Translation initiation from these two sites resulted in two

different leader sequences with the length of 54 residues and 23 residues

respectively, However, the sequence of the mature protzin remained the

same since the precursors were cleaved at the same site. In the longer

precursor, the initiation codon TTG was found to be efficientiy used to code

for a Met residue. The tandem translation initiation sites were also found in
‘ .

other B. brevis strains (48). Several S-layer proteins do not have a cleaved

leader sequence. Examples include Campylabacter fetus strain 84-32 (23D) (25),
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Caulobacter crescentus (59, 75), and Riékettsia prowazekii {33). In the latter case,
the C-terminal region of the protein was proposed to have a potential

iransmembrane sequence which was cleaved after translocation.

S-layef' protein gerie promoters

As S-lfa.yer-» proteins are abundantly produced, S-layer protein géne‘
promoters are generally considered to be efficient promoters. However, only
a few S-layer protein gene promoters have been identified. In many cases,
only a single pr,on'}gter appears to be ipfresent (56, 59, 218). In other cases, S-
layer protein genes have been shown to have more than one promoter (2,
222)‘.; In the case of B. Lrevis 47 which contains two S-layer protein genes
coding for OWP aﬁd MWP, Adachi, Udaka and their coworkers found several

tandemly arranged promoters in the 5' region of the cotranscriptional unit in

the cwp operon (2). Two of the most active of these promoters, P2 and P3,

displayed different transcriptional activities at different stages of cell growth,
This promoter containing sequence alsc contains a 12-nucleotide palindromic
sequence downstream from an infrequently used promoter P1 (234). This
complex séruéture in the promoter region was found to be highly conserved
among HWP (S-layer protein) genes from B, brevis strains HPD31, HPD52 and
HPOZ}B, vsuggesting that the synthesis of the S-layer proteins is intricately
re‘gu‘iated (48). In the case of Lactobacillus brevis, two promoters direct
.transcription of the S-layer protein gene (222). These two promoters function
with roughly equal efficiency in exponential growth phase. In the case of C.
crescentus which undergoes cell diffeientiation, S-layer gene transcription

~ appeated not to be subject to developmental regulation (59). In the case of

cloned S-layer protein gene promoters, the T. thermophilus HB8 é-layer gene-

promoter was recognized by E. coli RNA polymerase (56), while the C.
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crescenti:s promoter Was not recognized in E. coli although the sequence of the
promoter was -reasona‘i’ély similar to the E, coli 070 promoter consensus
sequence (59). Fisher et al. proposed that transcription of the adjacent region
or auxiliary transcriptional factors may have some effects on the transcription

of the Caulobacter S-layer gene (59).
Aeromonas sulmonicida

The genus Aeromonas

~ Aeromonads are Gram negative rod shaped bacteria thdt are native to
aquatic and}soil environments world wide (32). Many of them also cause
diseases amc;ng both warin- and cold-blooded asniimals (106, 20;9).f The genus
Aeromonas was classified in the family Vibr‘i'oﬁaceae in the latést Bergey's
Manual 7(172)’, however a new famiiy Aeromonadacecz has also been proposed‘
(39). Using DNA-DNA reassociation kinetics and multilocus enz’yme
electrophoresis analysis, Janda et al. have identified at least 12 genospecies or |
HG2 - unnamed, HG3 - Aeromonas salmonicidz, HG4 - Aeromonas caviae, HG5 -
Aeromonas media, HG6 - Aeromonas eucrenophila, HG7 - Aeromonas sobria, HGS -
Aeromonas veronii biotype sobria, HG9 - Aeromonas jandaei, HG16 - Aeromonas

veronii, HG11 - unnamed, and HG12 - Aeromonas schubertii (107).
With the exception of HG3 - A. salmonicida, the aeromonads are
mesophilic and motile. A number of the motile aeromonads are associated
-with human infections such as septicemia, meningitis, osteomy_@litis,
gastroenteritis, and wound infections among pediatric and adult populations,
both immunocompromised and ctherwise healthy individuals (61, 224). The
five implicated in human diseases are: A, hydropkila, A. veronii biotype sobria,

A, caviae, A. veronii and A. schubertii (34). A. hydrophila causes fish diseases as




well (149). The psychrophilic non-motile group HG3 - A, salmonicfda has also
been shown to cause fish discases (105, 209). A common feature shared by
disease iéolates in both mesophilic and psychrophilic groups is the presence of
an S-layer (108, 111, 116, 219). In the case of A. salmonicida the S-layer has been

demonstrated to be an important virulence factor (105).

| The species
The first definitive isolation of Aeromonas salrionicida was from brown
- trout in Germémy by Emmerich and Weibel in 1894 (51). Init‘ialiy, it was
thought to be the causative agef\t' for fish furunculosis in hatcheries pnIy. ‘But
studies by Plehn showed that the disease was widely prevalen’tj in Bavarian -
trout strains (171). At the same time, a number. of investigations showed‘thatr
the idisease was widely spread out in many Eur(;pean countries (63, 144, 170).
Thé’ first déé’“c‘rip‘tion of its occurrence in the Americas was by .Marsh in
Michigan hatcheries in 1902 (134). It was later found m wild salmonids in
B.C. (47) and aI;o 6thér regions in Amerigas. Now, the occurrence of A,
salmonicida has been reported virtually all over the world, including Australia
and Asia. |
When A. salmonicida was first isolated, it was called Bacterium
salr?zonicida (61). In 1953, Griffin et al (82) proposed that the Specié‘s B.
salmonicida be inclnded in the Genus Aeromonas as Aeromonas salmonipida.
Since then, although ar}guments have persisted on the classification of the
speéies, the organism has remained in Genus Aeromonas. Bergey's Manual
describes three subspecies of A. salmonicida (172). Subspecies salmonicida
produces a brown pi'gment on media containing 0.1% tyrosine or
phe{ny;lalanine, does not produce indole, and does. -hyd’f‘ol-}’fié’v esculin and

ferment mannitol. Subspecies achromogenes does not produce the brown




pigment, may produce indole, and does not hydrolyze esculin and fexment
mannitol. Subspeciés masoucida does not produce the brown pigment, does
produce indole, hydroly7e esculin, and férment manmtol (172). For working
purposes, the subspec1es sulmomczda and czchmmogenes are termed "typical” A,
salmunicida strains and cause furunculosis in salmonids. However, there
have been a number of other reports concerning "atypical” A, salmonicidn
strains causing diseases in other fishes such as goldfish, minnows, carp, as
well as salmonids. This group of straing &sually exhilits fastidious
nutntlonal requirements, slow gwwth and distinctive biochemical properties
(103). The diseases are often c:hrop,;‘c and inflammatory, and can involve
surface ulceration and erythrodermatitis (28, 89, 160, 190, 197). In the late 70's,
McCarthy undertook a comprehensive analysis in which 26 "atypical" strains
were compared to 145 other bacteria, primarily "typical’ strains of A,
salmonicida and various representatives of the motile Aeromonads (148).
From his phenr :}, pic and genotypic analysis, he proposed that the species A,
salmonicida include three subspecies. The first subspecies comprised the
"tg-picalg"ustrains of A, s‘almonfci;%la isolated from salinonid fish spe.ies. The
second subspecies was also ‘re‘étricted to isolates from salmonid fish and
retained the name achromogenes by historical precedent. The third subspecies
proposad was subspecies nova, which was retained for A, salmonicida isolates
from non-salmonid sources. A DNA-DNA hybridization study by Belland
and Trust (22) confirmed McCarthy's proposal.

Pathogenesis :
A salmonicida produces fish diseases in freshwater, estuarine, and
marine environments (209). The dzseases czused by this organism in the sea

are often related to the #stablishrsi.nt of an asymptomatic carrier state during
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the fishes' early growth in fresh water. The latent infe‘ctibn‘ may not be
detectable by culture methods, so corticosteroid injections"and heat stress are
commonly employed to promote acute infection (31). Studies using this
technique have shown that Jatent infection with A. salmonicida can be
common in salmonids. Furthermore, strains iéolated ffom carrier'fish show
nd reduced virulence. The Organjlsm_ appears to be v:arried‘ in the kidney and
later becomes active when fish go to sea cr are stressed in some fashion (209).
Although the latent state of the disease is not clearly understcod, McIntosh
and Austin suggested that L-forms may play a role (139). After Atlantic

salmon were injected with a suspension of A. salmonicida L-forms, no clinical

signs of disease were observed, and parental type or L-form cclonies were not -

recovered. However, microscopic examirtafioﬁ revealed possible L-lform cells
remaining within the fish tissues, particulafly in the kidney (139).

- There have been a number of virulence factors reporéed for A.
salmonicida. Among them, the best described is the surface protein array of A.
salmonicida known as A-layer, W(hiCh will be discussed in detail later in this
dissertation. Ot’herf virulence facfors, include proteases, glycerophospholipid-
cholesterol acyltraﬁ‘sfe,r,a,se (GCAT), as well as leukocytolytic and hemolytic
activities. The proteinases and hemolysins identified include a 70 Kd serine
’p‘roteinase, a 56 Kd hemolysin (66), a 25.9 Kd H-lysin (broad-spectrum
hemolysis) (206), a T-lysin (lysis of trout erythrocytes) (205), and a 200 Kd
salmolysin (lysis of salmonid erythrocytes) (154)

When injec'te'd intramuscularly, the 70 Kd serine proteinase produced a
lesion h’istolog;ically sj’milaf to natural infections (65). The gene (aspA) has
been cloned and Se’(aﬁénCed. The predicted amino acid sequence indicated that
the protein is of 64,173 Dalton, and has a 24-amino acid residue signal peptide

and the NGTS consensus sequence of serine proteinases (231). Further
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evidence for a role for prqteése‘ as'a virulence factor in the pathogenesis of
fish furunculosis has been provided by Sakai (181). Sakai found that althohgh
the profeaée—deficient mutant NTG-1, which was induced with N-methyl-N'-
nitro-NlnfErosoguanidine, remaine autoagglutinati\‘re,' hemagglutinative,
serum resistant, adhesiye',‘ hemolysin positive, and leukocytolysin positive,
its LD50 in sockeye salrrion! and rainbow trout was incfeased to more than 108
as opposed to 104105 of its viruient parent strain A-7301. ?NTGV-I strains were
also eliminated from rainbow trout‘in a short time. In other studies,,j Lee and
Ellis Lreported that purified A. salmonicida extracellular protease was lethal to
Atlantic salmon (Salmo‘salar L) when intraperitoneally injecteld (129). The
LDsp was 2,400 ng/ g fish. |

In the case of hemolytic activities, Titball and Munn p-zirified the H-

lysin and showed that it had horse erythrocyte lysis activity and GCAT

activity. It also exhibited cytotoxicity with rainbow trout gonad cells and

rainbow trout leukocytes. However, when the H-lysin was injected

intra‘venously into rainbow trout, no pathological effect was observed (206).

Fyfe et al. showed that the 56 Kd hemolysin had hemolytic activity with trout
erythrocytes, although {hey did not test for lysis of horse erythrocytes (66). In
othe;‘ studies, Nomura et al. purified the heat labile salmolysin from the
cultuire; supernatant and showed that it was a glycoprotein which lacked
protease activity, but was lethal to rainbow trout when injected
intramuscularly (154).

A GCAT/LPS complex was isolated and purified from A. salrmonicida
extracellular products (130). This complex was lethal for Atlantic salmon
(Salmo salar L.) by injection of 0.045 mg per g of body weight. The virulence
mechanisms of this 2,000 Kd complex may include its hemolytic,

leukocytolytic and other cytotoxic activities. The LPS was found to play an
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active role in the complex, The specific hemolytic activity and lethal toxicity

of the! ¢0mplex was about eight times higher than free GCAT. Also, the
complex was ifore resistant to proteolytic and heat inactivation than free
GCAT (130). Lee and Ellis also foi_md an additive relationship between
purified protease aad the hemolysin complex when injected in Atlantic
salmon by the intraperituneal route (129). '

THornton et al reported two attenuated mutants that possessed A-layer
and were avirulent to salmonid fish (274). These mutants were deficient in
aerobic metabolism. In addition, although the cell surface composition of
these mutants were very similar to wild type strains, their A-layer
architecture was drastically altered. Electromicroscopic examination indicated
that the ,A;layer in these strains might be multilayered or aggregated rather

-than a monomolecular layer. This may indicate that the native organization

of the iA-layer is essential for virulence.

A-layer
A. salmonicida has the capacity to produce a paracrystalline surface-
protein array (Fig. 2) (111, 219), known as the A-layer, which appears to be
essential to virulence (105). Its Jocation external to the outer membrane was
demonstrated by thin section electromicroscopy (105, 210) and cell surface

labeling using 251 DISA (diazotized (125]) iodosulfanilic acid) (111).

Morphology

The ultrastructure of the A-layer is best observed when the layer has
slotighed off the cell surface during preparation of samples for negative
staining and electron microscopy. Early studies showed that A-layer displayed
P4 éymmetry (105, 210). Two tetragonal patterns, type I and type II, were

subsequently observed by image enhancement techniques in
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Fig. 2. A: Negatively stained electron micrograph of A450 cell
and sloughed A-layer sheets (X 150,000). B: Negatively stained
electron micrograph of a sloughed A-layer sheet from A450

(X337,000) (Courtesy of R. Garduiio).
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two-dimeﬁsional (2-D) mass distribution projections of negatively stained A-
layer preparations (198). Dooley et al. later showed that the type I pattern was
the result of two layers in a back to back arrangement, while projection
through the single layer gave the type II pattern (44). Using computer-
simulated superimposition, Gardufio and Kay recently confirmed that the
type 1 patterns were indeed formed from superimposed A-layers during
preparation for negative staining (70). Three dimensional reconstruction of
the A-layér (44) showed a lattice constant of 12.5 nm, and a major tetragon
and a minor tetragon were observed at a resolution of 1.6 nm. The major
tetragon contains the four major domains of four subunits, and forms a large
depression towards the inside of the layer. The minor tetragon is located
toward the outside of the layer and has been proposed to provide connectivity
within the layer. This structure provides the surface of the layer with a
certain amount of three dimensional architecture. Normal organization of
the A-layer seems to require the presence of Cat+, since Cat+ limitation

resulted in a sequence of structural rearrangements in the A-layer (72).

Subunits

The A-protein has been identified as the protein subunit of the A-layer

and has been isolated, purified, and characterized biochemically (111, 169). It

is the major protein component in outer membrane fractions of A-layer
producing strains. The apparent molecular weight of A450 A-protein is 48,000
to 53,000 as determined by SDS-PAGE. Early studies showed that A-protein
had several isoelectric forms with pls of 4.8-5.3, however, later studies showed
that the native protein on the surface of mid-exponential phase cells had a
singl§ pl corresponding to the most basic value in the previously observed pl
range (1‘67).. ~ Amino acid composition studies showed that A-protein

congained 45% non polar residues (Val, Met, Ile, Leu, Ala, Phe, Trp, and Pro)
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and the N-terminal sequence was showh to ‘have very few charged residues.
Other studies showed that A-proteins from varjous A. salmonicida strains had
consefrved biochemical _propertiés such as molecular weight, amino acid
composition, N-terminal sequence, pl, chymotrypsin digestion sensitivity and

immunological reactivity (167).

A-lager formation and anchoring

]

In a transposon mutagenesis study using A. salmonicida A449, Belland

and Trust demonstrated that two Tn5 insertion mutants, TM1 and TM2,
accumulated the majority of their A-protein in the periplasm (20), suggesting
that A-protein was translocated through the periplasmic space, and that at
least one gene product was required fof A-protein export. Préli‘m‘inary studies
indicate that the Tn5 insertions in mutants TM1 and TM2 are in different

loci. The location of the Tn5 insertion in TM2 has been recently mapped

relative to the A-protein gene (155), and the DNA sequence of the region:

revealed an open reading frame coding for a putative protein with high
sequence similarity to another bacterial transport protein (Noonan, personal

communication).

Another Tn5 insertion mutant A. salmonicida A449-TM5 excreted A-

protein into the culture supernatant in quantities approaching 1 mg A-
protein per ml (20). When the LPS of this mutant was examined by silver
staining of SDS-PAGE, O-polysaccharide chains were shown to be absent.
Electron microscopy showed however that A-protein had assembled into
sheets. These findings suggest that the anchoring of A-layer to the cell
surface requires intact LPS O-chains. This hypothesis was supported by the
evidence that many O-polysaccharide chains penetrated the A-layer and were
expoééd on the cell surface (36) and that A-protein could be reattactied to the

A. salmonicida cell surface as long as the cell possessed LPS O-chains (167).
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Virulence , |
Among all of the bacterial S-iayers studied to date, the A, salmonicida A-

layer is the best described in terms of biological activities. Early studies by
Ishiguro and colleagues demonstrated the importance of the A-layer in the

vxrulence of A. salmonicida (105). Most cells in a culture grown at higher than

optxmum temperatures (>260C) would die, and the remaining cells were A

and av1rulent The LD5( for coho salmon by the intraperitoneal route was
increased from 8 X 103 cfu per 7 g fish for the wild type strain to 1 X 108 cfu per
7 g fish for the attenuated strains. In another experiment the virulence of the
single-site Tn5 insertion periplasmic accumulating mutant TM4, i.e., an
isogenic Aélayer mutant (20), was compared with its parent strain. While the
LDsg for the parent A449 strain was <103 per fish, the mutant was avirulent
(209). |

| The role of A-layer in virulence was further illustrated by following
the fate of injected A+ ‘aﬁd A- cells in fish tissues (209). Intramuscular
injection of 104 virulent A+ cells into fish was followed by a very early
bacteremié and extremely rapid accumulation of organisms in the spleen,
kidney, and liver. The viable A* cells in each oigan multiplied to very high
levels, the tissues became necrotic after 72 h, and all fish died 72-96 h post-
infection. Septicemia was first seen 24 h post-infection. Injection of an
identical dose of high-growth temperature derived A- cells was also followed
by an i‘nitial accumulation in the spleen, kidney, liver, and heart. By 48 h
post-mfectxon, however, the fish had cleared itself of viable A- cells, and all
fish survived. When fish were injected with as many as 106 A- cells, the cells
persisted in the organs in high numbers for several days, but were rapidly
cleared after 96 h; all fish survived. In neither experiment with A- cells were

bacteria recovered from the blood (209).
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The role of the A-layer in pathogenesis was also inves;tigated in serum
resistance experiments (150). With both non immune and immune fish and
rabbit serum, Munn and coworkers compared wild type A. salmonicida strains
with high texhpéra‘ture mutants and spontaneous mutants that lack A-layer
or bqth A-layer and LPS O-chains. ‘While A+ wild type strains showed
resisfance to all sera applied, A- strains, regardless of their LPS, demonstrated
significantly less resistance. This indicated that A-layer contributed protection

against the bactericidal activities of both immune and non immune sera.

Other biological functions

The A-layer has been demonstrated to bind to a wide | varietyl of
substrates including macrophagesn (211) and a nufnber of molechles including
Congo red (104);, porphyrins (1135; immunoglobulin (168), fibronectin and
laminin (41), and collagen type IV (212). | |

Interaction between Aeromonas cells and macrophages has been well
documented with a number of cell lines including resident peritoneal marine
macrophages, rainbow trout head kidney tissue macrophages (211),
mammalian cell line BHK-21, salmonid cell line RTG-2 (157, 158), peritoneal
elicited-exudate cells from rainbow trout and coho or masu salmon (180),
elicited or activated peritoneal macrophages from brook trout (156), rainbow
trout blood leukocytes (110), salmonid cell lines (182), ﬁurine macrophage
cell line P388D1 (71) and rainbow trout macrophages (69)& Recent studies by

Gardufio and Kay using murine macrophages and rainbow trout

macrophages showed that only A* bacterial cells were readily internalized in

phosphate-buffered saline in the absence of opsonins (69, 71). In addition, A-
layer coated latex beads were more efficiently phagocytosed than A-protein

coated beads, while uncoated beads were not taken up by macrophages,
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indicating that A-layer mediated the phagocytosis' of both A* cells and A-layer
coated beads. | L

- Although the A’-iayer appears to mediate phagocytosis, it is‘probably
not éytotoxic. Whﬂe At cells were shown to be more cytotoxic to
macrophagjes’ than A- c’éils, A-protein and A-lay;er‘ coated latex beads failed to
cause morphological changes ip macrophages when phagocytosed (71).

The A-protein subunit has been shown to bind Congo red (104). On
Congo red co?ntaining solid culture media, red-colored A-layer* colories can
be readily distinguished from white or light orange-colored A-layer- colonies.
Two classes of Binding have been observed. When high concentrations of
Congo red were used, a‘nonspec}ific hydrophobic interaction between Congo
red and A-protein was demonstrated at a dye-to-protein molar ratio of about 8
- 30, This nonspecific binding could be enhanced by higher salt
concentrations (104, 113). Specific binding was observed at low Congo red
concentrations and this binding was competitively inhibited by
protoporphyrin IX and hemin and vice versa (113). Based on this competitive
inhibition and the similar structures of Congo red and porphyrins, it was
hypothesized that a hydrophobic porphyrin binding domain exists in the A-
protein whick could act as a nucleation site for further binding at higher
Congo red concentrations. The porphyrin binding may represent an initial
stage in iron transport.

| A',+ cells of A. salmonicida also bind rabbit IgG and human IgM
specifically (168). In contrast to Staphylococcus aureus protein A, which binds
immunoglobulin Fc¢ fragments, binding of native A-layer to
immunoglobulins required structurally intact IgG. In addition, a special
molecular arrangement of A-protein monomers in a native A-layer was

required for the binding since purified A-protein bound IgG only weakly and
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reconstituted array on A-layer negative cell surfaces did not l;iﬁ"d IgG. The
immunoglobulin binding by A-layer was shown to be saturable, butfhefe i&as
no smgL. easily definable-binding site on the A-protein monqmers Indeed
one IgG molecule was estimated to bind four or five A-protem monomers;
leach:ng to the speculation that a four fuld symmetric pit in the A-layer
f,orm!ed». by four monomers may act as a specific trap for immunoglobulin
molecules. This immunoglobulin binding activity may serve as a
mechanism to shield the bacterium from host i‘mmune‘ defense[sm,(168).

While immunoglobulin binding required an intact supramolecular
array and could not be inhibited by A-protein, the binding of the extracelli:lar
matrix proteins laminin and fibronectin was significantly inhibited by A-
protein and its 37.6K N-terminal major trypsin-resistant domain. This
suggests that the binding sites for these matrix proteins are localized. in this
segment of A-protein (41). Since fibronectin is present in body :luids
including blood plasma, it was suggested that binding of this protein to the
surface of the bacterium via the A-layer could block the host's immune
response to the bacterium by sterically masking immunogenic epitopes. The
binding might also facilitate adhesion of the bacterium to host cells such as
macrophages. In addition, laminin is a major component on basement
m ‘mbranes, and the binding of this glycoprotein might facilitate binding of A.
salmonicida to basement membranes in ulcerated regions. Another basement
membrane protein, collagen type IV, has also been reported to bind to the A-
layer, and the binding of this protein was rapid; specific, saturable, and
essentially irreversible. This might add to the ability of the bacterium to bind

the basement membranes of ulcerated regions (212).

Other Aeromonas S-layers
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The S-layers of mesophilic aeromonads have been shown to have very

similar morphology to the A-layer of A. salmonicida (116, 151). The best
described is that of the A. hydrovhila strain TF7, This S-layer shows a lattice
constant of 12.2 nm and two- structuzal units, a major tetragon and a lesser
tetragon (151, Dooley, 1989 #91). It has an apparent molecular weight of
52,0CC, and a measured pl of 4.6 (43), similar to A. salmonicida A-protein.
However, differences exist in the prilpary structures and antigenicity of these
S-layef proteins (119). Also, in contrast to A-protein which is antigenically
conserved, the S-layer proteins from mesophilic aeromonads displayed
considerable antigenic variability (119). Furthermore, unlike A-layer, the A.
hydrophila TF7 S-layer apparently does not possess a wide range of binding
~ activities, and its role in fis
however, a Tn5 transposon insertion mutant was isolated in A. hydrophila
TF7 which produced a truncated S-layer protein, which did not form an S-
layer (202). This mutant was shown to be more sensitive to immune trout
serum and have a 5-fold higher LDsg in rainbow trout compared to the wild
type strain, indicating a possible role of the S-layer in pathogenesis (Thomas,

personal communication).

Lipopolysaccharides (LPS)

- Early reports suggested that A. salmonicida LPS had no toxic effects on
salmonid fish through injection of up to 0.714 g/kg of fish (161, 230).
Ho‘J‘vever, serum resistance experiments have shown that the LPS is a
virtﬂglence factor (150). When A- Ot (A-layer negative, O-polysaccharide
chains positive) and A- O- mutants were examined in serum killing

experiments, O-chains were shown to contribute to the serum resistance of A.

21




I
| L
salmonicida, especially in normal sera. Comparison with A+ and A- strains

suggested that O-chains were the major contributors to serum resistance.

The structural morphology of LPS from various strains of A,
salmonicida has been analyzed by intrinsic 22P-radiolabeling and silver
staining by Chart et al. (36). The high-molecular-weight fraction of LPS was
restf)lv,ed into a small number of distinct bands, indicéting a very high dégree
of l‘lomogeneil;' in O-polysaccharide chain length. These LPS O-cl\»._ains 'ffo‘m

diverse strains are antigenically cross-reactive. Their monosaccharide

composition is also very similar (36). When compared with S-layer

producing mesophilic aeromonads, Dooley et al. observed that O-
polysaccharide chains were longer in A. salmonicida, and there were cDmmbn
epitopes and species-specific epitopes in the two species (45). Chart et al, also
showed that st me LPS O-polysaccharide penetrated to the outer surface of the
A-layer (36). These exposed O-polysaccharide still functioned as phage 55R-1
receptors, although the phage adsorption to an A+ strain was slower than that
to an A- strain. This was also confirmed by positive reaction of anti-O-

polysaccharide mcnoclonal antibody with A+ cells (36). A similar

arrangement of LPS and S-layer was also observed in A. hydrophila (45).

Because of their surface exposure, the O-chains were strongly immunogenic

and appeared to be antigenically conserved (36). However, while both LPS

and A-protein promoted antibody response in fish (35, 161), neither served as |

a protective antigen (209).

Purpose of this dissertaticn
. Infectious diseases of fish are a world wide problem. Today, as the

I
world population increases rapidly and people are more and more concerned

about the preservation of ouvr limited natural resources, more fish farms are
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required to prdvi_de daily source of fish for the ever‘inc»reasing world demand.
As a result, infectious diséases in fish farms become a major problem in this
intensive culture practice, and often lead to serious economic consequences.
Because of this economic significance, the control of fish disease is urgently
needed. | |
Aeromonas salmonicida is a fish pathogen of major importance. Its
"typical"' and "atypiéal" strains cause diseases in various fishes, and. have been
isolated world wide. Although a number of virulence factors have been
suggestec‘l‘ for A. salmonicida, the best described virulence factor is the surface

protein layer A-layer. The A-layer of A. salmonicida has been shown to be

involved in fish pathogenesis using an isogenic mutant in serum resistance
and fish injection experiments. While detailed structures and biological

functions of most other A, salmonicida virulence factors are still undefin‘e:d,»

studies of the A. salmonicida A-layer have revealed a number of biological
activities which are relevant to fish pathogenesis. In addition, this sutface
layer has provided a good example for the study of bacterial surface layers
which have been found in hundreds cof bacteria and archaea. The S-layers
comprise up te: 15% of the cellular protein and can be efficiently exported
through cell membranes and assembled to cover the entire cell surface. The
S-layers usually constitute the outermost layer of the cell envelope and
directly interact with various molecules, cells, and environmenta! conditions,
as well as the underneath cell surface. Indeed, A. salmonicida A-layer is one of
the best studied bacterial S-layers with known three dimensional

ultrastructure and a number of defined biological functions. Therefore, the

impact of the study on A. salmonicida A-layer is two-fold, it involves

economically important fish pathogenesis and the biologically important

bacterial S-layers.
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Molecular biological characterization of the gene for the A-layer
subunit A-protein is essential for understa‘n'ding the gene structure,
expression and regulatidn. It will also provide i%‘nf'o.rmation on the protein's
primary ahd»g tertiary structure, biologica’l aCtivity, and location of their
c0rrespdnding domains. However, prior to this study, most of the work on
A-protein dealt with biochemical, structural and functional characterizations,
A few pioneer genetic studies by Bellanc (20, 21) and Phipps (167) not only
reflected the needs, but also provided a solid ground, for further
invesﬁgations. Following the cloning of the A, :almonicida A-protein gene, it:
became possible to carry on the detailed characterization and analysis of the!
gene. This study was therefore aiimed at understanding the structure,
expression and regulation of the A—proftein émd its gene at the molecular
genetic level. The results described in this disserfati;n are organized into
four major groups, i.e., structural characterization of thefA-protein gene,f
transcriptional studies on the A-protein gene expression, native insertion
elements wkhich affect the A-protein gere ekpreSsion in A, salmonicida, and a
structural and functional description of a downstream gene which may play a

1ole in A-protein gene expression.
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MATERIALS AND METHODS

Bacterial strains, vectors and media

A, salmonigida strains from the culture collection of T. J. 'Ifrust are listed
in Table 1. E. coli strains used were DH5a for recombinant plasmids (87) and
JM109 for Mm recombinants (237). All strains were grown in L-broth or on L-
agar (;’1‘45). Wild type A. salmonicida strains were grown at 200C. Strain A450-3
and other 30°C mutant A. _:Salmoniciﬁa strains were grown at 200C or BOC’C. E.
coli strains with plasmids were grown at 370C Wltb antibiotics. Antibiotics
used included ampicillin (50 mg/L), kanamycin (50 mg/L) and streptomycin
(160 mg/L). When required, CaClp or MgCl3 (1 - 30 mM) in the presence and

absence of ethylene glycol-bis (B-aminoethyl ether) N-IN-N'-N'-tetraacetic acid

(EGTA, 5 and 10 mM, Sigma Chemical Co., St. Louis, MO), or FeCl3 (0.01 - 1.00

mM) in the presence and absence of 2, 2-dipyridyl (0.01 and 0.10 mM, Sigma),
was added. Vectors uséd including plasmid and phage vectors are listed in
Table 2. When anaerobic itidubation was required, a BBL GasPak was uséd in
a BBL GasPak jar (BBL Microbiology Systems, Cockeysville, MD) with
shaking. |

- DNA techniques ;

DNA preparatiﬁﬁ

Aeromonas chromosomal DNA
A 50 ml-culture of Aeromonas cells was centrifuged at 5,000 X g for 10

min and the cell pellet was washed once in 20 ml of saline-EDTA (0.75% NaCl

(v/v) and 5 mM EDTA). The cells were resuspended in 425 ml of saline- o

EDTA and SDS was added to a final cohcentratio;x. of 3‘%-‘;(w/ v). This cell

suspension was then heated to 50°9C for 25 min with occasional
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Table 1. Aeromonas strains used in this study

§pecies- ~

+ Strain

| [ ~ Sc urce S-layer
A. salmonicida : I P
typicals A185 Canada o+
A202 iIapan -
A203 IJapan -
A251 |Atlantic salmon, UK. -
A362 Atlantic salmon, U.K. +
' A395 UK. -
A440 I(Br,ook trout, U.S.A. -
A447 U.K. -
A449 Brown trout, France +
A450 Brown trout, France +
A451 Rainbow trout, France +
A488 Brook trout, U.S.A. +
A500 Atlantic salmon, U. K +
A591 Canada +
atypicals A206 Japan -
A400 Goldfish, Australia +
A401 Goldfish, Australia -
A419 Goldfish, US.A. +
A438 Coho salmon, Canada [
A460 Atlantic salmon B
Ade61 Atlantic salmon, Canada Lo+
A477 Carp, The Netherlands +
A480 Carp, The Netherlands o+
mutants TM1 Tn5 insertion mutant of A449 Lo
TM4 Tn5 insertion mutant of A449 |-
CEG4 300C mutant of A449 | P
CEG6 300C mutant of A450 T
CEG7 300C mutant of A450 bor
| CEG22 300C mutant of A449 |
CEG24 30°C mutant of A449 [ "
CEG27 300C mutant of A450 = :~ i
CEG28 300C mutant of A450 -
CEG29 300C mutant of A450 F
A450-2 300C mutant of A450 ' b
A450-3 30°C mutant of A450 R
A. hydrophila 1 ‘ .
TF7 Trout, Canada +
A274 Sloth, Australia +
A. veronii ‘
biotype sobria -
A700 Human diarrhea +
A702 Human diarrhea +
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Table 2. Vectors used in this study

___Name __Type Reference
pUC18/19 Plasmid (237)
pTZ18R/19R Plasmid  }(140)
pMCI871 | Plasmid | (188)
pMMB67EH/HE Plasmid  ](64)
pDSK19 Plasmid (114)
pLG338 Plasmid | (199)
pSU2718 Plasmid | (135)
M13mp18/19 Phage (220)

Agtll Phage (238)
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swirling and cooled in tap water. A 1.25 ml volume of 5 M sodium
perchiorate was added and the solution was swirled for a few seconds. After
adding 6 ml of chloroform and hand-shaking for 15 min, the aqueous layer
was separated from the organic phase by centrifugation at 16,000 X g at.40C for
15 min. This chloroform extraction was repeated once more, Two volumes
of cold ethanol were added 1/4 at a time while stirring and spooling with a
glass rod. Excess ethanol was removed and the DNA} was dissolved in
minimum amount of 0.1 X SSC. The solution was then adjusted to 1.0 X SSC
and treafed with RNase at a concentration of 20 ug/ml, chloroform-extracted

once with gentle shaking, and ethanol precipitated.

Plat;;'m‘id DNA preparaticn
Sz;mbrook's method

'Plasmids were prepared according to Sambrook's method (183). Cells
in overnight cultures were collected by desk top centrifugation (Eppendorf
Centrifuge 5415C, Brinkmann, Westbury, N.Y.) at 2940 X g for 2 min and the
cell pellets were resuspended in solution I (50 mM glucose, 25 mM TrisHCI
(pH 8.0) and 10 mM EDTA (pH 8.0)). Two volumes of solution II (O.Z-TN
NaOH and 1% (w/v) SDS) were then added and the tubes were gently mixed!.
and incubated on ice for 5 min. A 1.5 volume of solution III (3 M sodium
acetate (pH 4.8)) was then added, and Lafter mixing, the tubes were incubated
on ice for 10 min. The mixture was then centrifuged at 16,000 X g on an
Eppendorf centrifuge for 10 min. The supernatant was extracted with an
equal volume of phenol-chloroform (1:1 mix), followed by extraction with an

equal volume of chloroform. An equal volume of isopropanol was then

added, mixed and incubated on ice for 10 min to precipitate DNA. After 10




min Eppendorf centrifugation (16,000 X é), the DNA pellet was washed once
with 70% (v/v) ethanol and dried under vacuum.

Riggs' method

For screening ,of?l large number of plasmids, a quick method was used to
prepare DNA (‘177). Cells in 1 ml ovérnight cultures were pelleted by
centri‘fugét’ion} at 2940 X g for 2 min. The cell pellets were resuspended by
vortexing in a lysis buffer containing 8% (w/v) sucrése, 0.5% (v/v) Triton X-
100, 50 mM EDTA, and 10 mM TrisHC! (pH 8.0). The tubes were boiled in a
boiling water bath for 45 sec, and centrifuged for 15 min at 16,000 X g.
Superna’tan’ts were collected and a 0.1 volume of 3 M sodium acetate (pH 4.8)
and one volume of isopropanol were added. The tubes were kept on ice for
10 min and centrifuged at 16,000 X g for 10 min afterwards. The pellets were
washed once with 70% (v/v) ethanol, dried under vacuum and dissoived in
30 pl of TE buffer (10 mM of Tris and 1 mM of EDTA, pH 8.0) for restriction

digestion and gel electrophoresis.

M13 DNA preparation

Two phage plaques were picked from a plate to inoculate 2 ml of a log-
phase culture of E. coli JM109, and the culture was incubated at 379C for 2 h
with shaking. This culture was then used to inoculate 45 ml of L-broth and
incubated for 6 h. For double stranded DNA preparations, the cell pellet was
separated from the supernatant by centrifugation at 4,000 X g for 5 min. Phage
~ particles in the supernatant were precipitated by addition of a 1/20 volume of
40% (w/v) polyethylene glycol (PEG, Mr=8,000) and a 1/20 volume of 4 M
NaCl. The solution was left at 40C overnight and the phage particles collected
by centrifugation at 10,000 X g for 30 min at 40C. The tube wall was carefully

dried with a piece of Kimwipe and the pellet was resuspended in 0.4 m! of
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distilled water. Phage DNA was then extracted 3 times by equal volumes of
phenol, phenol-CHCI3 (1:1 mix) and CHCI3 respectively, and ethanol-
precipitated (183).

Oligonucleotide preparation

Oligonucleotides were either ordered from the Regional DNA
synthciesis Laboratory (University of Calgary, Calgary, Alberta, Canada) or
synthesized’ on a PCR-MATE EP DNA Synthé‘éizer, Model 391 (Applied
Biosystems, Fostér City, CA), on a 40 nM scale.

When synthesized on the PCR-MATE EP DNA synthesizer, the beads
wifh oligonucleotide product were washed off from the synthesizing column
by concentrated ammonium hydroxide and collected in an Eppendorf tube
and then capped tightly. After incubation at room temperature for 2 h with
occasional vortexing, the tube was spun for 30 sec in a desk top centrifuge at
16,000 X g. The supernatant was carefully transferred to a fresh 1.5 ml screw-
capped tube and incubated at 55°C for more than 5 h; or overnight. The tube
was cooled down on ice before opening. A 100 pl volume of the ammonium
hydroxide solution was transferred to a fresh tube (the remainder was stored
in at -200C for future use), dried in a SpeedVac Concentrator and redlssolved‘ |
in 100 ul of distilled water. The solution was measured at 260 nm and the |
oligonucleotide concentration was calculated as: DNA (ng/ul)=A260 X 50 X
dilution factor. The preparation was stored at -20°C. |

Melting temperatures of the synthesized oligo“nucleotides were
calculated as Tm=69.3+{41x(G+C)-650}/n, where n is the number of bases in

the oligonucleotides.

Molecular cloning

reparation of E i competent cells




One ml of L-broth was inoculated with a siﬁgle cdlony and incqbafed at
370C overnight with shaking. This culture Was used to inoculaté 100 ml of
fresh L-broth and incubated at 370C for 2.5 h with vigorous shaking. The cell
denséty was about 0.45-0.55 at Ag00nm. The culture was cooled on ice and all
- further procedures were performed at 40C or on ice. The culture was
centrifuged at 4,000 X g for 5 min and the pellet was resuspended in 20 ml of
ice cold CM1 buffer (10 mM sodium acetate (pH 5.6) 50 mM MnCl3 and 5 mM
NaCl) follbwLed by 20 min incubation on ice. Then the cells were centrifuged

again as above and the pellet resuspended in 2 ml of ice cold CM2 buffer (10

mM sodium acetate (pH 5.6) 5% (v/v) glycerol, 70 mM CaCl2 and 5 mM

MnCl2). The cell suspension was divided into 40 ul aliquots and stored at
-700C. o

DNA restriction digestion

- One-pho-all plus buffer from Pharmacia (Uppsala, Sweden) was used
for most restriction digestions including double digestions. Reactions were
usually incubated at optimum temperature for longer than 2 h. For double
digestions where One-pho-all buffer was not suitable, 1X SPK buffer was used,
except for reactions containing) Smal which does not work with #ae SPK
buffer. The 10 X SPK buffer contains 200 mM TrisHCl (pH 8.0), 50 mM MgCla,
5 mM DTT (dithiothreitol), 1 mM EDTA, 500 mM KCl, and 50% (v/v)
glycerol.

DNA ligation

~ Ligation reactions were carried out as previously reported with some
modifications (183). DNA restriction fragments were separated by agarose gel
electrophoresis and the fragments to be cloned were excised and frozen with

200 pl of phenol. Then the gel slices were crushed by a sterile needle while
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frozen, thawed and centrifuged at 16,000 X g for 15 min. The upper phase was
extracted with an equal volume of 1:1° phenol-chlorofmm; followed by an
equal volume of chloroform; and the DNA was precxpltated as described in
the plaSm1d preparatlon section, Vector DNA was dlgested with appropmate
restriction enzymes and added to a reaction mix contammg the purified DNA

fragment, 30 mM TrisHCl (pH' 7.8), 10 mM DTT, 1 mM ATP and 2 units T4

DNA ligase (Pharmacia). To reduce self-ligation, if the vector DNA was

digested by a single enzyme, the digested vectér DNA was treated with 2 units
of alkaline phosphatase (Boehriﬁgar “Ménnhein GmbH, Mannheim,
Germany), and phenol-chloroform=extracted and isopropanol-precipitated as

described in the plasmid preparation section.

Electroporation

Aeromonas cells were grown in L-broth at 200C with vigorous shaking
toa density of 0.8 at A600nm. The culture was chilled on ice for 15 min and
the cells collected by centrifugation at 4,000 X g for 15 min. The cell pellet was
then washed three times with ice cold 15% (v/v) glycerol in equal volume,
half volume and 0.02 volume respectively. The cells were then resuspended
in 0.002 volume of 10% (v/v) glycerol and frozen at -700C in 40 pl aliquots.

~ Plasmid DNA used for electroporation was dissolved in distilled welter,
in concentrations higher than 0.1 mg/ml. A BioRad Gene Pulser
electroporation unit (Hercules, California) was used at settings of: 25 uFD

capacitance, 200 ohms resistance and 2.5 volts with 2 mm-gap cuvettes. After

pulsing, the cells were ‘i’mmediately resuspended in 1 ml of ice cold L-broth

followed by shaking at 200C for 3 h. The cells were then plated on selective

culture, plates.

M13 cloning
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“The replication form of M13 DNA (double stranded) was digested ar -
ligated with the DNA restriction fragment to be inserted at 15°C overnight. -
After adding 40 ul of competent E. coli JM109 cells and incubation on ice for 30
min, the ligation mix Was heat-shocked at 420C for 45 seconds, cooled on ice
and mixed with 0.1 ml of log-phase E. coli }MlOQ cells, 40 pl of 20 mg/ml (5-
Bromo-4-chloro-3-indolyl-p-D-galactopyranoside) X-gal, and 3 ml of 50°C soft
L-agar (0.6%, w/v). This mixture was quickly poured onto an L-agar plate.
The plate was incubated for more than 8 h and white plaques picked to

amplify for DNA preparation.

Southern analysis

Non-radioactive labeled DNA

| kThe reagents and procedures were provided in a non-radioactive DNA
labeling ani detection kit (Boehringer Mannheim GmbH). The kit uses
random hexanu-leotides, incorporated with a nucleotide analog, digoxigenin-
11-dUTP, to label DNA probes. After hybridization with the labeled probes,
the digoxigenin is detected by an antibody-enzyme conjugate, anti- -
digoxigenin-alkaline phosphatase, and visualized by an enzyme-linked color
reaction as described in immunoblot. Digested DNA in agarose gels was
traf;‘sblotted to nitrocellulose membranes with 10 X SSC (183). After baking at
800lC for 1 h’, the membranes were prehybridized in a buffer containing 5 X
SSC, 0.1% (w/v) N-lauroylsarcosine and 1% (w/v) blocking reagent (provided
in the kit), and then hybridized with the boiled labelled probe in the same

buffer. Prehybridization was at 620C for 3h, and hybridization was at 620C for

12 h. The membranes were washed in 2 X SSC with 0.1% SDS (w/v) twice (5

min each at room temperature) followed by two 10 min washes in 0.1 X SSC

i
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with Q.l% SD5 (w/v) at 370C. Bound probe was detected using the reagents

and procedures of the kit manufacturer.

DNA fragments radiolabeled by nick translation

A;niék translation kit (Amersham) was uséd for DNA labeling. | The
labeling reaction included 1 ug of DNA, 6.6 ul each of 30(> uM dCTP, dGTP
and dTTP, 10 pl of («-32P)dATP (100 uCi, Amersham) and 10 ul of énZyme
solution (containing 5 units of DNA polymerase I 5nd 100 pg of DNase I) in a
total volume of 100 ul. After incubation at 150C for 2 h, 80 ul of 0.5 M EDTA
was added and the reaction was heated in a boiling water bath for 5 min, The
total volume of the labeling reaction was added into the prehybridization
solution which had been incubated with a transblotted membrane at 65°C for
at least 2 h. The prehybridization solution included 3 ml of 20 X SSC, 2 mil of
50 X Denhardt's reagent (183), 0.25 ml of 10 mg/m! tRNA (Boehringer
Mannheim GmbH), 0.5 ml of 10% (w/v) SDS, 20 ul of 0.5M EDTA in a total
volume of 10 ml. The hybridization reaction was carried out at 65°C
overnight. After washing as described in the Non-radioactive labeling
section, the wet membrane was wrapped in plastic wrap and

autorédiographed with Kodak X-OMAT AR film overnight.

End-labeled oligonucleotides o
To label oligonucleotides, 1 pg of synthesized olizgonuc'l"e'otides‘ was

mixed with 8 pl of y32P-dATP (80 pC"i;,‘. Amersham), 10 units (1 ul) of

polynucleotide kinase (Pharmacia), 0.1M Tris (pH 8.0), 5 mM dithiothreitol

(DTT), and‘ 10 mM MgClz in 20 pl volume After mcubahon at 370C for 30

min, 1 ul of 0.5 M EDTA was added and heated at 659C for 5 min. The mix

was diluted with TE buffer (pH 8.0) to a final volume of 100 ul and kept at
-200C. Half of the volume was used for each Southern hybridization. DNA
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fragments were transblotted from agarose gel to nitrocellulose membrane as

described above. Prehy’bridization and hybridization were carried out at 37°§C
for 4 and 12 h respectively. Prehybridization and hybridization solution
contaips ;10% (w/v) PEG, 1M NaCl and 1% (w/v) SDS. The membranes were
then washed and autoradiographed as described in the nick-translation

section.

Polymerase chain reaction (PCR)

PCR amplification of chromosomal DNA was performed under the
following conditions. A 10 ul reactioh volume contained 1 pl 10 X PCR buffer
(500mM KCl, 100mM Tris-Cl (pH 8.3)), 1 ul 25 mM MgClz,ﬁ 1 pi 10mM dNTP
mix (Perkin Elmer Cetus, Rexd'ale, Ontario) 1 ;;1 each primer (5uM), 4 ul
sterile distilled water, 0.5 units AmpliTaq (Perkin Elmer Cetus), and 1 ul of
purified chromosomal DNA (50 ng/ul). Amplification was carried out ilsing
capillary tubes in a 1605 Air Thermo-Cycler from Idaho Technology (Idahoé
Fal;l‘s, Idaho). The samples were subjected to at least 30 cycles of 1 sec
denaturation at 940C, 5 sec primer annealing at 510C, and extension at 730C.
The duration ‘of‘. extension depended on the length of the fragment to be
amplified: PCR generated DNA products were detected by gel electrophoresis.
Following PCR amplification, the 10 pl reaction mix was subjected to 1%
(w/v) agarose gel or 8% (w/v) polyacrylamide electrophoresis with HinfI
digested pBR322 DNA as miolecular weight markers. DNA fragments were

visualized by UV fluorescence after ethidium bromide staining.

DNA sequencing
DNA sequencing was done by both manual and automated methods.
Sequéncing probes used included commercially available oligonucleotides

(Regional DNA Synthesis Laboratory, University of Calgary, Calgary, Alberta,

|
|
|
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Canada) and synthesized primers (methods described in oligonucleotide

preparation section).

Manual sequencing ,
DNA templates were prepared as described in the <ections of plasmid
DNA preparation and M13 DNA preparation, except that an RNase
(Boehringer Mannheim GmbH) treatment step was édded before phenol-
chloroform extraction when preparing plasmid femplates. Procedures and

most of the reagents for manual sequencing were from a Sequenase Version

2.0 DNA Sequencing Kit (United States Biochemical, Cleveland, Ohio),

Ra’diolabeled nucleotide 35S-dATP was purchased from New England
Nuclear (Wilmington, DE). DNA template, primer and sequencing buffer
(from the kit) were mixed and heated to 650C for 2 min and then slowly

cooled to lower than 359C. The reaction mix was divided and each quarter

was added into a termination mixture (A, C, G, and T, from the kit). Labeling

mix and Sequenase enzyme were then added into each tube, as well as 355

dATP. After 5 min at room temperature, stop solutions were added and the
samples were denatured at 750C for 2 min and loaded onto the gel. The gel
electrophoresis was carried out at 1,500 volts until the dye had traveled a
desired distance. The gel was then transferred to a piece of Whatman paper,

dried and autoradiographed.

Automated sequencing

Sequencing reactions of plasmid template DNA were carried out using

a dye terminator sequencing kit (Applied Biosystems, Inc (ABI), Mississauga,
Ontario, Canada) and a Perkin Elmer Cetus Model 480 thermal cycler

~ following the protocol and cycling parameters suggested by ABL. DNA

template preparation procedures suggested by the kit manufacturei were
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used. When PCR fragments wire used as DNA templates, PCR Prdducts from
the 1605 Air Thermo-Cycler (Idaho Technclogy) were purifiéd i)y agarose gel
electrophoresis and QIAGEN agarose gel extraction kit (QIAGEN, Chatsworth,
CA). For each dye-terminator sequencing reactidn, 1 pg of double stranded
DNA template (in the cas.é of PCR fragment, 250 ng of DNA), 3.2 pmol of
primer and 9.5 pl of reaction pre-mix (from the kit) were mixed and the
reaction was ca}ried, out in the Perkin Elmer Thermal Cycler. The reaction
was then extracted‘ V twice‘ with a phenoI-c'hlorofbrm-distilléd water mix
(68:14:18), isopropanol-precipitated and dried. Before loading, the reaction
was resus’pehded in 4.5 pl of a buffer containing 5 volumes of deionized
formamide and 1 volume of 50 mM EDTA (pH 8.0), and denatured at 90°C for
2 min. Sequence data was analyzed using the ABI SeqEd program.

Site-directed mutagenesis

. Site-directed mutagenesis was performed using a Transformer
Mutagenesis Kit from Clontech (Clontech Laboratories, Palo Alto, CA). A
selectiop primer, which replaces the EcoRI site in the pTZ18R polycloning site
desired sequence, were synthesized and phosphorylated at the 5' end. The
mutant sti'and was synthesized by incubation of the denatured template
DNA, fhe selection primer and the mutagenic primer, DNA polymerase and
DNA ligaSe. An repair-deficient E. coli strain BMH 71-18 mutS (Clontech
. Laboratories) was transformed by the reaction mix which was EcoRI-digested.

The EcoRI digestion eliminated transformation by most parental plasmids

which would be linearized. DNA pool from the transformed cells was then

digested by EcoR! again and used for the second transformation. Single

colonies were isolated and screened by DNA sequencing,.
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Compﬁter analysis -

DNA Strider release 1.1 (Institut de Recherche Fondamentale, CEA,
France), GeneWorks release 1.02 (Intelligenetics Inc.) and PC Gene ,xgeléfa‘S“e
6.01 (Inteiligenetics Inc. and Gean‘it', SA) were used for DMNA and protein
sequence analysis. Protein sequence s.milarity searches were performed in
GenPebt'and Swiss-p‘rot data bases through Genbank by the FASTA protocol
of Pearson and Lipman (163).

RNA preparation and detection

RNA preparation

- Aeromonas RNA's were prepared following the procediite described by |

Reddy et al. (174). A 20 ml volume of overnight bacterial culture wa:
centrifuged (4,000 X g, 10 min) and the cell pellet ‘.res:us_pended in 10 ml
protbplasting buffer containing 15mM TrisHCI (pH 8.0), 0.45M sucrose, SmM
EDTA and 0.5 mg/ml lysozyme (Boehringer Mannheim GmbH). After
incubation on ice for 15 min, the mixture was centrifuged at 2,000 X g for 5
min, The pellet was resuspended in 0.5 ml lysing buffer compose’d‘ of 30 mM
TrisHCl (pH 7.5), 100 mM NaCl, 1 mM sedium citrate, 1.5% (w/v) SDS and 3%

(w/ V) diethylpyrocarbonate (DEPC, Sigma). The mixture was incubated at

370C for 5 min, chilled on ice, and 250 ul saturated NaCl was added. After an
additional 10 min on ice, the mixture was centrifuged at 12,000 X g for 15 min,

the supernatant was transferred to a fresh tube and RNA was precipitated by

adding 1 ml ethanol at -200C. The next day, the RNA was collected after
washing with 70% ethanol, dried and resuspended in DEPC tre: '« 4 distilled

water (DEPC was added to a final concentration of 0.2% (v/v) and the water

was shaken vigorously for a few minutes followed by autoclaving).
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Northern hvbri dization | | i

Sample RNA was dissolved in 5 ul of 25 mM EDTA afn,di 0.1% (w/v)
SDS and 15 ul of electrophgreSis- buffer, containing 0.02 ‘M MOPS, 5 mM
sodium acetate and 1 nilMi EDTA (pH 7.0), was added. The sample was then
heated at 65°C for 15 minyf. After chilling, 1 ul of 1 mg/ml ethidium bromide
was added. The sample was loaded onto a 1% (w/v) agarose gel prepared in
the electrophoresis buffer plus 5.i% (v/v) formaldehyde,  After
electrophoresis at 100 V at room temperature for 1 h, RNA in the gel was
transblotted to a piece of nitrocellulose membrane in 10 X SSC by _cépillar;y
action. The RNA on the membrane was fixed by baking at 80¢C for 2 h.

Prehbridization and hybridization were done at 420C according to methods

described earlier.

RNA stability assay
Rifémpicin was add’n‘d o ’cell ‘cultures at the concentration of 0.2
mg/ml. Cells were collected .)y centrifugation (3,000 X g, 2 min) at 0 min and
at 5 min intervals up to 35 min after the addition of rifampicin and kept on
ice. The subsequent RNA preparation steps were strictly kept at below 4°C.
Following the conventional Northern hybridization and overnight exposure

to Kocak X-OMAT AR fllm, bands were quantified on a personal

‘ densnome*er with softWar ImageQuant v3.2 (Molecular Dynamics,

Sunnyvale, CA). Obtamed values were plotted on a semi-log background on

Cricket Graph (version 1.2.1, Malvern, PA) and the half life was measured.

Primer extension experiments
| RNA was extracted as described and was treated with RNase-free
DNase (Promega, Madiéon, Wis.) for 10 min at 379C, phenol extracted, and
ethanol precipitated. Oligonucleotide primers were labelled with (y-32P) ATP
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(du Pont-NEN Research Products) as described in the Southern analysis
section. Pfimer extension analysis of transcripts was performed as described

by Fouser and Friesen (60).. Briefly, 50 ng of 32P.labelled primer was m1><ed

with 12/ p g of RNA in 10 pl of 10 mM TrisHCI (pH 8 3) and 250 mM KCI |

After heatmg at 80°C for 5 min, the primer was annealed at 500C for 45 min.
Then, 2.4 pl of mixed dANTP's (2.5 mM each), 3 ul of cDNA buffer (35 mM Tris
(pH 7.5), 8 mM MgCl2, 1.7 mM DTT, 50 pg/ml a\ctinomycian), and 20 units
AMV reverse transcriptaise (Pharmacia) were added. Following incubation at
500C fof 45 min, 5 pl of sequencing loading buffer was ad‘d‘ea and the sample
was heated for 3 min in a boiling water bath. Ten pl of eacﬁ ezxtension
reactﬁ»at‘; was run on an acrylamide sequencing gel in parallel with a DNA
sequence ladder primed with the same oligonucleotide used in the primer

extension reaction.
Detection and purification of proteins

Sodlum dodecyl sulfate-polyacrylamide gel electrophores1s (SDS-PAGE)
and Coomassm Blue staining
Polyacrylamide gel electrophoresis was as originally described by

Laemmli (125) Before preparing the gel, several stock solutions were made

including separating gel 4 X buffer (18.17 g Tris base and 0. 4 g SDS in 100 ml,
pH 8.8), 30% acrylamide solution (30 g acrylamide and 0.8 g bisacrylamide in

100 ml), and stacking gel 4 X buffer (6.06 g Tris base and 0.4 g SDS ir: 100 ml,
pH 6.8). A 12.5% separating mini gel was made from 2.5 ml of distilled water,
30 ml or 30% acrylamide solution, 1.9 ml of ée‘parating gel 4 X buffer, 112 ul of
10% ammonium persulfate and 5 pl of TEMED (N, N, N/ N'~
tetramethylethylenediamine). A stacking mini gel was made from 1 ml of

distilled water, 300 ul of 30% acrylamide solution, 444 ul of stacking gel 4 X
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buffc;r, 28"}11 of 10% ammonium pe‘rsulfate and 5 pl of TEMED. One liter of
electl"ophoresisrbuffer was composed of 3 g Tris-base, 14 g glycine and 10 ml of
10% (w/v)j SDS, Before loading, protein samples were mixed with 2 X loading
buffer a_ndi boiled for 5 min. E'acilf 10 ml of the 2 X loading buffer contained 2
ml of glycéro}, 2 ml of 10% (w/v) SDS, 0.25 mg of bromophenol blue, 2.5 ml of

stacking gel 4 X buffer and 0.5 ml of B-mercaptoethanol. Gels were run at 100

volts; for 15 min then increased to 200 volts. After electrophoresis, gels were
stained for 20 'min in staining solution containing (per liter) 250 ml of
isopropanol, 100 ml of glacial acetic acid and 2.5 g of Coomassie brilliant blue

R250, followed by destaining in 10% glacial acetic acid and 20% ethanol.

Immunogold electron microscopy assay

* Grids were floated on bacterial drops for 2 min and self-dried. The

grids weré then laid on drops of a blocking buffer (10 mM Tris (pH 8.0), 150

mM ’NaCI, 0.1% (v/v) BSA and 0.05% (v/v) Tween 20) for 15 min. Anti-A-
protein antiserum (kindly provided by Di. W. W. Kay) was diluted 1/10 with
the blocking huffer and reacted with the grids for 60 min. After three 5-
minute washes (10 mM TrisHCI (pH 8.0) and 150 mM NaCl), the grids were
laid on drops of 15 nm gold labeled protein A (Amershém, Arlington
Heights, IL) and diluted 1/50 with the blocking buffer. After 60 min
incubation, the grids were washed three times and stained with 2% (w/v)

ammonium molybdate.

Cell fractionation

Culture supernatant

- Overnight cultures of both A. salmonicida and E. coli were centrifug.d at
5,000 X g for 30 min. The supernatant was collected and proteins were

precipitated by addition of three volumes of ice cold acetone. After being kept
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on ice for 30 rhin, the solution was centrifuged at 5,000 X g and the pellet was

dried in a SpeedVac.

I?efiplasm

Cell pellet was Wasﬁéd twice in 0.33 M Tris buffer (pH '7.3) and
suspended in 10 ml of 0.15 M TrisHCI (pH 7.3), 2 mM EDTA, and 20% (w/v)
sucrose. Cells were then shaken for 10 min at room temperature and

collected by centrifugation at 8,000 X g for 15 min. The pellet was rapidly

suspended in 2 ml of ice cold, deionized distilled water containing 1 mM

MgCl2 and the cells were stirred on ice for 10 min prior to centrifugation at
12,000 X g for 15 min. The supernatant was used as the periplasmic protein
fraction '(20). |

An alternative method for periplasnﬁc fraction was from Ames and
coworkers (11). Bacterial cells were collected from 2 ml overnight cultures by

centrifugation at 1,100 X g for 10 min. After decanting the supernatant, the

cell pellet was resuspgnded by brief vortexing in the residual medium and 20

ml of chloroform was then added. The tubes were vortexed brieflypzmdf

maintained at room temperature for 15 min. Then, 0.2 ml of 0.01 M Tris (pH
8.0) was added. The cells were separated by centrifugation at 6,000 X g for 20

min. The supernatant fractions were taken as periplasmic fractions.

Cytoplasm
Following the first periplasm. preparation method described above, the
cell pellet was resuspended in 10 ml of 20 mM TrisHCI (pH 7.3). Cells were
frozen once before going through a French Fressure Cell twice at 1,200 pounds»
per square inch (PSI). Unbroken cells were removed by centrifugation at 5,()00
X g for 30 min. The membrane fracti(m1 was collected by centrifugation at

31,000 X g for 30 min and washed once with Tris buffer (pH 7.3). Cytoplasmic
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proteins in the supernatént were concentrated by adding three volumes of
cold acetone followed by incubation on ice for 30 min, centrifugation at 15,000

X g for 30 min, and vacuum-dried.

Inner membrahe and outer membrane

Separation of inner membrane and outer membrane was done by
sarcosyl differential solubilization (58). The collected membrane preparation
was resuspended to 1 mg protein/ml with the Tris buffer (pH 7.3). After
addition of 20 pl sarcosyl (30% solution, GRACE, Nashua, NH)/ml, the
suspension was incubated at room temperature for 30 min with shaking.
Outer membrane was collected by centrifugation at 40,000 X g for 30 rhin at
40C. The pellet was washed three times with the Tris buffer (pH 7.3), and the

supernatant was used as the inner membrane fraction.

Western blot

Proteins in SDS-PAGE gels were electroblotted to nitrocellulose -

membranes (Schleicher & Schuell, Keene, NH) at 12 volts for 30 min (207).
The menibranes were blocked in Tris-buffered saline (TBS, 10 mM TrisHCI
(pH 8.0) and 150 mM NaCl) containing 2% (w/v) skim milk powder (Oxoid,
Basingstoke, Hampshire, England) for 10 min, followed by 30 min incubation
with appropriately diluted antibody in the same solution. After washing 3
times in the TBS containing 0.5% (v/v) Tween-20 (Bio Rad), the membranes
were reacted with 1:5,000 diluted alkaline phosphatase COnjixgated goat-anti-
rabbit or goat-anti-mouse IgG (CALTAG Laboratories, San Francisco, CA) in
TBS ‘for 30 min. After 3 additional washes, the protein bands on the
membranes were visualized by reacting with 5-bromo-4-chloro-3-indolyl
phosphéte (Boehringer Mannheim GmbH) and nitro blue tetrazolium

(Sigma) (88).
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Silver stain for proteins

The method was as prevmusly reported by Tsai and Frasch (213).

Conventional SDS- PAGE gels were soaked in 10% (v/v) unbuffered ,

glutaraldehyde at room temperature for 30 min followed by extensive |

washing with distilled water at room temppratune for 1 h. The gels were then
stained in a fresh silver nitrate staining soluuon for 10 min. To prepare 100
ml of this solution, 1.4 ml of fresh NH4OH was added to 21 ml of 0.36% (w/v)
NaOH. To this solution, 4 ml of 19.4% (w/v) AgNO3 (made by adding 2 g of
AgN03 to 10 ml of distilled water) was édde‘d slowly while stirring. After
staining, the gels were washed in distilled water for 2 min and transferred to a
freshly prepared solution containing 50 mg/L citric acid and 0.5/1,000 (v/v) of
37% formaldehyde. C"o’lor ‘devel'()prhen‘t was stopped by washing with

distilled water and the gels were dried.

Protein preparation for N-terminal sequencing |

ProBlott membrane (Applied Biosystems) was used for transblotting
and procedures recommended by the manufacturer were followed. Before
transblotting, the conventional SDS-PAGE gel was soaked for 5 min in 1 X 3-
(cyclohexylamino)-1-propanesulfonic acid (CAPS) buffer which was diluted
from 10 X CAPS buffer in 10% (v/v) methanol. To make 1 liter of 10 X CAPS,
22.13 g of CAPS was dissolved in 900 ml of distilled water, titrated to pH 11,0
with 2N NaOH and the final volume adjusted to one liter with diztilled
water. ProBlott membrane was wet in 100% methanol for 2 sec and then
soaked in 1 X CAPS buffer before use. Electrotransblotting was carried out as

described in the Western blot section except that the ProBlott membrane was

used. The membrane was then rinsed with distilled water, soaked in

methanol for 2 seconds, stained in 0.1% (w/v) Coomassie Blue R-250 (in 40%
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(v/v) methanol and 1% (v/v) acetic acid) for 1 min, and destained in 50%
(v/v) metharol. When protein bands appeared on the membrane, the
membrane was rinsed extensively with distilled water and jthe bands excised
before the membrane dried completely. The excised bands were air dried and

stored at -200C.

T7 polymerase in vivo transcription

‘The procedure was based on Rosenberg's method (179) with
modifications. Cells containing,‘pGPl-z and other plasmids were grown in LB
witﬁ kanamycin (50 pg/ml) and other appropriate antibiotics such as
ampicillin (50 ug/ml) for 3 h at 300C shaking. A 1.5 ml volume c;f the culture
wasi harvested and washed in M9 medium. The pellet was resuspended in 3
ml of M9 medium (one liter M9 medium contained NagHPO4:7H20 12.8g,
KH2PO4 3.0g, NaCl 0.5g, NH4Cl 1.0g and glucose 20.0g, pH 7.5) (183) and 0.09

ml of methionine assay ‘m>edium (DIFCO, Detroit, Michigan) was.added. Cells

were incubated at 300C for 1 h, followed by 42°C for 45 min. After the first 30
min at 420C, rifampicin (Sigma) was added to a final concentration of 1
‘mg/ml. At the end of the 420C incubation, 1 ml of the culture was incubated

for additional 45 min at 300C before the cells were pulse labelled for 5 min

SDS-PAGE loading buffer.

For cell fractionation, the pellets from six 1 ml aliquots of labeled cells
were resuspended in 500 ul of a sucrose buffer (20% (w/v) sucrose in 10 mM
EDTA and 100 mM TrisHCI (pH8.0) with 10 pl of a 5 mg/ml lysozyme
solution. The cells were kept on ice for 10 min, and centrifuged for 2 min at
15,000 X g’ to ‘separate the periplasmic protein supernatant from the

spheroplast pellet. The spheroplasts were washed in 0.5 ml of the sucrose
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buffef and resuspended in 50 ul of 20% (w/v) sucrose in 10 mM EDTA, 10
mM MgCl2, and 100 mM TrisHCI (pH 8.0) containing 50 ug/ml DNase, After
the addition of 200 ul of ice-cold distilled water, the spheroplasts were lysed by
four éydes of freeze-thaw and me{mbra?nes' were sgdilnented (10 min, 15,000 X
g). All fractions were then precipitated with a 10% volume of 50% (w/v)
trichloroacetic acid (TCA), acetone washed, dried and resuspended in SDS-
PAGE loading buffer.

A prfepiarative procedure for the protéin products was also carried out
without 358 metjhionir\e laEeling. Cells containing two plasmids were grm‘/vn
at 30°C in 2 X LB containing 2% v(w/ v) tryptone, 1% (w/v) yeast extract, and
0.5% (w/v) NaCl with appropriate antibiotics. When the culture reached an

Ae600 of 1.5, the:temperature was raised to 420C for 45 min, Rifafn‘p’icin was

added to a final concentration of 1 mg/ml after 30 min incubation. After an

additional 15 min incubation, the temperature was shifted to 37°C for 2 h,

and the cells were harvested by centrifugation (4,000 X g, 10 min).

In vitro gene expression |
A prokaryotic DNA‘-directed translation kit (Amersham Canadz; Ltd.,
Oakville, Ontario) waé used for coupled in vitro transcr‘ipﬁoh and tranéﬁation
(239). Plasmid DNA or DNA fragments were used as templates. Equal
amounts of DNA template (5 pg) weré uéed in each transcription-translation
reaction. The reactions were carried out according to the protocol provided by
the manufacturer. Thé reaction mix, which contained template DNA, 7.5 pl

of supplement solution, 3 ul of amino acids solution minus methionine,jZO

uCi of 355 methionine and 5 pl of E. coli 5-30 extract, was incubated at 370C for -

60 min. After adding 5 pl of methionine chase solution, the feaction was

incubated for an additional 5 min at 370C. The reaction was then stopped by
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placing it in an ice bath. A negative control was performed in parallel
without adding the template DNA. One fifth of the reaction mixture Was
loaded onto a 12.5% SDS-PAGE gel, and after electrdph'orelsisﬁ the gel was dried
and exposed to Kodak X-OMAT AR film. Prestained low-range molecular
weight standards (BioRad Laboratories, Richmond, CA) were used to facilitate

estimations of apparent molecular weight.

Purification of the AbcA-LacZ fusion protein

One liter of pSClél-I/’E. coli DH5a: culture was incubated overnight and

cells collected by centrifugation at 4,000 X g for 10 min at 4°C. The cell pellet

was resuspended in 20 ml of a 20 mM TrisHCl buffer (pH 7.5) including

DNase (2.5 mg/ml). After one cycle of freeze and thaw, the cell susp.enéion

was passed thrpughé French Press Cell twice at 1,200 psi. 'UhlySed cells and-

membrane debris were removed by ééntrifugation at 31,000 X g for 30 min. |

Saturated ammonium sul}ihate solution was added to the supernatant to 10%
saturation, The solution was then stirred at 40C for 30 min and centrifuged

for 30 min at 31,000 X g. The protein precipitate was discarded and the

supernatant was brought to 40% saturation with ammonium sulphate:

Following stirrinkg at 40C for 30 min and centrifugation, the 10 - 40%
amn}loniu‘m sulfate protein pellet WaS"cbllected and resuspended in 1 ml of
TBSN buffer (50 mM Tris (pH 7.5), 150 mM NaCl, and 0.2% (v/v) NP-40).
After dialysis against the same buffer with 3 changes of 1 liter volume each
for 6 h_,k‘this preparation was. passed through an immunoaffinity column
twice, which contained 1 ml of ProtoSorb lacZ matrix, agarose beads bound
witl} anti-B-galactosidase monoclonal antibody (Promega, Madison, WI). The
colunih was washed with four bed volumes of T'BS'N buffer, and the bound

proteins were eluted at a flow rate of 5 ml/h by three bed volumes of 0.1 M
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NaHCO3/Na2CO3 (pH 10.8) followed by 1 ml of TBS buffer (50 mM Tris (pH
7.5), and 150 mM NaCl). The majority of the fusion protein was found in the
first two bed volumes of eluent. The first six fractions (0.5 ml each) were
pooled and concentrated 20 fold in a Micrpsep Microconcentrator (molecular
weight cutoff 30.0 Kd, Filtron Technology Corporation, Northborough, Mass).
The purity of this preparation was checked by SDS-polyacrylamide gel stained

by Coomassie blue.

B-galactosidase assay

The B-galactosidase act1v1t1es were measured as pravxously described by
Sambrook et al. (183) with some mod1f1gatlons A 1 ml volume of overnight
cuiture in L-broth was washed once with an A medium (including KgHPO4
10.5 g, KHaPO4 4.5 g,k (NH34)2504 1.0 g, and Na citrate ZHzO 0.5 g in 1 liter
vol\ime), then resuspended in 1 ml of the A medium. 0.1 ml of this cell
suspension was added to 0.9 ml of a Z buffer (0.06 M NagHPO4, 0.04 M
NaH2PO4, 0.01 M KCl], 0.001 M MgSO4, and 0,05 M p-mercaptoethanol, pH
7.0). Two drops of chloroform and one drop of 0.1% (w/v) SDS were added,
and' the tube vigorously vortexed for 10 sec. Before adding 0.2 ml of the
substrate o-nitropheny!-p-D-galactopyranoside (4 mg/ml in A medium), the
tube was equilibrated at 280C for 5 min. When a yellow color dével'oped, the
reaction was stopped by adding 0.5 ml of 1 M NézCOa.; It was then measured
for ébsorbance at 420 nm and 550 nm. rfl‘he cell suspension in A medium was
measured at 600 nm. The units of p-galactosidase activity were calculated as
described by Sambrook et al. (183): {A420 - (1.75 X As50)} X 1000 / (t X 0.1 X

A600), where t=time in min.

Nucleotide affinity chromatography
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The entire affinity chromatography procedure was carried out at 40C.
A MOPS (_3-(N-morpholino,);>ropanesulfonic acid) buffer was prepared
according "to‘ Black and H’ruBy (24) with §omé modifications'. The buffer
contained 10 mM MOPS (pH 7.2), 1 inM EDTA, 1 mM dithiothreitol, 0.1%
(v/v) Triton X-100, and 1 mM phenylmethylsulfonyl fiuoride (PMSF). A 1 ml

volume of ATP' affinity column matrix (Sigma) was swollen in the MOPS

buffer overnight at 4°C, and washed with more than ten bed volumes of the

MOPS buffer, The protein preparation was dissolved in the same buffer and
applied to the column at a flow rate of 0.1 ml/min. After washing the
column with more than 10 beél. volumes of the MOPS buffer, the protein was
eluted with 1 ml volumes of buffei" containing increasing concehtrations of

ATP, i.e., 0125 mM, 0.25 mM, 0.5 mM, 1.0 mM ,2.0 mM and 40 mM, 1 ml of

LPS dectection

Silver stain for LPS
Silver étaihing of LPS was performed as described previously (92, 213).
Overnight cell cultures of 1 ml volume were collected by centrifugation (4,000

X g, 10 min), resuspended in 0.1 ml SDS-PAGE loading buffer and boiled for 5

min, , Equal volume of proteinase K (1 mg/ml) was added, incubated for 1 hat

60°C, and 5 ul was loaded onto a conventional SDS-PAGE gel. After
electfbphoresis, the gel was fixed in a fixing solution (40% ethanol and 5%
acetic acid (v/v)) for at least 1 h with gentle shaking. Then the gel was
incubated in an oxidizing solution (the fixing solution plus 0.7% (w/v)
periodic acid) for 5 min. After threé 10-min washes in distilled water, the gel

was stained for 10 min with vigorous shaking. To make the stain, 2 ml of
conicentrated NH4OH was added to 28 ml of 0.1 M NaOH. Then, 5 ml of 20%
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(w/v) Ag(NO3)2 was slowly added while stirring. The final volume was
adjusted to 150 ml with distilled water. The stain was kept in the dark at
room temperature for a maxi;num of ’onie morinth;. The gél was washed three
more times with distilled water and developed in a solution containing 50
mg citric acid and 0.5 ml of 37%7 formaldehyde per liter. The color

development was stopped by washing in distilled water.
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RESULTS

I. Structure of vapA gene and its product, A-protein

Subcloning and sequencing of the A, salmonicida A449 A-protein gene
(vapA)

The A-layer subunit gene bapA from wild type A. salmonicida strain

A449 was previously cloned into the Pha‘ge“ vector Agtll (21). The clone could

initially express A-protein as detected by immunoblot analysis. The apparent
Mr of the protein expressed was indisfinguiéha’ble from A-protein purified
from A449 cells. However, plating of the recombinant phage on E. coli strain
Y1090 always prbduced piaques unable to react with antibodies to A-protein.
This instability increased with storage'; After Zcc’Sriwe‘rsion jto lyspgeny in E. coli
strain Y1089 and subcuituring, immunologically detectable iA-protein was no
longer prloduc;ed.‘ Despite the phenotypicaf change, the vapA gene in the
lysogenic recombinant phage A10g could still be identified by using two

oligonucleotide probes to the N-terminal amino acid seqﬁ’ehee‘(_llZ). This
suggested that although the vapA gene in A10g had been changed, the clone

still retained pért}of the original insert. This was confirmed by subcloning of :

a 0.75 kb BamHI-Kpnl fragment from Al10g into pLG338 (pRJ5) and M13
(pSC149) (Fig.vB) énd DNA sequencing. The sequence showed part of an open
‘readihg frame with the predicted amino acid sequence the sgame a!s previously
determined N-terminal sequence of purified A-protéin (169). This finding
further localized the A-protein gene coding region. |

A 1.5 kb Poull-Poull fragment from XIOg was then subcloned into Smul
digested pTZ18R generating pSC249. This fragment was believed to code for
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Fig. 3. I‘hysmal nmp “of the cloned A. salmonicida chromosomal
DNAs containing the vapA gene (cross-hatched box), and
phage/plasmids used in this study. Nucleotide positions in the
gene ar2 indicated, and vectors (shaded box) carrying A.
salmonicida DNA are identified, as are the restriction sites used
for subcloning. The recombmant phage/plasmid designation is
shown on the right. An identical Kpnl site in the deleted gene of

strain A449 and the complete gene of strain A450 is underlined.
Acc=Accl, Bam=BamH]I, Bgl=Bglll, Eco*=EcoRI*, Hin=HindlIII,
Kpn=Kpnl, Pvu=Pvull, Pst=Pstl, Sac=Sacl, Sau=Sau3A, and
Sph=Sphl.
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an area near the N-terminal of A-protein because it reacted with the 17-mer
oligonucleotide piobe TJT18 (from base 226 in the vapA gene), and the Pvuﬁ

site is only 22 bases downstream from the beginning of the gene. pSC249 was

also subcloned into M13 vector for sequencing, Subsequent DNA sequencmg |

revealed that the open reading frame with the knowv N-termmal sequence

was 1nterruptea by a number of st»p codons. Possible mlsreadmg of the DNA

sequence was ruled out because stop codons appeared in all three reading
frames Furthermore, cysteine residues appeared in all reading frames{ which

was not consister:t with the amino acid composition. of the A- protem These»»

results suggested that a DNA rearrangement had occurred in the cione. This
neczssitated recloning of the A-protein gene, which was periormed by B.

Phipps (167).

Subcloning of the vapA gene from A. salmonicida A450
The vapA gene of A450 was previously cloned on a 27 kb Sau3A insert
into a broad host range cos:nid pLA2917 (7) generating pBP501 (167). When

screened by colony immunoblot, clones containing this plasmid reacted

weakly with anti A-protein immunoglobulin. A 9.4 kb Sall fragment of

pBP301 was then subcloned back into pLA2971 to yield pBP512. A-protein
expression by subclone pBP512 was less than that of pBP501. |
To further localize the coding region for A-protein, pBP512 DNA was
digested by Pstl, and ligated with PstI digested pTZ18R. After transformation
inte E. coli DH5a, clones were screened for ampicillin resistance and iacZ gene
complementatior: One of 40 white colonies showed a strong reaction with
anti-A-protein immunoglobulin, and Western blot analysis showed that the
molecular weight of the A-protein produced was indistinguishable from that

of the wild type protein (Fig. 4). This clone, pTZ521, contained a 4.6 kb insert
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(Fig. 3) and, in contrast to clone A10g, A-protein production was stable during
storage and subculture. When the 4.6 kb insert containing A-protein gene

was ligated into pTZ19R where the inverted polycloning site positioned the

T7 promoter downstream from the insert rather than upstream as was the

case in pTZ521, there was no alteration in the level of A-protein produced.

This suggested that A-protein synthesis was from a promoter on the insert.

The beginning of the vapA gene in the pTZ521 insert was localized near .

the 5' end of the insert. Further restriction mapping of the insert in pTZ521
identified a 1.3 kb HindlII fragment at the 3' end oi the 4.6 kb insert (Fig. 3),
removal of which did not affect vapA expression in E. coli. ’The plasmid
obtained after removal of this HindIll fragment, pSC150, contained the
smallest insert still capable of producing approximately the same level of A-
prot;ei‘n as that of pTZ521 in E. coli. Attempts to subclone smaller fragments
conéaining the entire vapA gene and capable of good expression of A-protein
were uniformly unsuccessful, although subclones containing various regions

of the gene were obtained and were stable.

DNA sequencing of the A450 vapA gene
The Aeromonas DNA insert in pSC150 was subcloned into other vectors

for sequencing. pSC250 contained a 2 kb PstI-Bglll fragment in pUC18. pSC350

contained the "middl‘e region of the pSC150 insert, a 0.85 kb BglII-BamHI

fragment, in :pUC18. pSC550 carried the 3' end of the pSC150 insert, a 0.55 kb
BamHI-HindIll fragment, in pUC19. The middle region of the pSC150 insert
was also subcloned into M13mp18 and pTZ18R in a 0.7 kb KpnI-Kpnl fragment
(pSC450) and a 0.5 kb Kpnl-PstI fragment (pSC650), respectively. For DNA

sequencing, the primers used were synthesized oligonucleotides. Universal
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Fig. 4. Western blot of A-protein subclones in pTZ18R. Lane 1:
whole cell lysate of pTZ521/DH5a; lane 2: purified A-protein.
Marker on right indicates the position of wild type A-protein.

The antiserum used was rabbit anti-purified A-protein diluted

1:1,000.
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primer was also used wiien the priming site was appropriately located for
sequencing, | | | h ;

The entire Aeromonas DNA insert in pSC150 was sequenced in both
directions (Fig. 5) The insert contained 3372 base pairs, and only one single
complete bpen reading frame (ORF) greater than 1 kb was found in all three
possible reading frames. This ORF; Was 1506 base pairs long, beginning at an
ATG codon and terminated by a TAA stop codon, and was namé,d, vapA for
"virulence giray" protein". The ORF contaihed an overall G+C content of
48%, lower than the overall 55 +/- 1.8% reported for thé A.‘ sa‘lmonicida
genome (22). Tﬁ‘his was the first A. salmonicida gene to be sequenced, and the
codon usage for vapA showed significant differences from that of A. hydrophila
genes encoding exported protein (78, 97, 203) (Table 3) ‘This was c‘leari‘y
apparent for Ile, Val, Ser, Pro, Thr, Ala, Gln, Glu, Arg',‘and Gly. Codon usage
for the A. salmonicida gene was more in accord with E. coli nonregulatory
genes, with optimal codons being preferred with Phe, Leu, Ile, Val, Pro, Thr,
Ala, Tyr, Asn, Glu, Arg, and Gly (101). For amino acids contained in the

protein, seven codons were not used. Three of these, i.e., AUA for Ile, UCA

for Ser, and CCC for Pro, corresponded to rare codons in E. coli. The other

four codohs not used were UCG for Ser, ACG for Thr, and UGU and UGC for
Cys (Therlz vx;as no Cys residue in A-protein). |

The vapA gene contains a pair of direct 21-base pair repeat,
G~.A{\AFCCAAGGTGANNGCCAA separated by 795 bases, beginning at
nucleotides 220 and 1036 in the structural gene (Fig. 5). Upstream fiom the
genéi:, there is an optimally positioned presumptive Shine-Daigarno
riboso‘mal-binding‘ site. AGGA. Possible control elements in the 5'-

untranslated region of the A-protein gene included a predicted -10 region
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35 10 sD
CCCATTTTTGCGGGAAACAGC Gcm'rmmmcc‘mc'ltl\cAMA&LWMAWMAGMMCCGAWWMTWWMGMMMT “e

T AT ATCTTCTTC AT AT COAMC AN LS I ATCC TG T I T TGATC AGATC AACGGATARG TTCAACCC TATT TG TATATAATCAATARACTTCCTTABGGAAAAAGT 450 ;

1 i
ATGTTTAAGAAGACTTTGATTGCAGCTCCCATTCTGGTCCETTCCCC TGCACCTCCCTTTCC TCATG TCGTCATTAGCCCGAACGACAACACTTTCCTTACTACCTCCCTCCCATCTETA 449
ATGTTTANGAAGACTTTGATTGCAGCTGCCATTGTCCTCCCTTCCECTGCACCTGCGTTTGCTCATG TCGTCA T TACCCCOARC CACAACACTTTCGTTACTACCTCCCTCCON A4S0
Leader peptide v
mt.n,ez.y-ny.-rhruuxleAluALululev-1v.Lclys"unhprmnrhulmmmmusumummmmmmmmmmmnmx

121 ! 240
muocmcc«m«mmcmcmmmmmcmnmmmcmuaucuemmmmmmummm 4"y
ACTARGCAGCCGGTACTGOACTTCTCCACTGCTCAAC ANCCTGACCCTTAACTICAGTGAAGTTCGTGACCTTAAGAACAACCGTTTCATTCTCTTCCAARTCCARGETGANGGCCAR. 450
Wmmmhmhnmmmmemnrms-mmv.u.lyupuux.y-umncxyrhux1-v.luurluxxmlnalycluclycln

u : ]
TTCAACGACGCGCAAATCCCTCAGTGGCTRTCCAACGGTTTCTGCCG TAGGCCGT TTACCGGTCTCCTGGTTAACCCCAATCATCATGGTAATTTTCC CAATAGCGGTEAAGTTAATGAC
thmpMnclu!1eAqulnTtchuSchnclyPhu’l‘rpAththcPh.‘l‘htclybaul‘..eu\ulnn?rolunhpnllclyhlnl’hel\ln-ns.mlyc_ 4

361

CTTCCGAACTTCTTTAACATTATTTCCGACCCTACCCAGCTCACCATCGTTCACA WWWWMMMMM&WMT 450
ValArgLysPhePheLysIlelleSarAspGlyThrGlaLeuThrl 1eVAluln‘hr!hlups-r:AlnGlyl.y-Argl.euAquouAhLauAlnSnt)\-an 1GluGluThelleAsn

481
TTTGCTGATGCAGACCTTCAGCTGAN CCI‘GAAC‘HAGCFMCCMGCCHTMWCTCCW CN‘TACCTCTCACCCCAGGAW&WACAC‘? 450
rhmmw.cmvucnmmmmhnmmmmmamnrm_ncly‘rh:\uI.AlnLan'rhrAlnclyklnuurmumlaS-mr‘rlnr

01 ! L
CCTGATCCGLTTGCTACCAAGCCGCTGTTCAAACTCCGTAACCTCTTCCAG T T GAGTTTGACTAACCCTCETAM CCTACCCCTCTCATTTCCOAAGGTTICTTCAMACTTAATATOCCT 450
AlaAspProva Mln'l‘hrx.y-P:ol.-ul’heLy-Lcucly!.y-l.cuPheclnuu&‘eruu‘rhrl\aMllclyl.y-unthrud.euv. 1SerGlufiiyphelLeylyslouAanlleGly

'7"

GATLAUARTATTTCTCCTACTGATT TCGCCATTACCAACGTTACT ACTARC CAGACCATCCAACG TG ACAAGCTTAACCTCACCCTCACTGGTCATGTTTCTGOC ;TCARGAAACATCLE 450
MpslriantleSerAlaThrAspPheAlalieThrAsnValThrThrAsnGlnThrXleGLnArgAsplysValAsnleuThrLeuThrGlyAspValSerAla thaLyalysAspAla

21
AACGGTAACTTGGTAAACAMGC TCGTCCTAGCATCCGTTGCAAA CCTCCTCCTGATGG TCAATCTCCTACACCTGTCTTCCETCCTGGCARCATEGC CGCTCG, STTCAAATCCTCTG - 450
AsuGlyAanleuvalAsnLysAlaGlyAlaSerIleGlyTrpLysAlaAlaAlaAspGlyGlnSerAlaThrAlavalLeuGlyAlaGlyAsnMetAlaGlyGlyyalGinAsuAlalel

961 1057
CCTACCTATAACTACTTCAAGGAC 449
GCTCCTTTTCGTACACTCTACCTTCC Y GCCAGATAACACTGTTCCGGTTCCTCCTGTTAACTTCAATG TTAAGGCTCAATC CAACCTCATACCCAAGCTACCTATAACTACTTCAAGCAC 450

WMMMWWA-nMLym-chLynpsnmmAmmmnryrrh-w-up

1081
GAGCTGGCTCATCTCTTCATCCTCACCCGTGAT GG TATGAAGT TTCACACAATTACT ACTCCTACCACTTC TCCCAACCTCATCCACATTCGCTGATGTATCTAACATCCTGCCTACTCAA. 449
GAGCTOCCTCATCTCTTCATCCTCACCCOTGATCC TATGAAGTTTGACACAATTACTACTGCTACCACTTCTCCCAACCTCATCCACATTCCTCATGTATCTAACATCCTGCCTACTCAA 450
GluLeuAlaAspLeuPhelleleuThrArgAspClyMetLy sPheAspThr Il eThrThrGlyTheThrSarAlahanLeulleniaIl eArgAspYalSerAanideLeulrathrGlu

!
1200 | o
mmtmmnuﬂmmummmwmmmmnmnmmmmmmmm 449

GCTAACTATCACTGAATATGCACATCATCCT UCCAATGGTCGTOCTGAAGGTACTCTATTGLTTACCCGTAAAGCACTGTCTCTTACCCTOCCANGCGGTGGTCCA 450

CGTCCCAACATCTTC
ClyGlyLysIlePhaVa 1rh:n¢rm1uryrumpmu1 SAlaAsnGlyArgGlyGluGlyThrValLeuValThrArgLysAlaLeuSerValrhrLeuProserGlyGlyAla
1321 ’

mmmmmAmmmmmmmmmmmmmﬁkmﬁmmm “e
CCTTCCYCTTTCAN ANGAAATCC 450

GTCACTCTGAA TCTTGCTCCTCGACGTTCGTGCTICTA CTTCAMMCCAATCACCGTCAAGTACCTGTT.
VAl'l'h:x.cubynl’rounlp\umulunpvuclyunserI1e’rhrAlaclyquclnAluu'qPhcunl’haclnvnclurhrlunclnGlyGl.uv- [AanAll.yuLns-t

1441 1509 !
MTGCNMGGCMCGATAHCAGAAMACCCGCGGCACAGCACCGCNG‘AC ATTTCACTCTCTAAGAGCGAATCTAGCTCGATAAAGCLUL CCCUAGCOGCCCTITTITAATTAATGTA. 449
AMATGCTCAACGCGTCGATATTICAGAATGGTACCCCCCGLACAGCACCECTCGTAGATTTCACTCTGCTAAGAGCCAATCTAGTCCGATAAAGGGCCCCCAGLCGCCCTTTTTAATTAATGTA 450
AsnAlaGluGlyValAspl)eGlnAsnGlyThrArgGlyThrAlaProLeuValAspPheThrlau R R LT P .

1561
AAACTAAGCAGTTTCATTTGTTCCCTCACTCATCAATCTCTTCATTTAGCGAGGT AGACAAGCTCTCCCGTTGCTCCTCACCACACCCCTTATTTCAGTTGTCATITATTCTTATACTCT 449
AMCTAAGCASTTTCATTTCTTCCCTCACTCATCAATCTCTTCATTTAGCGAGGTAGACAAGC TCTGCCGTTGCTCCTGACCACAGCCCTTATTITCAGTTGTCATTTATIGTTATACTCT 450
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Fig. 5. Nucleotide sequence of the vapA gene and flanking DNA
from A. salmonicida strains A449 and A450 (numbers on right),
and translated amino acid sequence. The numbers above
indicate nucleotide positions. Direct repeat sequences in the
vapA gene are double underlined, putative Shine-Dalgarno (SD)
ribosoma!-binding site, and -10 and -35 RNA polymerase-
binding site in front of gene are indicated, and the putative
terminator palindrome is indicated by a dotted underline.
Vector nucleotide sequence in the region 5' to the vapA gene of
strain A450 is shown in italics and dotted underline. The
translated signal sequence is indicated. FPartial amino acid
sequences confirmed by Edman degradation are underlined.
Oligo nucleotide CG3 is indicated.
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Table 3. Codon usage for the A. salmonicida A450 vapA gene, and A. hydrophila genes

coding for exported proteins

Amino Codon Codon % codon usage Amino Codon Codon % codon usage
acid usage A. salmon A, hydro acid  usage A, salmon A, hydro
-icida wphila @ ~icida -phila
Phe UUU 10 36 21 Ala GCAP 10 16 5
vuct 18 64 79 GCab 4 6 24
Leu  UUAC 1 2 4 Tyr UAU 2 40 50
UuGE 8 17 2 UACP 3 60 50
cuuc 5 11 4
cuce 4 9 20 His CAU 2 50 70
CUAC 0 0 2 CAC 2 50 30
cucgb 28 61 68 ,,
Gln CAA il 58 27
Ile AUU 11 42 7 CAGb 8 42 73
AUCP 15 58 69
AUAC 0 0 25 Asn AAU 14 36 18
| AACP 25 64 82
Met AUG 3 100 100
Lys  AAAb 8 30 16
val Guub 24 57 2 AAG 19 70 84
GUC 3 7 46
GUAP 10 24 5 Asp  GAU 19 63 38
GuGd 5 12 47 GAC 11 37 62
Ser UCU 11 41 4 Glu GAAb 15 79 24
ucC 8 30 31 GAG 42 17 6
UCAC 0 0 5
UCG 0 0 9 Cys UGU 0 0 50
AGU 2 7 9 UGC 0 0 50
AGC 6 22 39 ,
Trp UGG 4 100 100
Pro  CCUC 4 31 10
ccce 0 0 42 Arg  CGUb 10 72 18
CCAb 1 8 10 caeb 2 14 54
ccgb 8 62 39 CGA 0 0 8
o cGG 1 7 12
Thr ACUP 23 48 7 AGAC 0 0 5
Accb, 19 40 75 AGGE 1 7 3
ACAC 6 12 9
ACG 0 0 9 Gly GGUP- 35 80 8
aaeb 7 16 68
Ala Gcub 42 66 11 GGAC 1 2 8
Gce 8 13 60 GGGe 1 2 16




a Data from (78, 97, 203), b codons corresponding to the most
abundant tRNA species in E. coli (101), ¢ rare codons whose
corresponding tRNA species in E. coli occur with an abundance
of 0.3 or less on a scale of 0 to 1.0 (102) and whose percentage use
is approximately 10% or less.
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promoter sequence with a typical consensus hexamer TATAAT and a poorly
conserved -35 region (NNGANA) ehding 18 ndcléotides further upsiream.
The “3‘ region contained a possible terminator structure beginning 17 bases
after the termination codon with a GC-rich region of dyad symmetry followed
by a cluster of thymine residues (Fig. 5).

‘Alignment of the sequence obtained from A10g for the A-protein gene
of strain kA4‘49 identifiea the position orf the deletioni suffefed in this clone
which resulted in loss of the ability to produce A-protein. The deletion was of
816 base pairs between the pair of directed repeats (Fig. 5). Other than this
deletion, the sequence of DNA from the two strains was identical within the
ORFs and the 483 bases of the A449 DNA sequenced’d(;wnstream. The
sequence of the 62 bases immediately in front of the two genes were also
identical. | |

The other diffe;'eiice between the A449 and A450 clones existed in the
sequence further u‘ps’fr‘eam (Fig. 5). Since the A450 gene was cloned using a
Sau3A partial digestion and the sequénpe of a SduBA site (GATC) was found at
the point where the difference occu;red, we suspected that this upstream
sequence in pSC150 was from the cloning vector. This was proven to be true

and will be discussed later in this thesis.

Conservation of the vupA gene |
Southern blot analysis using the 0.5 kb insert in pSC650 as a probe with
chromosomal DNA isolated from ten A-layer producing strains of A.
salmonicida, representing isolates from diverse species of fish, diverse
geographical regions, from . diseases with different pa’ghogeneéis‘,ﬂ and
representing the three subépécies of A. salmoni¢ida, showed that the gene was

carried on a 2.5 kb BamHI restriction fragment in each strain (Fig. 6). No
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hybridization was seen with chromosomal DNA's of the four other
tetragonal S-layer producing strains of A. hydrophila and A. veronii biotype
sobria. Identical results were obtained with the oligonucleotide probe TJ19

which is from the 3' end of the vapA gene.

A-protein structure

The vapA gene enco&es a protein of 502 residués as shown in Fig. 5.
Comparison of the predicted sequence with the N-terminal sequence of fhe
mature protein shows the presence of a classical 21-residue amino-terminal
signal peptide which is highly hydrophobic (Fig. 7)‘.' The p'redictéd amino acid
sequence was confirmed in various regions of the mature protein by
automated Edman degradation of peptides produced by CNBr hydrolysis of
purified A450 A-protein, TPCK-trypsin, and endoproteinase Glu C cleavage.
The qonfini;néd r:ési'dues underlined in Fig. 5 represent 31% of the sequence of
the n!mt‘:uré A-protein, The primary amino acid s_equ_en;:e"was searcﬁgd in
data ibaées‘-GenPepfc, SWISS-PROT and PIR (163) and no significant homology
was found with other proteins, indicating that A-protein was unique to A.
salmonicida strains.

The predicted Mr of the mature peptide at 50,778 and the amino acid
comﬁositidn were consistent with that determined previously. In overall
composition, the predicted mature A-protein contained 45.1%
nonpolar/hydrophobic amino acid residues (Val, Met, lle, Leu, Ala, Phe, Trp,
and Pro). The -Kyte arid Doolittle (124) hydropathic index using an interval of
nine amino acids gave ah average hydrophobicity score of -0.45 (the average
for soluble protein is -0.4). The A-protein also contained 37.2% polar, 10.2%

acidic, and 8.9% basic amino acids and displayed an overall
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Fig. 6. Southern blot analysis of BamHI digested chromosomal
DNAs from A. salmonicida strains. From lane 1 to lane 13: A449,
A450, A362, A500, A400, A477, A419, A480, A461, TF7, A274,
A700 and A702. The probe used was p5C650.
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Fig. 7. Kyte-Doolittle hydrophilicity plot of the A-protein. The
protein residue numbers are labeled below the plot.
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negative charge. The predicted overall pI was 4.79 compared to the measured
plof 4853 (167).

The éeco"nda'ry structure of processed A-protein predicted by combining
the m;ethods of Chou and Fasman (37) and Garnier et al. (73) (Fig. 9) was
compared with the secondary structurer previously measured by circular
dichroism studies in the far UV (169). The predicted [3‘=sfr1icture cohtent’ of
 26.2% was consistent Wxth“ the measured 19-28%. The predicted q-st}ructujre
content of 24.5% was significantly higher than the 14% content measured for
A-protein under nbnedenaturing conditions, but was similar to the 29%
conte{[\t obtained in the presence of 0.127% SDS. This o-helix content of A-
prote{n was confined to the sequence after amino acid residue 125. The
protein also contained a small content of turns (6.7%) which were distributed
evenly among the N~termina1 164 and C-terminal 146 amino- acids, but were
not present in the central region of the sequence (Fig. 9). |

' The peptide cleavage studies used to confirm the predicted amino acid
sequence of A-protein also provided information on the conformation of A-

protein (Fig. 8). When assembléd into native A-layer on the surface of A.

salmonicida cells, A-protein was resistant to TPCK-trypsin, even when cells

were treated with a trypsin/cell wet weight ratio as high as 1:100. However,

|

when purified A-protein was treated with TPCK-trypsin at trypsin/protein

ratios, between 1:200 and 1:10, SDS-PAGE showed that A-protein was rapidly
degraded to a major peptide of approximate Mr 39,400, via a series of
intermediates in the approximate Mr range 48,000-40,000, and a second major
peptic“ie’ of épproximjate Mr 16,700, Qia a Mr 21,300 peptide which was unstable
at a ratio of 1:100. The Mr 16,700 peptide was ultimately digested at
trypsin/protein ratios of >1:20, but the Mr 39,400 peptide was resistant to
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Fig. 8. SDS-PAGE analysis stained by Coomassie Blue of A.
salmonicida A450 A-protein structure by TPCK:trypsin cleavage
and CNBr hydrolysis. A-protein (lane 1), A-protein treated at
trypsin/ protein ratios of 1:200 (lane 2), 1:100 (lane 3), i:50 (lane 4),
1:20 (lane 5), 1:10 (lane 6), A-protein treated twice with CNBr
(lane 7). Also shown is A-protein in glycine extracts of cells
before (lane 8) and after treatment (lane 9) with a trypsin/whole
cell lysate protein ratio of 1:500. In contrast to the cleavage seen
in the case of isolated A-protein, no cleavage is seen when A-
protein is assembled as A-layer on the cell surface. Mr markers
(X 1,000) are indicated at right.




further degradation eve.nvén prolonged incubation with the highest

concentration of trypsin tested (1:5). Automated Edman degradation of

intermediate Mr 48,000 and 40,000 peptides and the Mr 39,400 trypsin-resistant -,

peptide showed the same N-terminal sequence as the mature protein.  The

first 25 residues of the Mr 21,300 peptide corresponded to the deduced A- .

protein sequence beginning at residue 275, while the first 22 residues of the
Mr 16,700 peptide con'es:po“nd‘ed to the deduced sequence beginning at amino
acid 324. Hydrolysis of A-protein by CNBr also resulted in two major
peptides, the Mr 31,000 and ‘13,400 cleavage products. The position of these

various sites is shown in Fig. 9.

Cellular localizatilon of A-prétein in E. coli

E. coli cells carrying plasmid pSC150 produced A-protein during growth
at both 20 and 370C. However, A-protein production in E. coli from the
cloned A. salmonicida DNA wasbmarkedly lower than that of wild type A,
salmonicida and detection required Western blot immunoassay. Comparison
of growth curves of E. coli ceil:; carrying plasmid pTZ18R with and without
the A-protein gene insert showed that productior. of éV'en this small amount
of A-protein delayed 1;the, growth of E. coli. At 370C the delay in reaching the
mid-exponential phase of growth was approximately 2 h. Cell fractionation
experiments showed that E. coli was capable of exporting A-protein to the
periplasm (Fig. 10). This was shown using two procedures for the isolation of

periplasmic proteins. A-protein was also detected in the cytoplasmic

membrane, and cytosi)l fractions, but was not detected in the outer membrane

_ fraction or the culture supernatant. Some proteolytic degradation of A-

protein was apparent in the cytoplasmic fraction.

A-protein conformation in periplasm
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Fig. 9. A: Predicted secondary structure of A. salmonicida A450 A-
protein based on combined Chou-Fasman and Robson-Garnier
B: Map ¢f A-protein showing location of major
peptides produced by CNBr hydrolysis and TPCK-trypsin
dlgestlon The trypsin resistant N-terminal 274 residue region of
A-protein is dotted, and the C-terminal CNBr peptide is cross-

methods.

hatched.
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Fig. 10. Western immunoblot analysis of 7.5% SDS-PAGE
showing the cellular localization of A-protein coded by pSC150
in F coli DH5a.. Polyclonal affinity purified rabbit antibodies to
A. -salmonicida A450 A-protein were reacted at a dilution of
1:2,600. Lane 1, purified A-protein from A450; lane 2, culture
supernatant; lane 3, outer membrane fraction; lane 4,
periplasmic fraction; lane 5, cytoplasmic membrane fraction;
lane 6, cytosol; lane 7, whole cell lysate.
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The finding that A-protein accumulated in the E. coli periplasm raised

the f)ossibility that the process of A-protein translocation from the periplasm

to outer membrane was different between E. coli and A, salmonicida, and that

hypothesis, trypsin accessibility of the periplasmic A-protein from both A.
salmonicida and E. coli was examined by TPCK-trypsin partial digestion and
Western blot. The partial digestions were carried out with the TPCK-trypsin
in a series of 1:2 dilutions at room temperature for 1 h and stopped by excess
amount of soybean trypsin inhibitor. While the expected 39,400 Kd trypsin
resistant fragménf was produced from A450 periplasmic preparation, it was
absent in E. coli periplasmic digestion. In contrast to the A-protein
accuﬁtllated iﬁ E. coli periplasm, A-protein accumulated in A. salmonicida

TM1 periplasm, a Tn5 insertion mutant of A449 which accumulates A-

protéin in the periplasm, showed the same 39,400 Kd trypsin fragment as that

in A450 (Fig. 11). This suggested that the trypsin accessibility of periplasmic

A-proteins from these strairs was different.
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Fig. 11. Western blot analysis of 12% SDS-PAGE of TPCK-trypsin
partially digested periplasmic A-protein from A. salmonicida and
E. coli strains. In each panel, TPCK-trypsin concentration was 1:2
diluted for each digestion, with the highest final concentration
of 0.25 mg/ml (lane 8 in panel A and B, lane 9 in panel C).
Rabbit antiserum against A450 A-protein was used at a dilution
of 1:2,000. The upper and lower makers on the left indicate 50
Kd and 39 Kd respectively. A: pSC150/E. coli DH5a. B: A450. C:
TM™M1.
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II. Characterization of the vapA gene promoter area

Subvclyoningvand sequencing of the flanking region in front of the vapA
gene | | |

As described before, pSC150 expresséd A-protein at a low level in E coli

and carried a short Aerormonias DNA sequence (62 bp) in front of thé v;apA

structural gene. Since the vapA expression in wild type A. salmonicida is

signiﬁcahtly higher than the expression from pSC150, we suspected that a

wild type promoter(s) or other Aeromonas DNA sequences necessary for
normal vapA éxpression were missing in pSC150. This led to a search for the
possible wild typé promoters of vapA in other clones.

DNA sequencing of the insert in'pRJ3 and pRJ5 (Fig. 3) revealed a 374
bp DNA sequence immediatély in front of the vapA gene and 324 base pairs in
the«ge.ﬁé (Fig. 12). Although the vapA structural gene in pRJ5 was truncated by
a 816-base pair deletion, the integrity of the sequence upstream from this
deletion was confirmed by ‘a series of Southern analyses. In these Southern
analyses, the chromosomal DNA and %‘s’.:" slasmid DNA were digested with
various restriction enzymes and probed with oligbnucleotide‘ TJ41 (from
residue 123 to 139 in the‘v.apA' geﬁv),, Restriction mapping based on the
Southern blot data showed that the area before the 816-base pair d’elétion in

PRJ5 and the related region on the chromosome were ‘idenﬁcal.

In agreement with this finding, the sequence upsti‘eam of -62 ir: the

A450 clone pSC150 was shown to be vecior sequer@ce; A data base search

(GenBank and EMBL) showed that the sequence in ?SCISO was homologous
to the neomycin phosphotransferase gene from transposon Tn5 (18).
Southern hybridization of BamHI digested A449 and A450 chromosomal
DNAs using oligonucleotides and the 0.5 kb KpnI-Pstl insert in
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RAA2
TCGAAAAAACGGAGTTGGTACTGTTAATCACCCCCTATGTGATCACTTCAAAAGAAGAGG-421

BamHI
CCGAATTTTATACTGATCAATTCCGTACCTTGAGTGGCTGGGATCCGATGCCCAAACGTT-361

Tagl -11.6
CTCAATCTGACGCAGGAQTAGATCQBEQAQQAIQIIQGGIQAIQAGTGCTGTGACTTGAC-301

Zagl
ACAARAATCGTCGATCGGCGGTCGTTTTTTGTGCGCTCAGTTCAGGAAAACGATGAAAGG=241

-35 =10
CGATCTTTGTCACAGATTAGTAATTGACATGCCTGAGTCTGATGGCTAAGAATATGCAAG-181

A450- 2wy
CGCACTTCGGAGCGCGGTGAAACTGTTGTATCTCACAGGACATGAGCATCAGTAGTITTCC-121
M 8 I 8 8 F

-9.6 : oo -15.2
CATTTTTTIGCGGGAAAACAGCGGTGTTTGTGTITCGGTGCTCACACGTGCACCGARGGTTGA ~61
P F F A G K Q RC L C. S VL TV HUZ RU ERIL

-35 -10 CEG4wy palindrnomic
TCAACGGATAGGTTCAACCCTATTTGTATATAATCAATAAACTTCCTTAAGGAAAAAAGT ~1
I N G Dk

sD

vapA... TJ52 PveII v
ATGTTTAAGAAGACTTTGATTGCAGCTGCCATTGTGGTCGGTTCCGCTGCACCTGCGTTT 60

GCTGATGTCGTGATTAGCCCGAACGACAACACTTTCGTTACTACCTCCCTCGCATLTGTA 120

TJ41
ACTAAGCAGCCGGTACTGGACTTCTCCACTGCTCAACAAAACCTGACCCTTAACTTCAGT 180
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Fig. 12. DNA sequence of the 5' region of the vapA gene of A450,
the immediate upstream flanking DNA, and the predicted
amino acid sequence. Nucleotide residues are labeled on the
right relative to vapA. The transcriptional stari site is double
underlined and the putative SD sequence labeled with (*). Three
stem loop structures are underlined and their free energy values
marked on the top. A palindromic sequence, restriction sites,
conserved promoter sequences and oligonucleotide probes used
are also shown. Amino acid sequence of a predicted short
peptide is shown under the DNA sequence. The ISA1 insertion
in A450-2, and the ISA2 insertion in CEG4 are indicated by
arrows.
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pSC6fSO.‘ (mapped to the central regioxj_ of the vapA gene, Fig. 3) showed an
identical 2.5 kb fragment, which was exactly the size between the BamHI site
in pRJ5 and the BamHI site in the pSC150 insert (Fig. 3). Furthermore, A449 is
sensitive to kanamycin and the vector pLA2917 contains the neomyecin
phosphotriunsferase gene. ) ‘ | } .
Analyms of the 374 bp of DNA sequence upstream from the Ad4: vapA
gene revealed a number of interesting features. The GC content of this region
is 44.5%, falrly close to vapA gene 48% but lower than the 55 +/- 1.8% reported
for the A.’ salmonicida genomz (22). In front of the gene, there are three
pote;r\tial stem 16613 structures located at -336 to -317 (AG = -11.6 kCal), -125 to
-105 (AG = -9.6 kCal) and 89 to -67 (AG = -15.2 kCal), respecti -ely (Fig. 12).
These are the three IOWesf} free energy values among all predicted stem loop
structures in the 3.4 kb of vapA contammg Aeromonas DNA sequenced in this
labo;atory to date. None of other predlcted stem loop structures have energy
values lower than -7.2 kCal. No long ORFs were observed in front of these
stem loop structures, however; a small 86-base pair ORF was observed from
-1%7 to -24, coding for a putatwe 3,266 Dalton pephde of 29 amino acid
e'udues (Fig. 12). This ORF spans the second and the third potential hair pin
structures (Fig. 12). At -245 - -225, there is a AA-GGCGA--T---TCA-AGA
sequ;ence swhich shows 66% conserva-tioﬁ with the consensus cAMP-CRP
| bindling site (49). A 12-base pair palindfomi'ﬁt:‘ sequence is present 6 base pairs
upstrea‘in ;from the vgpA structural gene (Fig. 12). This may; indicate a site for
DNA binding proteins (229). The previously identified ribojsome binding site,
AGGA, resides in the 3' half of the palindromic sequence, from -11 to -8, and,
as previously mentioned, is optimally positioned relative to vapA.
As was the case for the vapA structural gene, when the upstream region

of six A-layer-producing A. salmonicida strains (A185, A450 and A597, A400,
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A460 and A480) was analyzed by PCR fragment digestion using the primers
RAAZ (-438 to -462, referring to vapA gene), TJ41 an& restriction ehzyme Tagql,
the region was found to be conserved. Stra‘i:ns\A185, A400 and A450 were also
sequenced in the promoter region (from oligonucleotide RAA2) and the

sequences were identical to that of A449.

Primer extension analysis

To determine the natural transcriptional start site for vapA in A.
salmonicida, primer'eXtension analysis was employed. Because pRJ5 contained
374 bp .of A. salmonicida sequence immediately 5' to vapA gene as well as 220 bp
of the 5' sequence ;of vapA, the pR]5 insert was subcloned into M13 to prepare
the DNA sequencing lkaddéf. | RNA ‘templates were prepared from A,
salmonicida strains A449 and A450, and the extension and DNA sequencing
ladders were started from the 17-mer oligonucleotide TJ]-52 (vapA bp 3-19, Fig.
12).

The results in Fig. 13 show a sinrgle‘ identical start site for vapA
transcription in A: salmonicida strains A449 and A450. Comparispn with the

DNA sequence ladder showed that the transcription started at G .1g81 relative

to the stri;ctural gene (Fig. 12). No other band was observed, even in the area

following the predicted P2 prbmoter. Perfectly positioned relative to this start
of the vapA message was a -10 TAagAAT box at -13 to -7, and 17 bases further
upstream was a -35 TTGACA box at -36 to -31. These sequences were

designated the P1 promoter of vapA and the previously predicted proximal

promoter was designated the P2 promoter. Primer extension experiments

were also performed with A. salmonicida 30°C mutants A450-3 and A450-CEG6
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Fig. 13. Primer extension of the vapA gene. Lane 1 and lane 2
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transcriptional start residue G (bold) and surrounding bases are
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A-layer, and with E. coli DH5a carrying pSC150 DNA which contained an
intact vapA gene, as VWell as 62 bp of immediate upstream flanking DNA
including the nbosorpal bmdmg site and the predicted P2 promoter sequence,
but lacked the predommant P1 promoter sequence. The insert in this plasmid
produced low levels of A-protein in E. coli DH5c. However, in none of these

cases was an RNA band detzcted in primer extension experiments.

vapA transcnpt size ‘

Notthern hybndlzatlon with the 17-mer ohgonucleotlde probe TJ41 to
the 5' end of vapA was used to determme the size of the vapA transcript and to
evaluate whether vapA mRNA was monocistronic. Fig. 14 shows that a single
mRNA band of 1.65 kb was. observed in both the wild-type S-layejr producing

strains examined, This size was consistent with the predicted 1,7 kb size for a

monocistronic mRNA based on DNA sequence and primer extension |

analysis. Northern analysis was also used to examine the relative a@ount of

vapA transcript produced in reduced A-protein.. producihg mutants A450-3 and

of mRNA isolated from either TM4 which had Tn5 inserted in the vapA gene,
or strain A438 in which vapA is deleted (Fig. 14).

Growth phase dependence of vapA transcription ,
Northern ana1y51s of total cell RNA (5 pg/lane) with 32P-radiolabeled

vapA specific ohgonucleohde TJ41 allowed the quantitation of vapA transcript

during cell growth. Fig. 15 shows that at 150C the quantity of vapA mRNA

increased rapidly early in growth, peaking in early log phase at 11 h. This was
followed by a relatively sharp decline in vapA mRNA as the cells reached late

log phase. A similar profile of vapA transcript production was observed in
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Fig. 14. Northern hybridization of wild type and mutant
Aeromonas strains, Size markers are on the right side. Lane 1
through lane 6 represent RNAs from TM4, A438, A450, A449,
A450-3 and CEG6 respectively.
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Fig. 15. vapA transcript dynamics during cell growth at 150C.
Upper panel: Northern hybridization of A449 RNA probed with
radiolabeled oligonucleotide TJ41, Lanes 1 through 8 are A449
RNAs isolated after 6, 9, 12, 16, 18, 20, 24 and 30 h growth
respectively. Lower panel: solid squares represent relative vapA
transcript level obtained from densitometer analysis; hollow
squares indicate absorbance of the cell culture at 600 nm. during
growth. The plots represent the average of three independent
experiments.




cultures grown at 200C, although the decline after peak vapA transcrips

production was more prenounced (data not shown).

Effects of growth teniperature on vapA transcription

Growth at different temperatures also affected the quantity of vapA
transcript produced by A. salmonicida cells, When cells of strain A449 were
grown in L-broth at 10, 15, 20, 25 and 30°C to early log phase and the relative
quautity of vapA transcript determined, the highest quantity of vapA mRNA
was observed in cells grown at 150C (Fig. 16). Cells grown at the other
temperatures had reproducibly lower quantities of vapA mRNA. Indeed cells
grown at 300C had approximately only 12% of the vapA transcript compared to
cells grown at 159C.,

vﬁpA transcript stability

Growth temperature also affected the stability of vapA mRNA. This
was shown by adding rifampicin (0.2 mg/ml) to log phase cultures of A.
salmonicida A449 growing at 15°C and 200C to it.hibit transcription, At 5 min
intervals. thereafter cell samples were removed?f‘ from the cultures and placed
on ice. RNAs isolated ,,f.fro’m the cell samples were then analyzed by Northern
hybridization. Fig. 17 shows the time-dependent decay of the 1.65 Kb vapA
miNA band after rif‘ampic;ih addition, with the transcript being noticeably

more stable in cells growing at 150C. Densitometric analysis of the

autoradiograms from two independent experiments showed that the average

half life of the vapA mRNA in cells growing at 150C was 22 min compared to
11 min for cells growing at 200C, No difference in transcript stability was seen
between early log phase (10 h) and stationary phase (18 h) cells (data not

~shown).
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Fig. 17. vapA transcript stability assay. Panel A: 150C culture.
Panel B: 200C culture. Pictures show Northern hybridization of
A449 prcbed with radiolabeled TJ41. Samples were collected at 5
min intervals after addition of rifampicin. Semilog graphs show
plots of densitometric analysis results from three independent
experiments and were used for half life measurements.
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Variation. of vapA transcript levels in other growth conditions
| Selected cther growth conditions were tested for their effect on vapA
transcription, including growth atmosphere, growth pH (pH 6 - pH 9), emd ion
addition and depletion. No statistically significant changes were observed in
the amount of vapA transcript as a result of changes in growth pH (Table 4),
from Ca?+ or Mg2+ addition, or from Fe3+ and Ca2+ depletion (Tables 5, 6 and
7). However when log phase cells were incubated anaerokbically for 4 h, a 39%

reduction was seen in the quantity of ~apA transcript (Table 8).

Effects of nalidixic acid and novobiocin on vapA transcription

The effect of the DINA gyrase inhivitors, nalidixic acid and aovobiucin,
on vapA transcription was also examined by Northern analysis. In the case of
nalidixic acid, while 0.313 pg/ml had no effect on the quantity of vapA
transcript, 0.625 pg/ml reduced vapA mRNA to 50% of that of cells grown in
the absence of the DNA gyrase irhibitor (Table 9). Simiiarly, while
novobiocin at 10 pg/ml appeared not to affect vapA transcription, 20 pg/ml
novobiocin reduced vapA transcript production by 50% (Table 10). Growth of
A, salmonicide was not detectably inhibited by the concentrations of nalidixic

acid and novobiocin used.
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Table 4. vapA transcript level atfected by pH

PH Relative amount of| % + SD
vapA transcript = SO .
6 724 + 67 799
7 916 + 37 100 + 4
8 946 + 112 103 + 12
9 1020 = 69 111 +8

Table 5. vapA transcript level affected by Cat+ addition and depletion

EGTA (mM) |CaCl2 (mM) |Relative amount| % + SD
of vapA transcript +
SD
0 1291 = 89 100+ 7
0 1 1280 = 79 99 + 6
0 10 1332 = 115 103+ 9
0 30 1165 = 134 90 + 10
10 0 1089 = 159 84 £ 12
10 1 1185 = 80 1928
10 10 1181 . 181 9215
10 |30 1271 £ 62 99 +5




Table 6. vapA transcript level affected by Fett+ depletion

2, 2-dipyridyl | FeCls (mM) |Relative ainount|% = SD
(mM) of vapA transcript

. SD |
0.00 0.00 956 + 48 100 £ 5
0.01 0.60 994 £ 67 104+ 7
0.01 0.01 927 + 86 97 +9
0.10 0.00 908 = 67 957
0.10 001 879 + 115 92 « 12
0.10 0.10 975 + 105 102 = 11

Table 7. vapA transcript level affected by Mg+ addition

MgClz (mM) |Relative amount|% = SD
of vapA transcript
* SD | y
1664 + 48 100 + 3
1 1580 + 133 95+ 8
10 1647 + 150 99 +9
30 ; 1847 + 165 111 = 10

Table 8. vzpA itanscripf level affected by oxygen

Oxyger content Relative amount of % = SD
. vapA transcript # SD ,
Normal 3264 + 245 100+ 8
Microaerophilic 2483 = 369 76 £ 11
Anaerobic 11991 = 620 61 = 19




Table 9. vapA transcript level affected by nalidixic acid

Nalidixic acid | Relative amount of | % = SD
(ug/ml) vapA transcript + SD
0.000 1591 + 213 100 = 13
0313 1501 + 78 94 +5
0.625 820 + 231 51+ 15
1.250 561 + 68 354
Table 10. vapA transcript level affected by novobiocin
Novobiocin| Relative amount of % + SD
(ug/ml) vapA transcript = SD
0.0 1447 + 293 100 + 20
2.5 1250 + 323 86x6
5.0 11542 + 254 107 £ 17
16.0 1310 £ 85 91+6
20.0 722 + 14 50+1
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I1I, The vapA gene in some A. salmonicida 300C mutants is interrupted by

insertiors elements

DNA rearrangenients ir: 306C mntants
It was previously reported that when A. salmonicida ceils were grown at
300C, while most of them wouid die, surviving cells experienced irreversible
loss of viruience and A-layer (i05). The loss of A-layer was shown by SDS-
PAGL and thin section electromicroscopy, as well as by functional evidence
such as the loss of self-aggregation, increased sensitivity to bacterial phages

and increased yeast cell binding affinity. We also examined a 30°C mutant

 A450-3 by immunogold electromicroscopy with polyclonal antiserum against -

A-protein, and found significantly less gold particles on the cell surface
compared to the wild type strain A450 (Fig. 18).

On the DNA level, Belland and Trust have previously cbserved that in
an area near the beginning of the vapA structural gene in A450¥3, an
uncharacterized DNA rearrangement had occurred (21). To provide more
information on this DNA rearrangement, a series of Southern hybridizations
were carried out on A450 and A450-3 using oligonucleotide TJ44 from near
the 5' end of the gene. The chromosomal DNAs were digested with Accl,
BamHI, HindIIl and Pstl, and each of these digestions showed a uniform size
difference, i.e., the A450-3 fragments wef:re :abfout 1.2 kb bigger than the A450
fragiments (Fig. 19). These results led to an A450-3 chromosome map which,
when compared with A430, revealed a 1.2 kb expansion between the
upstream BamHI site and the PstI site in the vapA structural gene (Fig. 20).

To further understand the molecular mechanism(s) involved in the

phenotypic change, we made more 30°C mutants of A449 and A450 and
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Fig, 18, Electron micrographs of immunogold lébeling of A450
(A) and A450-3 (B) cells.
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Fig. 19. Southern hybridization of A450 and A450-3
chromosomal DNAs probed with oligonucleotide TJ44. Odd
numbered lanes are A450-3 DNAs and even numbered lanes are
A450 DNAs Lane¢ 1 and 2 are HindllIl digestions. Lanes 3 and 4
are BamHI digestions. Lanes 5 and 6 are Accl digestions. Lanes 7
and 8 are Pstl digestions. Size markers are indicated on the right

(kb).
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chromosomes. The shaded box in the A450 map mdlcate': the
vapA gene. Restriction sites are indicated.




{ound that the A-proizin preduction in the mutants varied but all produced
lower amounts of A-protein than the wild type strain A45C "(Fig,. 21).
Southern hybridization with BamHI digesied chromosomal DNAs probed
with TJ44 showed that the 309C nuatants bad bards of various sizes, These
variations suggested that the DNA rearrangements were heterogeneous, and,

resulted in different reductions in A-protein production.

Identification of two insertions in the vapA area in A, salmonicida 300C
mutants

Using oligonucleotides derived from the vapA area in the Aeromonas
chromoscme, PCR analysis was performed to localize the rearrangemerits in
A450-3 and other 300C mutants. Among the strains tested, the sites of the
rearrangement were found scattered in the vapA area including the structural
gene and the promoter area in front of the gene (Gus... on, unpublished
data). Interestingly, these PCR products containing the rearranged area all
showed a 1.2 kb size increase similar to that seen in A450-3. This suggestec
that these expanded DNA sequences, although localized in different sites,
might be of the same origin. To demonstrate this hypothesis, the expanded
DNA sequence in CEG6 was cloned (pCG106), excised, radiolabeled, and used
as a probe in Southern analysis of other 300C mutants (Gustafson,
unpublished data). Under stringent conditions, PCR products containing the
expanded region in A450-2, A450-3, CEG6, CEG22 showed positive
- hybridizations (Table 11), suggesting a similar compcsition oi the same
origin. From among the mutant strains which showed negative reactions
with pCG106, CEG4 was chosen to prepare a second probe for the DNA
rearangements. The expanded DNA sequence in CEG4 was amplified by PCR
and radiolabeled. In the Southern hybridization using this CEG4 probe,
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Fig. 21. Western blot of whole cell lysate of A. salmonicida 300C
mutants with 1:1,000 diluted rabbit anti-A-protein antiserum.
From lane 1 to lane 12: A450-2, CEG4, A450-3, CEG7, CEG24,
CEG27, CEG28, CEG29, CEG6, CEG22, TM4, and A450. Position of
wild type A-protein is marked on the right.
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strains displaying negativ reactions with pCG106 all showed positive results
(CEG7, CEG24, CEG27, CEG28 and CEG29), while those which hybridized with
pCG106 were all negative with CEG4 (Table 11). This suggested that the DNA
rezrrangements in these ., salmonicida 300C mutant strains involved two
classes of insertion element. Since these insertion elements are the first ones
identified in Aeromonas cells, the element identified from CEG6 and like
mutants has been designated ISA1 and the element identified in CEG4 and
like mutants has been designated ISA2.

Cloning and sequencing of ISA2

As DNA sequencing of ISA1 displayed a typical insertion element
structure (Gustafson, unpublished data), ISA2 was likely to be an insertion
element as well. The 1.9 kb PCR fragment synthesized by RAA2 and TJ44 on
CEG27 containing the insertion DNA cequence (ISA2) was cloned into pGEM
plasmid (Promega) yielding pSC103, and the entire ISA2 DNA sequence of
1,163 bp was determined (Fig. 22). From the DNA sequencing data, the ISA2
sequence was found between a pair of duplicated 3-bp targeting sequences.
from base Cjy36 to Gi3g in the vapA gene. A pair of perfect terminal inverted
repeats of i3 bp or a pair of imperfect inverted repeats of 29 bp with 6
mismatches were identified at both ends of the sequence. In addition, a
palindromic sequence of 21 bp with an unmatched T in the middle was
observed near the center of the sequence, An ORF of 1,017 bp was predicted
spanning almost the entire region of the ISA2, staring from an ATG codon at
base 34 and coding for a putative protein of 339 residues with a molecular
weight of 38,810. The G+C content of this ORF is 60%. There was no obvious
rbs and conserved promoter sequences observed in front of the ORF. Like the

predicted protein sequence in ISA1, the hydropathy of this protein showed
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Table 11. Results of DNA hybridization of A. salmonicida 30°C mutants

Strains Probes
CEG6 CEG4

A450-2 + -
'A450-3
CEG6
CEG22
CEG4 - +
CEG7 - +
CEG24 - +
CEG27 - +

o+

+

+ + +
4

CEG28 -
CEG29 ~
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CT¥@ CGGGAATTCAGATAATAAGTGCGACACTCATGG

ATGAATGGCGAGRAGGTGGCCAACTGCTGATTGGTGGTACCCTTCTGCTCGCCARAGTAAA
M N G E R W P T ADWW Y P S A R Q S K

AGCAGTATCACCATGAGCTATCAGCAGTTGACCGAGGGGCAACGATACCAGTTATCGGTG
S s I ™M 85 Y Q Q L TEGOQURY QL 8V

CTTCGCGCACAGGGGATGTCCATCCTTGCCACCGCACGCGCCATTGGGGTTCATCGCTLC
L R A Q G M S I L AT AU RA ATIG VY HRBR S8

ACCCTCTACCGGGAGCTGCGTCGTAACGCCGGGCCGCAGGGCTACCAGCCAGACAATGCG
T L ¥ R EL R RNW AGPUQGY OQ P DN A

CATCAGCACGCCACCCACCGACGGGCCAGTGCGGCCAAATCTCGGCTATCTGCCGATGTC
H Q # A T HUR R A S A A KBS RUL S ADV

ATCCAGTTTCTCGAGCTGACACTCGCCTGGTGGTGGAGCCCGGAGCAGATAAGCGCGGTG
I Q F L E L T™UL A WWW S P EIOQTI S A V

GGCAAGCAGATAGGCCTCATGGTGAGTCACGAGTGGATATACCGCCATGTGGCCGCCGAC
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ATCGAGCAGGTGCATACCATCACCTTTGACAACGGCGGCGAGTTTGCCGAACACAAGGCG

I E Q VH T I T F DNGGEUFA AEUHIK A
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K ¢CL GF R Q P V KV FEE Y R Q A B

TAGGCGAGTCTCGCACTTCGARGTIGAATTCGCGCT@
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Fig, 22, A. salmonicida ISA2 sequence. Duplicated targeting
sequence is indicated at both ends as outlined letters, Inverted
repests near the ends of the sequence and the palindromic
sequence nigar the middle are undeilined. Nucleotide numbers
for the putsiive {ransposase gene are marked on the right and
the deduced smino acid sequence is shown. Oligonucleotide SC8
is indicated.
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essentially a hydrophilic composition, as predicted by the method of Kyte and
Doolittle (124). Comparison of the I5A1 and ISA2 protein sequences did not
shown any sigiificant homology, neither did their DNA sequences,
However, a homology search of the ISA2 DNA und prd&ein sequences in
NCBI databases using the FASTA protocol (163) revealed high similarities
with other bacterial insertion elements at both the DNA and protein levels,
The proteins encoded by these insertion elements with high similaxities to
ISA2 included a probable transposase in the E, c¢li insertion element 1530 (40),
a predicted protein from the Alcaligenes eutrophus insertion element 1531086
(42), and a protein encoded by the Bacteroides fragilis transposon Tn4557, direct
repeat sequence-R (196) and inseition element 184351 (173). Amino acid
sequence alignment showed that the homology was widespread over most of
the protein with some regions near the C-terminus displayed especially

significant homology (Fig. 23).
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Fig. 22. Amino acid sequence alignment of the predicted ISA2
encoded protein and other proteins coded by prokaryotic
inrertion elements. Names of the insertion elements which

code for the proteins are labeled on the left and the residue

numbers are iabeled on the right. All the sequence residues are
shown and completely conserved residues aie boxed. =
indicates completely conserved Arg residues. w indicates Arg
residues conserved in three of the four sequences. - indicates
Arg residues conserved in two of the four sequences.
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Effect of insertion elements in the vapA promoter region on A-rrotein
prod-:ction
A. salmonicida mutants A450-% and CEG4 have been shown by PCR to
have (SA1 and ISA2 inserted in their vapA promoter regions (Gustafson
unpublished data). In immunoblot analysis, these two mutants expressed A-
proteiri at a level at least ten fold less than their parental strains. This
suggested that the promoter region had been disrupted by these inseriion
elements so that the vapA transcription was affected. If this was the case, these
insertion mutants could provide opportunities to examine the transcriptional
activities of the Pi and P2 promoters separately. Therefore, DNA seqiencing
was performed and the insertion sites in these two strains were localized.
The DNA sequencing tempiates were prepaied by PCR synthesis using
primers SC8 (in ISA2, Fig. 22) and CG3 (in vapA, Fig. 5) for CEG4, and CG5 (in
ISA1) and CG3 for A450-2. The oligonucleotide CG3 was used as the primer

for DNA sequencing which started from vapA and sequenced upstream. In |

the case of A450-2, the ISA1 sequence was found 153 bp in front of the vapA

gene between the vapA transcriptional start site and the first ster: loop
structure in the vapA mRNA leader sequence, whiie the ISA2 sequence was
detected 19 bp in front of vapA in CEG4, between the P2 promoter snid the
predicted SD sequence (Fig. 12).
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IV. Characterization of a gene downstream from vapA

A-protein expressien in E. coli affectcd by a downstream Aeromonas -

DNA sequence
As mentioned previously, when a series of subcloning experiments
was performed by removing DNA fragments from the 3' end of pSC150 insert
(Fig. 24) and A-protein production from the subclones was compared with
pSC159, it was found that removal of a 0.5 kb DNA segnient from the 3' end
(clone pSC15]) resulted in decreased production of A-pfotein in E, coli (Fig.

25). A-protein could only be seen in Western blots of whole cell lysates at

heavy loadings, and comparison with dilutions of lysates from cells carrying

pSC150 showed that the decrease was approximately 16 fola (Fig. 25). Further
deletion to the Sphl site (pSC152), which was less than 300 bp downstream
from vapA, resulted in the same decreased level of expression as pSC151,
while deletions into the vapA structural gene (pSC153) resulted in apparent
total loss of production of A-protein, or immunoreactive truncated A-protein

products.
i

vapiA expression in E. coli can be complemented by the downstream
sequence
To initially confirm that the downstream DNA influenced vapA
expression m E. coli, complementation assays were performed. A 1.4 kb Bglll-
Hindlll fragment from pSC150 was subcloned into a P15A replicon vector
pSU2718 t(pSClG‘?)) (135). This plasmid was then introduced into the DH5¢
cells containing either pSC151 or pSC152. Western blot analy:is showed that
DHb5a cells carrying either of the two pairs of plasmids, i.e;, p5C151 and
pSC163 or pSC152 and pSC163, produced A-protein in amounts
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Fig. 24. Restriction maps of inserts in each subclone used for
abcA subcloning and complementationi. Names of the subclones
are marked on the left. All subclones are vertically aligned to
each other. Arrows indicate position of oligonucleotide primers
used for PCR analysis of gene distribution. Numbers 1, 21, 3 and
35 beneath the arrows indicate primers AP-1, Tj21, RAA3 and
TJ35 respectively. ‘Tkicker lines indicate vapA coding regions.
Dotted boxes represent abcA gene. B: BamHI; Bl Bglll; H:
Hindlll; K: Kpnl; N: Narl; S: Sphl.




indistinguishable from pSC150/DH5a (Fig. 25), i.e.,, producﬁon of A-protein
was significantly increased by re-introduction of the 1.4 kb Bg/II-HindIII
downstream DNA fragment. |

The effect of the downstream DNA sequence on vapA expression was
also confirmed with an in vitro expression system (Prokaryotic DNA-directed
Translation Kit, Amersham, Arlington Heights, IL). Plasmids pSC150 and
pSC152 were used as DNA templates and the DNA concentrations were
calibjated by UV absorbance and agarose gei so that equal amounts of
template DNA (5 pg) were added into each reaction. Consistent with the in
vivo results, pSC150 produced a strong band of the same molecular weight as
A-protein, while there was no visible band in th: reaction with pSC152 (Fig.

26).

DNA sequence analysis of the downstream region
Sequencing of the DNA downstream fiom vapA revealed an ORF (Fig.
27) on the same strand as vapA which started 205 bp after the vapA termination
codon. A number of udditional stop codons were present in all three reading
frames in the intervening sequence between the two genes, 'fhis downstream
ORF was the only one in the area which codes for a peptide of more than 300

amino acids. Other predicted ORF's coding for more than 150 amino acids

- were all from methionines included in this larger ORF. The complete ORF,

i.e,, gene abcA (for ATP-binding-cassette protein), contained 924 bp and was
terminated by a TGA stop codon. In pSC151 and pSC152, although the vapA
gene was still intact, abcA was truncated at the 3' end by 541 bases and 846
bases respeéfively. 3

The intact abcA has a GC content of 47%, which is similar to the 48% G
+ C content of vapA, but lower than the reported 55% G + C content for the A,
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Fig. 25. Western blot detection of A protein (upper panel) using

1:1,000 dilutea affinity purified anti-A-protein antiserum, and

densitometric analysis. of the blot (lower panel). All samples are
whole cell lysates of E. coli carryirig the following plasmids. Lane
1: pSC151/pSU2718; lane Z: pSC151; lane 3: pSC151/pSC163; lane
4: pSC152; lane 5: pSC152/pSC163; lane 6: pSC150; lanes 7 to 10:
pSC150, lysates diluted 1/16,1/32, 1/64 and 1/128 respectively.
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Fig. 26. A-protein production from E. coli strains with and
without abcA gene detected by in vitro transcription-translation,
Molecular weight markers are on the right. Lane 1 through lane
3 represent pSC152, pSC150 and no-DNA control respectively.




vapA stop »
CCCGEGGCACAGCACCGCTGGTAGATTTCACTCTGTARAGAGCGAATCTAGTCGATAMAGG -181
+ -ArgGlyThrAlaProLeuValAspPheThriau
gQGg¢GAQGQQchTIXTTAATTAATG?AAAACTAAGCAGTTTCATTTGTTGCCTCACTC -121
‘ TJ30 ;
ATCARTCTCITCATTTAGCGAGGTAGACAAGCTCTGCCGTTGCTCGTGACCACAGCCCIT -61
=35 ~10
ATTTCAGTTGTCATTTATTGTIATACTCTTTCACCTCGTTAGCTACCTTGCGATTTATCT -1
abcA .
ATUTICCGAGCITGTACTTGCCGTTAGCGGTGTCAATARATCATTTCCCATCTATCGTTCC 60
MetSerGluProVallLeuAlaValSerGlyValAsnLysSerPheProIleTyrArgSar 20
CCTTGGCARGCGCTATGGCATGCACTCAATCCCAAGGCTGATGTCAAGGTTTTTCARGCA 120
ProTrpGlnAlaLouTrpHisAlaleuRsnProLysAlaispVallysvValPheGlnAla 40
TTACGTGATATTGAACTGACGGTATATCRCGGGGAGACAATAGGCATTGTGGGCCACAAT ! 180
LeuArgAspIleGluLeuThrValTyrArgGlyGluThrIleGlyIieValGlyHisAsn 60
GlyXxxXxx
GGTGCGGGCAAGTCTACCTTGCTACAGCTTATCACAGGAGTCATGCARCCTGATTGTGGC 240
GlvAlaGlyLysSerThrleuleuGlnLeulleThrGlyValMetGlnProAspCysGly 80

GlyKxxGlyLysSexThr

CAGATTACACGTACAGGGCGTGTTGTGGGCTTGTTAGAGCTTGGTTCTGGTTTTAACCCT
GlnlleThrArgThrGlyArgvalvalGlyLeuLeuGluLeuGlySerGlyPheAsnPro

GAATTTACTGGACGTGAAAACATTTTTTTTAATGGCGCTATCTTGGGAATGTCACAGCGA
GluPheThrGlyArgGluAsnlLgphephensnGlyAlaIleLeuGlyMetSerGInArg

CGAGATGGATGATCGTTTGGAAC SGATCCTTTCTTTCGCTGCCATAGGTGATTTTATTGAT
GluMetAspAspArglLeuGluArgIleLeuSerPheAlaAlaIleGlyAspPhelleAsp

CAGCCTGTTAAAAACKACTCCTCTGGGATGATGGTACGCCTHGCTTTTTCAGTCATCATC
GlnProvValLysAsaTyrSerSerGlyMatMetValArgledAlaPheSarvalIleIle

AATKCTGATCCTGACGTATTGATCATTGATGAGGCATTGGCAGTGGGAGATGATGCATTT
AsnThrAspProAspValleulleIleAspGluAlaLeuAlavelGlyAspAspAlaPhe

CAACTTAARATGCTATGCCAGGCTAAAGCAGTTGCAGTCACAAGGCGTAACGATTCTGCTG
GlnArgLysCysTyrAlaArgLeulysGlnLeuGlnSerGlnGlyValThrIleLeuLeu

GTATCCCATGCAGCAGGCAGCGTGATTGAGTTATGTGACCGTGCAGTATTACTGGATCGA
ValSerHisAlaAlaGlyServalIleGluLeuCysAspArgAiavalLeuLeuAspArg

GGT&AGGTGCTGCTTCAAGGGGAGCCCAAAGCAGTGGTACACAACTATCACAAGCTGCTC
GlyGluValLeuLeuGlnGlyGluProLysAlavalvalHisAsnTyrHisLysLeuLeu

CATATGGAAGGCGATGAGCSTGCCCGCTITCGTTATCACTTGCGCCAGACTGGCCGTGGA
HisMetGluGlyAspGluArgAlaArgPheArgTyrHisLeuArgGlnThrGlyArgGly

GACAGTTATATTAGTGACGAATCTACCWCGGAGCCCAAAATTA&GTCTGCCCCCGGTATT
AspSerTyrIleSerAspGluSiérThrSerGluProlyslleLysSerAlaProGlyIle

TTATCAGTAGACCTTCAGCCTCAGTCTACAGITTGGTATGAGAGTAAAGGTGNCGTTCTT
LauSerVa1AupLeuG}nProGlnSerThrValTrp?yrGluSerLysG1yAlAVulLeu
CG4 ’ 3 stop
SGCGATGTACACATTGAAAGCTTTTGAAGTCGGCT TTGGTATGATGATTAAAACTCGTTC
SerAspValHisIleGluSerPhe

S g% 88 BE B2 BS [BE B2 EX B8 ES BE B3

CEGCGTTGATCTTGGCGGACGAACC TCAACGCGTAACCACGAACATCGCTTGGCTTATGT 1
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Fig. 27. Nucleotide sequence of the abcA gene and flanking DNA
from A. salmonicida strain A450, and translated amino acid
sequence. The end of the vapA gene is indicated, as are the C-
terminal residues of the A-protein. Numbers on the right
indicate nucleotide positions and amino acid residues
(underlined) in abcA. The ¢ .dicted translational start of the
abcA gene is shown in bold, as are the termination codons of
both the abcA and vapA geres. A possible ribosomal binding site,
and a -10 and -35 RNA poiymerase binding sequence in front of
the gene are underlined, residues composing the heptad Leu-Val
repeat are double underlined, the predicted nucleotide binding
sequence is underlined and the consensus sequence is shown
underneath. An inverted repeat forming the stem of a possible
transcriptional terminator is underlined with dots.
Oligonucleotides TJ30 and CG4 are underlined.
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salmonicida gencriie (22). The codon adaptation index (CAI) (189) for abcA,
accordiné to E. coli, was 0.242, much lower than the vapA CAI of 0.516. Codon
usage was quite different from vapA (Table 12). This was most obvious for the
codons for Phe, Pro, Ala, Tyr, and Gly. For example, while UUU is used for 11
of the 12 Phe's in abcA it only receives‘Sé% usage in vapA. Also, in the case of
Pro, CCA and CCG are no’ used in abcA but receive 70% usage in vapA. The
only other codon not used in the case of abcA was the Arg codokn AGA.
Possible -35 and -10 promoter regions of ibcA are indicated in Fig. 27. The
predicted -10 region promoter hexamer sequence TATACT is 33 base pairs
upstream from the first codon ATG, and a pootily conserved putative -35
sequence TTATTT ends 17 nucleotides further upstream. Attempts at
‘mapping the trariscriptional start site were unsuccessful as were Northern
blots, suggesting low transcriptional rates. There is also a pessible ribosomal
binding site seven base pairs from the start of the gene. A predicted stem-loop
structure was located 12 bases downstream from the stop codon with a free
energy of 6.2 AG. It includes a 7 bp stem and a 16-base loop which could serve

as a transcriptional terminator.

Two approaches were used to determine the presence of abcA coding
i | :
sequence in the chromosomal DNA's from a range of A. salmonicida strains

including the three subspecies isolated from diverse species of fish, diverse

geographical i'ég‘ions, and fﬁom diseases with different pathogwenesis“

Southern blot analysis of eight representative strains with plasmid f)SCI‘62 ,
(Fig. 24) which contains a 1.4 kb NarI-Kpnl insert including the entire 924 bp
abcA gene showed that a 1.6 kb KpnI-Kpnl DNA fragment was conserved ;
among the A, salmonicida strains A449, Ad50, A362, A500, A400, A477, A419,

A480, and A461. No hybridization was seen with chromosomal DNA’s of the
four tetragonal S-layer producing strains of A. hydrophila (TF7 and A274) and

110




Table 12. Codon usage for the A. salmonicida A450 abcA gene and vapA gene
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Amino Codon  Codon % codon usage Amino Codon Codon % codon usage
acid usage abcA vapA?  acid  ‘usage abcA vapA
Phe UUU 11 92 36 Ala  GCAP 9 43 16
vucb 1 8 64 Gcab 2 10 6
Leu  UUAC 5 16 2 Tyr UAU 7 88 40
UUGE 8 25 17 UACP 1 12 60
cuie 7 22 11
cuce 3 9 9 His CAU 3 38 50
CUAC 3 9 0 CAC 5 62 50
cuGb 6 19 61
Gln CAA 6 40 58
Ile AUU 12 57 4 CAGP 9 60 42
AUCP 7 33 58
AUAC 2 10 0 Asn AAU 5 56 36
AACDb 4 44 64
Met  AUG 7 100 100
Lys  AAAD 6 50 30
Vval Guub 6 23 57 AAG 6 50 70
~ 3UC 4 15 Vi
- GUAP 10 39 24 Asp GAU 14 74 63
GUGb 6 23 12 ' GAC 5 26 37
Ser  UCU 7 29 41 Glu  GAADb Vi 39 79
ucce 4 17 30 GAG 42 17 6
UCAC 5 21 50
UCG 1 4 0 Cys UGU 2 67 0
AGU 3 12 7 UGC 1 33 0
AGC 4 17 22
Trp UGG 3 100 100
Pro ccuc 7 58 31
ccee 5 4 0 Arg  CGUb 11 58 72
CCAb 0 0 8 caeb 4 21 14
cccb 0 0 62 CGA 2 11 0
CGG 1 5 7
Thr  ACub 3 25 48 AGAC 0 0 0
Acch 2 17 40 AGGE® 1 5 7
ACAC 5 41 12 g
ACG 2 17 0 Gly  GGUbP 8 30 80
Gaeb 10 37 16
Ala  Gcub 4 19 66 GGAC 5 18 2

GCC 6 28 13 GGGE® 4 15




a As listed in Table 3, b codons corresponding to the most
abundant tRNA species in E. coli (101), € rare codons whose
corresponding tRNA species in E. coli occur with an abundance
of 0.3 or less on a scale of 0 to 1.0 (102) and whose percentage use
is approximately 10% or less.
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A, veronii biotype sobria (A700 and A702) tested. In addition, PCR analysis
with primers allowing amplification of an internal sequence of the abcA gene
(TJ21 / TJ35), or internal and 5' sequence (AP1 / RAA3, RAA2 / RAA3 and
AP1 / TJ35) (Fig. 24) (Primer RAA2 is 416 bp before vapA and is shown in Fig,
12) resulted in the appropriately sized sequences from eleven 'typical’ strains
(A202, A203, A251, A362, A395, A440, A447, A449, A450, A451, A488, A500,
A505 and A506) and five 'atypical’ strains (A206, A400, A401, A419 and A430).

Predicted AbcA protein structure

The abcA gene of A, salmonicida A450 encodes a predicted protein of Mr
34,015 containing 308 amino acid residues (Fig. 27). The predicted protein
contains 44.5% hydrophobic and nonpolar residues (Val, Met, Ile, Leu, Ala,
Phe, Trp and Pro) and the Kyte and Doolittle (124} iydropathic index using an
interval of 9 amino acids gives an average hydrophobicity score of -0.8 (the
average hydropathy for soluble proteins is -0.4). Using the method of Klein et
al. (115) the predicted protein was classified as an integral membrane protein
with a putative membrane associated segment between Val19¢ and Ilep(9
(Peripheral:Integral odds of 0.23) (Fig. 28). Other algorithms showed no
membrane spanning segments. In addition, the predicted AbcA protein
contains 31.8% polar, 12.0% acidic, and 12.7% basic residues and a predicted pl
of 5.7.

The predicted secondary structure of this protein includes 42.8% -
helix, 39.2% PB-sheet, 9.4% PB-turns and 8.4% coiled structure (73). The
distribution of this secondary structure is shown in Fig. 28. The longest
predicted a-helix containing region is between Ser202 and Arg249, with all but
four residues predicted to fall within the helix. In this region, a heptad repeat

of hydrophobic residues was present starting at residue 211,
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Fig. 28. Schematic map of deduced sequence of AbcA. Upper
panel shows a hydrophobicity plot using Kyte-Doolittle's
method (124). Hydrophobic regions are represented by positive
values. Lower panel shows secondary structure prediction by
MacVector using Garnier's method (73). I indicates P-loop, II
indicates putative membrane associated sequence, III indicates
leucine zipper region, and 1V indicates the basic region.




with leucine in four of the five heptad repeats, and valine in the remaining
heptad repeat (Fig. 27). These Leu and Val residues lined up on one side of
the hypothetical helix (Fig. 29) which may facilitate dimerization with
another protein with the same or similar structure (127}, This potential
leucine zipper sequence overlaps a highly positively charged sequence of 22
residues (Tyr237 - Arg259) which has a predicted isoelectric point of 11.02, and
is within the longest hydrophilic region of the deduced protein (Fig. 28).
Sequence similarity searches showed that the protein contained regions
of sequence with high similarities to a number of proteins belonging to a
superfamily of ATP-driven membrane transporters (91). The Nodl protein of
Bradyrhizobium japonicum (Blast score = 160) (79), the CtrD protein of Neisseria
meningitidis (Blast score = 144) (62), the polysialic acid transport protein KpsT
of E. coli (Blast score = 141) (162), and the BexA protein of Hemophilus
influenzae (Blast score = 130) (121) were examples among the proteins giving
the highest homology scores (Fig. 30). Homologies with the Pseudomonas ATP-

binding protein NosF (240) and the Bacillus glutamate permease transporter

GInQ (233) are also shown in Fig. 30. The sequence containing the highest

similarity is the previously reported ATP or GTP binding sequence known as

a P-loop (phosphate binding loop), GXXGXGKST (184, 227).

Identification and localization of AbcA protein
Plasmid pSC161 (Fig.24) and the T7 polymerase expression system were
used to demonstrate the product of the abcA gene, and to determine the

cellular location of the gene product. This plasmid contains a 2.5 kb NarI-Pstl
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Fig. 29. a-helix structure of the putative leucine zipper region
between L211 to L239 viewing from one end of the helix. The
sequence starts from the first (inside) leucine residue (211) in the
double underlined residues. Subsequent residues are along the
straight lines in the direction indicated by the arrow. Residues
are arrangea from inside to outside in each group around the
circle.




60

GXX
MSEPVLAVSGVNKSFPIYRSPWOALWHALNPKADVKVFQALRDIELTVYRGETIGIVGHN
L++I+ + +GE IGI+G+N

L DI+ ++ +GE +GI+G+N

+G  I+++G+N

D+ +V RGE G++G N

L+D++L + GE +G+ GHN

F+ L+DI+LT+ 4+GE + I+G +

w

120
GXGKST
GAGKSTLLQLITGVMOPDCGQITRTGRVVGLLELGSGFNPEFTGRENIFFNGAILGMSQR
GAGKSTL++L++GV P G I R+ + L  +++F TG +N+ F
GAGKSTL++LI+GV P G+I RT + L +++F TG +N+ F
GAGKSTLL++I G+ +PD G I ++ + L++GF TGREN+ F

GAGKST+ +++ G++ PD G IT VG++ +PEFT REN+ G GMS R
GAGK+T + LI G++ P GQ+ GR +G L F P+ 4GRE + + + G +
G+GKSTL++

180

EMDDRLERILSFAAIGDFIDQPVKNYSSGMMVRLAFSVIINTDPDVLIIDEALAVGDDAF
F+ +GD++ +PVK+YSSGM RLAF++ ++ + D +IDE +AVGD F
F+ +G+++ +PVK YSSGM: RLAF++ + + D +IDE +AVGD F

E+++R++ + F+ +G + D P+K YSSGM RLAF++ + D +IDE AVGD F
++ + +LFA+ D V S+GM RL+ + + DP +L++DE+ + D
++D+ LE++ D+ VK YS GM RL+ + + +P +L4++DE+ D
StG R+A + + P +++ DE+ + D
240
QRKCYARLKQLQSQGVTILLVSHAAGSVIELCDRAVLLDRGEVLLQGEPKAYVHNYHKLL
KC +I+LVSH+++++ CD AV+HL+ G
KC +I+LVSH+ +++ + CD A++L++G
+KC +++VSH+ ++ E CD A+ L+
++  RL+ L ++G TILL +H LCDR +L+ G + +G P A++ +
+ Y + +L+ 4G +I+L SH +V  +RA +L 4G
+KQL +G+T+++V+H G  E+ DR V +D+G +L ++ P
300

HMEGDERARFRYHLRQTGRGDSYISDESTSEPKIKSAPGILSVDLQPQSTVWYESKGAVL

308
SDVHIZSF

AbcA
BexA
CctrD
KpsT
NodI
NosF
GlngQ

AbcA
BexA
ctrp
KpsT
NodlI
NosF
GlnQ

AbcA
EBXA
SexD
KosT
HedI
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Glnn
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AbcA

Fig. 30. Alignment of the AbcA protein (308 residue protein) of
A. salmonicida with ABC-transporter proteins BexA (217 residue
protein), CtrD (216 residue protein), KpsT (224 residue protein),
NodI (306 residue protein), NosF (308 residue protein), and GInQ
(224 residue protein). Residues representing conservative
substitutions are indicated by +. AbcA residue number in
sequence is indicated, the consensus P-loop sequence is shown
above the AbcA sequence on the top line, and residues of the
putative leucine zipper are underlined.
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insert with the abcA gene located about 170 bases downstream from the
vector's T7 pfomoter. To induce the T7 promoter, pSC161 was introduced
into E. coli strain KX100, and a second plasmid, pGP1-2, was also introduced.
pGP1-2 contains the T7 polymerase gene which can be induced by raising the
temperature to 42°C’.: (179). After induction of the T7 polymerase gene and 355
methionine labeling, the cells were fractionated and fractions examined by
SDS-PAGE. The negative control employed vector plasmid pTZ18R in place
of pSC161. A 35S radiolabeled protein of apparent Mr 43,000 was detected in
the envelope fraction in pSC161 assays (Fig. 31). This protein was not detected
in the cytosol and periplasmic fractions, or in the negative controls. After
treatment of the envelope fraction with sodium lauryl sarcosinate, and
éentrifugation to pellet the outer membrane fraction, the Mr 43,000 protein
remained in the sarcosyl-soluble cytoplasmic membrane fraction (Fig. 31
inset). Two dimensional electrophoretic analysis showed that the protein
displayed a pI cf 6.3 (data not shown). Another NarI-Pstl insert coded protein
of apparent Mr 30,000 was also detected in the envelope fraction and was later
identified as a protein encoded by a gene 324 bp after abcA and localized in the
E. coli outer membrane fraction.

To confitm that the Mr 43,000 protein was the gene product of abcA, a
prokaryotic DNA-directed translation kit was used with a 1.7 kb NarI-KpnI
fragment cut from pSC162 (Fig. 24) as template. This DNA contéained the
entire abcA gene, but no other ORFs capable or coding for a peptidé loﬁger
than 200 amino acid residues. With this 1.7 kb NarI-Kpnl fragment as the
template, the only protein observed in the test lane which was not present in

the control lane had an appar'ent Mr of 43,000 (data not shown).

Analysis of abcA expression
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Fig. 31. In vivo plasmid expression and localization of AbcA
protein (@) from pSC161 using the T7 polymerase expression

system. Lane 1 and 2 are cytosol fractions, lane 3,and 4 are
periplasmic fraction, and lanes 5 and 6 are the cell envelope
fractions of pSC161/DH5a and pTZ18R/DH5c respectively.
Molecular weight is indicated on the right. Inset shows the
presence of the apparent Mr 43,000 protein in the sarccsyl soluble
(A) fraction, and absence of the protein in the sarcosyl insoluble

(B) fraction obtained from the cell envelope fraction.
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Expression of the abcA gene in E. coli was further examined by
construction of a lacZ fusion. The vector chosen for this experiment was
pMC1871 which contains a promoter-less lacZ gene (188). There is also a Smal
site at the beginning of the lacZ gene facilitating construction of LacZ fusion
proteins. Aeromonas DNA in pSC162 was digested by BamHI which cut at the
vector polycloning site (168 bases in front of the abcA gene) and at the site 387
bases into the gene (Fig. 24). The BamHI ends were made blunt by filling in
with Klenow fragment. pMC1871 was then digested with Smal and ligated to
the blunt ended BamHI fragment. Blue colonies on X-gal plates were selected
and whole cell lysates were screened for the presence of a AbcA-f-
galactosidase fusion protein by Western blot analysis with a monoclonal anti-
B-galactosidase antibody. The plasmid containing the fused gene, pSC161-1,
produced a fusion protein of apparent Mr 130,000 which was confined to the
cell cytosol (Fig. 32 A). The construction of the fusion was validated by
restriction digestions, i.e., the insertion was confirmed to be 0.5 kb, and the
Sphl site in the insertion was shown to be in the correct location. Based on
DNA sequence, this fusion protein should contain 129 residues coded by the
abcA gene, a nuinber consistent with the observed molecular weight of the
fusion protein.

To confirm that the abcA gene could also be expressed in A. salmonicida,
and to obtain a measure of promoter activity, the abcA-lacZ fusion gené was
introduced into A, salmonicida A450 using the broad host range plasmid
PMMB67 (pSC161-2). In this clone, a 3 kb PstI-Pstl fragment from pSC161-1,
containing the whole fusion gene and 168 bp in front of the gene, was
inserted into the Pstl site in pMMB67. Since only a very short Aeromonas
DNA fragment was included in front of the fusion gene in pSC161-2, it would

be possible that the gene was transcribed from an outside promoter.
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Fig. 32. A. Expression and localization of Abcii-B-galactosidase °
fusiun protein as determined by Western blot analysis using
monoclonal -antibody against E. coli -galactosidase. Lane 1:
cytosol fraction of pTZ18R/DHb5a (B-galactosidase +); Lane 2:
cytosol fraction of pSC161-1/DH5a (AbcA-B-galactosidase fusion
protein +); Lane 3: membrane fraction of pSC161-1/DH5a
(AbcA-B-galactosidase fusion protein -); Lane 4: whole cell lysate
of pMC1871/DH50 (AbcA-8-galactosidase fusion protein -). Lane
5 is Coomassie Blue stained SDS-PAGE gel showing purified
AbcA-B-gaiactosidase fusion protein. The upper marker
indicates the 116.5 Kd p-galactosidase, and the lower marker
represents the position of the 106 Kd marker. B. Western blot
analysis (anti-8-galactosidase monoclonal antibody) of fractions
eluted from the ProtoSorb lacZ agarose beads column during
affinity purification of AbcA-B-galactosidase fusion protein.
Marker indicates 130,000 molecular weight.




Therefore the fusion gene was cloned into pMMB67 in both orientations, and
the both activities measured. The B-galactosidase activity in both directions
was identical at 1,000 Miller Units. This was almost the same level compared
to the 900 Miller units cf B-galactosidase activity of pSC161-1 in E. coli DH5a.
Control assays with pMC1871 in E. coli were negative and pMMB67 in A450

was nearly negative (less than 5 units).

I”uri’.fficati'on of the Abé:A‘-ﬁ-gfa,lacto;sidase fusion protein and
identification of ATP biuding achvxty |
Because a sizable portion of the AbcA sequence was contained in the
AbcA-B-galactosidase fusion protein, 1nclud1ng a predicted ATP binding site,
the ATP-binding ability of the purified fusion protein was tested. This
required that the fusion proteir be purified from a pSC161-1/DH5a culture.
Western blot analysis with monoCIOnaI anti-B-galaetosidase antibody showed
that the fusion protein was precipiiaie&’ in the 10% - 40% (NH4)2504 fraction
of the cell cytosol. Further purification was achieved by immunoaffinity
column chromatography using PrqtoSorb lacZ agarose beads bound with anti-
pB-galactosidase monoclonal antiboay Boun‘d lprotein was eluted with pH 10.8
buffer. The majority of the fusion protem was found in first two bed

- volumes of eluent (Fig. 32 B). The first six bed volumes of eluent were

ﬁb‘oled and concentrated, and the purity of the preparation confirmed by SDS- -
~ PAGE (Fig. 32 A). The ATP-binding ability of the purified fusion protein was

then tested using an ATP affinity column. Western blot analysis showed that

the 130 Kd fusion protein bound to the ATP affinity column, and required
0.125 mM ATP for elution (Fig. 33 A), con:‘ﬁrming the nucleotide binding
activity of the AbzA protein. In control assays, B-galactosidase did not bind to
the ATP affinity column, eluting in the void volume (Fig. 33 B).
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Fiz. 33. Nucleotide binding ability of (A) the purified AbcA-B-
galactosidase fusion protein and (B) E. coli f-galactosidase was
tested using an ATP affinity column. The figures show Western
blots of fractions eluted from the ATP affinity column. Lane 1,
void volume; iane 2, 0.125 mM ATP; lane 3, 0.25 mM ATP; lane
4, 0.5 mM ATP. Molecular weight is indicated on the right.
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abcA gene complements LPS O-chain expression in TM4

The Tn5 insertion mutant TM4, which was constructed by R. Belland,
was previously reported to be A~ and LPS O-polysaccharide chain negative
and it was hypothesized that the reduction of A-protein and O-chains was
somehow co-regulated (20). However, when TM4 was reexamined more
closely by silver-stained SDS-PAGE, trace amount of O-polysaccharide chain
was detected, and the level was estimated as about 1% of that of A449 based on
the same cell culture density and the same amount of fast-migrating lipid A-
core components (Fig. 34). The Tn5 insert in TM4 has been localized to the
vapA structural gene, between bases 417 and 418 by DNA sequencing (S.
Cavaignac, unpublished data). The abcA gene in TM4, when examined by
PCR using primers TJ30 and CG4 (Fig. 27), was found to have a size increase of
1.2 kb compared to the wild type gene (C. Gustafson, unﬁublished data). This
raised a possibility that the reduced O-chain production of TM4 could be
caused by the mutation in the abcA gene or its promoter region, especially as a
number of other bacterial ABC proteins have been shown to function in the
transport of sugars. To exainine this hypothesis, a complementation study
was carried out by introducing the abcA gene into TM4.

As described before, pSC162 is the smallest clone containing the entire
abcA gene (Fig. 24). The 1.8 kb KpnI-Kpnl insert was sﬁbc.iloned into the broad
host range plasmid pMMB67, yielding pSC162-1, which was then introduced

into TM4 by plate conjugation selecting for kanamycin and ampicillin‘

resistance. For a negative control, pMMB67 vector DNA was also conjugated
into TM4 by the same method. Whole cell lysates from A449, TM4,
pMMB67/TM4 and pSC162-1/TM4 were compared by both silver stained SDS-
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Fig. 34. Silver stained SDS-PAGE gel of LPS samples. Lane 1
through lane 6: A449, TM4, pMMB67/TM4, pSC162-1/TM4,
pSCGV58-1/TM4, and pSCGV61-1/TM4.




PAGE gel analysis (Fig. 34) and Western blot using 1:1,000 diluted anti-A,
salmonicida SJ-15 LPS antiserum. Both showed O-chain complementation by
pSC162-1 but not pMMB67. Liquid cell cultures were also examined for self-
aggregation. Compared with A449, which showed obvious self-aggregation in
4 h, TM4 and pMMB67/TM4 showed the similar amounts of aggregation at
the bottom of the tubes, while pSC162-1/TM4 showed little or no aggregation
in 4 h.

Site-directed mutagenesis in the P-loo;: of AbcA

To confirm that AbcA was responsible for the LPS O-chain
complementation in TM4, and that the highly conserved ATP binding
sequence was required for this activity, site-clirected mutagenesis was carried
out in plasmid pSC162. Two mutants were isolated. In mutant pSCGV5S,
G173 in abcA has been changed to T173, resulting in an amino acid sequehce
change from Gly58 (codon GGC) to Val58 (codon GTC); in mutant pSCGV61,
G182 in abcA was replaced with T182, yielding a change of Gly61 (codon GGT)
to Val61 (codon GTT) (Fig. 35). Both of the mutants were examined by DNA
sequencing and shown to have correct base replacements.

These two mutants were then used for LPS O-chain complementation
in TM4. The inserts of pSCGV58 and pSCGV61 were excised by EcoRV and
Pstl and subcloned into Smal and PstI digested pMMB67 plasmid, yielding
pSCGV58-1 and pSCGV61-1 respectively. These two plasmids were
subsequently conjugated into TM4 and the conjugants were selected by
ampicillin and kanamycin resistance at 200C. To exalr{iﬁé the ability of these
mutant abcA genes to complement O-chain production in TM4, LPS

preparations of these conjugants were subjected to SDS-PAGE and silver
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180 190
Wild type sequence GGCCACAATGGTGCGGGCAAGTCTACC
GlyHisAsnGlyAlaGlyLysSerThr
58 61

pSCGV58 sequence GICCACAATGGTGCGGGCAAGTCTACC
ValHisAsnGlyAlaGlyLysSerThr

pSCGV61 sequence GGCCACAATGTTGCGGGCAAGTCTACC
GlyHisAsnYalAlaGlyLysSerThr

Fig. 35 Sequences indicating mutation sites in the abcA gene P-
loop constructed by site-directed mutagenesis. Base pair
numbers are indicated above the wild type DNA sequence and
amino acid residue numbers are indicated below the wild type

protein sequence. Mutated base pairs and amino acid residues
are printed in bold.
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staining. Fig. 34 shows that O-chain production was not detected in either

pSCGV58-1 or pSCGV61-1.
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DISCUSSION

As an extension to previous data on the A, salmonicida A-layer subunit
A-protein obtained from electron microscopy, biochemical characterization
and functional studies, this study has aﬁalyzed the A-protein gene vapA, the
gene mapping immediately downstream from vapA , and insertion elements
which affect the expression of vapA. In so doing, the study has provided
important information on the structure of vapA, A-protein and A-layer, as
well as an explanation of why the vapA gene was unstable when expressed at
high level in a foreign host such as E. coli. This study has also examined
transcription of the vapA gene, described two vapA promoters, and suggested
possible reasons why vapA is efficiently expressed in A. salmonicida and poorly
expressed in E. coli clones. The previously unexplained phenotype of the
300C mutants of A. salmonicida was also explored further and transposition
involving endogeneous insertion elements was demonstrated as one of the
mechanisms involved in this mutational event. In addition, the abcA gene,
which is immediately downstream of vapA, was shown to affect vapA
expression in E, coli and LPS O-chain formation in A. salmonicida, the latter
observation clarifying an unexplained LPS O-chain negative phenotype of a
Tn5 mutant in the vapA gene of A, salmonicida-TM4. The gene product of abcA
appeared to be an ATP binding transport protein which may also have
regulatory functions. Taken together, these data have revealed a hitherto
unrecognized complexity of S-layer gene expression and in particular have

provided important information on the S-layer system of A. salmonicida.

I. Structure of 'vapA and analysis of its ptomoters
Previous studies had shown that the A-protein gene was particularly

difficult to clone, and problems with gene stability were experienced. This is

1
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often the case with S-layer protein genes especially when the entire promoter
region is involved such as in the case of B, brevis 47 cwp operon (234). The
instability encountered when the vapA gene was cloned in Agtll appeared to
be related to the presence of two direct repeats in the sequence, and the
deletion of almost half of the gene can be explained as a cross-over event
involving these repeats. Finally, one cloning attempt which selected for low
expression provided a full copy of the gene which was stable and produced a
wild-type-sized A-protein because the major promoter was not present in the
clone.

The vapA gene appears to be conserved in A. salmonicida as shown by its
presence in a diverse selection of strains of A. salmonicida representing its
three subspecies, as well as strains isolated from different geographic sources,
from different species of both marine and freshwater fish, and from diseases
with markedlyv different pathogenesis. The vapA gene was not found in other
S-layer-bearing . eromonas species such ag 'A. hydrophila, although the
morphology and subunit molecular weight of these S-layers and subunit
proteins were quite similar (44, 151). This is in agreement with earlier N-
terminal sequence comparisons of A-protein and the S-layer proteins of
mesophilic aeromonads (112). No significant hdmOIogies were demonstrable
in the data bank search for the vapA gene and the deduced VapA amino acid
sequence. This has commonly been seen in other S-layer proteins in which
little homology in primary structure has been reported.

The cornposition of the mature A-protein was similar to other S-layer
proteins in terms of polar, acidic, and basic amino acid ‘content. The
hydrophobic content of A-protein (45.1%) is also consistent ‘wifh that of other
bacterial surface layer proteins (40 -50%). In A-layer, it seems probabie that

much of the hydrophobicity is located in surface exposed regions of the

130




subunit and mar play a role in the initial interaction of A. salmonicida with
cells such as macrophages, and in the other binding activities of the A-layer.
Analysis of the deduced composition of A-protein using the algorithm of
Barrantes (16) gave a ratio 3 value of 1.06, consistent with a peripheral
protein, and analysis of the deduced amino acid sequence by the method of
Klein et al. (115) also classified A-protein as a peripheral rather than a integral
membrane protein.

Conformational information about A-protein was obtained from
trypsin digestions. In addilion to the cleavage at the two central sites to
produce a C-terminal Mr 21,335 peptide beginning at residue 275 and its
subsequent cleavage to a Mr 16,608 peptide beginning at residue 324, trypsin
also sequentially cleaves‘ the purified protein at a series of sites beginning
from the C-terminal end of A-protein to produce a stable N-terminal peptide
of approximate Mr 39,400, probably by cleavage after Argszo. The resulting
overlapping N- and C-terminal compact peptides both appear to adopt
compact tertiary structures refractile to trypsin. The C-terminal peptide
displayed intermediate resistance to trypsin even though it contains 14

potential trypsin cleavage sites, while the N-terminal Mr 39,400 compact

peptide unit with 29 potential trypsin sites appeared to be totally refractile to

trypsin activity. Indeed, the 23 potential trypsin sites carried in the N-
terminal 274 residue sequence of A-protein appeared to be inaccessible until
the protein was denatured. The total refractility of the protein to trypsin
digestion when assembled as A-layer on the cell surface suggests that none of
the Arg or Lys residues in the protein are located or accessible on the surface
of the layer,

The presence of the two major morphological domains appears to be a

motif shared by all S-layers (186), Three-dimensional image analysis of A-
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protein showed that the subunits contain a heavy mass domain with a linker
arm to a domain of lesser mass (44, 198). The present findings with trypsin
digestions support these morphological findings by providing the first
biochemical evidence for a two-domain structure for A-protein, i.e., a C-
terminal domain of lesser mass represented by the 16.7 Kd trypsin-resistant
fragment and the 13.4 Kd CNBr cleavage fragment and an N-terminal major
domain demonstrated by the 39.4 Kd trypsin-resistant product and the CNBr
cleavage product of 31 Kd. In the case of A. hydrophila, two morphological
units with different mass in S-layer subunit were observed by computer-
generated enhancements of the negatively stained micrographs (151), and a
Mr 38,000 peptide at the N-terminal of the protein was shown to be refractile
to proteases and was suggested to fold into a compact conformation (119).
These comparisons suggest that despite their different primary structures,
there are considerable similarities in Aeromonas S-layer protein tertiary
‘structures.

Secondary structure predictions (37, 73) indicate that the sequence
which forms the larger mass trypsin resistant cornpact unit can also be
subdivided into two structurally defined regions: a f-sheet (28%)-p-turn (18%)
N-terminal 125-residue region followed By a region of 227 residues with
alternating a-helix (37%) and B-sheet (26%), largely devoid of turns (3%). The
remaining C-terminal portion of the molecule can also be separated into two
‘iy structurally defined regions: the first 72 residues containing predominantly p-
sheet (43%) (9% a-helix, 3% B-turns), followed by the C-terminal 57 residues
which are devoid of B-sheet but rich in a-helix (49%).

Another bacterial supramolectilar structure which is resistan‘f ‘to
trypsin cleavage is the flagella filament. Like A-protein, Salmonella flagellin

has a major internal sequence of approximate Mr 40,000 which is relatively
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stable to trypsin digestion despite the presence of numerous potential
cleavage sites for the enzyme (225). This 40 Kd sequence appears to comprise
two compact structural units, one of which is an internal 27 Kd peptide which
under non-denaturing conditions is totally refractile to w..;psin, while the
other unit comprising two terminal regions of the flagellin is disordered and
mobile in solution and are susceptible to trypsin (226). These terminal
regions of flagellin are predicted to be a-helical and are thought to interact
with the corresponding regions of adjacent monomers upon polymerization
into the flagella filament, and in so doing lose their susceptibility to trypsin
(5). Since the C-terminal region of A-protein is analogous with the terminal
regions of the flagellin which are moderately resistant to trypsin and contains
more o-helices, it is tempting to speculate that this region may be involved in
interactions with adjacent monomers upon polymerization intc the
tetragonal layer. A similar observation has been reported in a recent
mutagenesis study in A. hydrophila, in which, a transposon mutant strain
produced a truncated S-layer subunit of Mr 38,650 containing the N-terminal
portion of the protein (202). Although exported, this truncated subunit was
incapable of forming a tetragonal array jand did not anchor to the cell <urface.
While the A-protein was not normally transported in E. coli, this
species was capable of A-protein synthésis at 370C, a temperature which is
lethal for A. salmonicfda. Indeed in the case of the natural host of the gene,
growth at temperatures above 250C results in the selection of mutants which
are permanently impaired in their ability to synthesize A-protein. Cell
fractionation studies provided one likely explanation of the problem E. coli
has when called upon to produce A-pfotein. Although a proportion of the A-
protein produced in E. coli clearly reaches the periplasm in this foreign host,

transfer across the cytoplasmic membrane appears to be inefficient with some
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A-protein being retained in the cytoplasm, as well as in the inner membrane.
Such an accumulation of A-protein may be toxic for E. coli. Certainly the
small amount of A-protein that was produced did delay growth. The inability
of E. coli to export A-protein across the outer membrane is not surprising
since E. coli is not regarded as a protein exporter. In contrast, Aeromonas is
regarded as a protein exporting species (78, 97, 203). In addition, the trypsin
digestion pattern of the periplasmic A-protein from E. coli was shown to be
different from that from A. salmonicida, suggesting that either the
conformation of the periplasmic A-protein in the two hosts were different or
different chaperones were bound to the periplasmic A-proteins, which may
affect its interaction with outer membranes or other proteins. Indeed in its
native background, A-protein is likely to have a unique export pathway, since
transposon insertion mutants which are unable to translocate A-protein
across the outer membrane and accumulate A-protein in the periplasm (20)
still export other proteins with proteolytic and hemolytic activity, and the Tn5
insertion has been localized in a gene about 6 kb downstream from the vapA
gene (155). This suggests that even in A. salmonicida at least one additional
gene product is required for translocation of A-protein across the outer
membrane. Furthermore, it has been demonstrated that an exeE mutant A,
sobria strain which was incompetent for extracellular export of hemolysin,
still normally assembled its surface array (96).

| Despite the wild type size of the A-prc?,tein produced from the cloned
vapA gene, the quantity of production was signi"fican‘tly lower than that in the
wild type A. salmonicida. The codon adaptation index of the gene, which is a
measure of codon usage bias (189), was 0.516 suggesting that the gene could be
relatively well expressed in E. coli. From the transcriptional studies of the

vapA gene, the major promoter P1 was found to be missing in this clone.
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Therefore, the poor expression is likely to result from the loss of this wild
type distal promoter and possibly other additional control sequences further
upstream.

The predicted P2 promoter was sited within 62 bp of the start of vapA in
pSC150, which was subcloned from pBP512 in the tetracycline and kanamycin
resistant vector pLA2917, and carried 680 bp of pLA2517 sequence in front of
the A, salmonicida DNA insert. A search of this 680 bp sequence for tetR, its
promoter (228), or other potential promoter sequences was negative. In
addition, this piece of sequence was found to be homologous to the
kanamycin resi.tance gene from transposon Tn5 (18). Together these results
indicate that A-protein production from pSC150 does not result from
transcriptional read-though from the tefR promoter as previously suspected
(167), and suggest that the predicted P2 sequence can serve as a promoter,
albeit a poor promoter. Indeed the amount of A-protein expressed in E. coli
from the P2 promoter was sufficiently low that immunological enhancement
was required for its detection, and not surprisingly we have been unable to
detect vapA mRNA from pSC150.

Although a few other genes have been sequenced in Aeromonas species,
ie, A. hydrophila (78, 83, 93, 97, 109, 136, 203), A, proteolytica (15, 74, 84), A. sobria
(99), and A. salmonicida (221), promoters and transcriptional start sites have
only been determined in A. sobriu aerolysin gene aerA and its regulatory gene
aerC (99). The P1 promoter is therefore the first A. salmonicida promoter to be
structurally and functionally characterized. The predominant tran-~:‘ptional
activity of P1 in the wild type Aeromonas is also supported by the fa. i that the
ISA1 insertion site in A450-2 has been localized between P1 and P2. This
might block the P1 transcription and certainly appears to lead to a ten fold

reduction in A-protein production over A450.
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The P1 promoter appears to be a 070 homologue, having an identical
-35 consensus sequence, a related -10 motif, and a 17 bp spacer between the
two RNA polymerase binding sites §17f6). The promoter provides for a
transcription start site 181 bp in front of the 5-layer protein gene, and is
contained within a conserved 441 bp region immediately 5' to vapA. This
expression ccitrol region is complex in structure, carrying a potential cAMP-
CRP binding s‘i’té which could play a role in tiie regulation of the P1 promoter
(38), a 12-base pair pauixdromic sequence overlapping the presumptive Shine-
Dalgarno ribosomal binding site which could serve as a site for DNA binding

prg‘feins (229), as well as the P2 promoter. In addition to these two promoter

séquence‘s’,« a potential 054 promoter sequence spans the -10 box of the o070 P1

promoter. Tfi‘is TGGC (N)g TGC consensus is located at -3 relative to the -

|

transcri_ptioﬁal start site determined in this study, rather than at the typical -12
spacing (90) and would appear not t‘o} be functinnal under the growéth
conditions tested. Several othyr S':Iayer Vsysteims have multiple ‘proymote‘rs,
however in these cases primer extension gxperiments have shown that these
promotérs are active during growth in vitro. For example several

transcriptional start sites have been shown in a 360 bp sequence in front of the

structural genes for the S-layers of Baciliuts brevis 47, the P2 and P3 promoters’

Bging most active (2), while the .Lactobacillus_bre‘v:is S-layer protein gene

possesses two promoters which appear to be equally active during exponential

g;ow,th phase (222).

In keeping with other S-iayer subunit proteins (59, 128, 218, 222), the
vapA transcript expressed from the P1 promoter was found to be
monocistronic. This is also supported by the fact that a transcr‘ipﬁorial
terminator-like sequence is located 20 bp downstream from the end of vapA

and the downstream abcA gene is expressed off its own promoter. Indeed
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only the Bacillus S-layers have been shown to be polycistronic (2). However
these organisms produce a double layered array. Each layer contains a
different S-protein species, i.e., the outer and middle wall proteins (OWP and
MWP's), and the Bacillus owp and mwp genes are in tandem and are
transcribed by the single cell wall protein (cwp) mRNA. The monocistronic
character of S-layer protein gene transcription resembles that of another
supramolecular assembled surface protein, the flagella filament. Even in the
casé of an organism such as Campylobacter which produces a complex flagella
filament encoded by tandem flaA and flaB genes, both genes are transcribed
separately (132). Unlike the fla transcripts however, the monocistronic vapA
transcript contains a relatively long untranslated leader. Indeed the presence
of a long mRNA leader appears to be a characteristic of certain S-layer subunit
protein mRNAs. For example the constitutive P2 promoter of the B. brevis 47
cwp operon provides for & 247-bp transcriptional leader (215), and 111 - 127 bp
transcriptional leaders have been reported for other “S-léyer genes (56, 128,
218). Long mRNA leaders are also seen in attenuated operons such as the
amino acid biosynthetic operons (117, 126). In these operons peptides of 14 to
30 residues are coded from the mRNA leader. The translation of these short
peptldes appears to function in the conformation of the (nRNA leader
sequences and the attenuation of transcription. Interestingly the 181 bp leader
in the vapA transcnpt also contains a coding region for a possible 29 residue
peptlde In case of the cwp operon of B, brevis 47, the gene contains a snort
coding region preceding another translational start site, and Yamagata et al.
(234) have speculated that any product arising from this short coding region
may play a role in efficient translation of the downstream gene.

Structural predictions suggest that the 181 bp leader segment of the

vapA transcript will contain two stem-loop structures with AG's = - 9.5 kCal
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and - 15.2 kCal respectively. Similarly, in the case of B. brevis 47, a palindromic
sequence CGAAAAAAACTTTAAATTTTTTTCG has been found in the cwp
operon between the first two transcriptional start sites (234). Indeed, this
palindromic sequence could also be a hair pin structure if the imperfectly
paired middle sequence CTTTAAA formed a loop. Stem loop structures in
the 5 RNA can function as attenuators as is the case in the amino acid
biosynthetic operons in the presence of short peptides coded by mRNA leader
sequences, and can increase the stability of transcripts as is the case in the
ompA transcript of E. coli (19, 52). In this regard the A. salmonicida vapA
transcript can be considered to exhibit pronounced stability with a half-life of
22 min in cells growing at 15°0C. Indeed, since the average half-life typically
found for most prokaryotic mRNAs is approximately 3 min (152, 178), the 11
min half-life of the vapA mRNA at 200C can also be considered to represent
high stability. This is the first determination of S-layer protein transcript
stability, and the pronounced stability we observed is probably a major
contributing reason for the high-level productior. of the S-layer protein
subunit by the Aeromonas cell. A similar situation is seen with the Pap
fimbriae of E. coli where the lﬁajdr fimbrial subunit progeiri-' PapA is éipressed
in high copy number, and where the mRNA half life is ‘approximately 27 min
(13). In the case of another highly expressed protein, the OmpA of E. colj, the

transcript has a half life of approximately 17 min (153)) again consistent with

that of vapA. Production of the highly stable monocistronic vapA transcript -
peaks in the early log-phase of growth, and again there is a similarity with the
expression of certain flagellin genes. For example prodﬁcti_o_n of B; subtilis

(hag) transcripts peak during exponential growth and decreases signific‘antl"l'

when the culture enters stationary phase (148). Campylobacter flaB gene

expression also peaks at mid-log phase (8). However transcription of the A.
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salmonicida S-layer protein promoter clearly differs from B, brevis 47 where
transcription from P2, one of the major promoters of the cell wall protein
gene operon, is markedly enhanced at the early stationary phase of growth (4).

It is tempting to speculate that the long and complex mRNA leader
may also have a role in the regulation of vapA expression. 070 promoters can
also be subject to both positive and negative regulation (38), and certainly
vapA transcription does appear to be subject to some regulation. For example,
in this study we found that both environmental temperature and
anaerobiosis appeared to regulate vapA transcription. In the case of growth
temperature the transcript was more stable at 150C than 200C. This contrasts
with the case of Pap pili in E. coli where reduction of the growth temperature
from 379C to 2509C turns down transcription of the pilus operon (80).
However the finding is entirely consistent with the fact that in nature, typical
strains of A. salmonicida will normally be found in salmonid fish living at
temperatures <200C.

The divalent cations we tested did not appear to affect vapA
transcription. Again this contrasts to the situation in B, brevis where
transcription from the P2 promoter was inhibitécl by magnesium and calcium
ions (4). However vapA transcription did appear to be regulated by DNA
supercoiling, since sub inhibitdry cohcentrations of the DNA gyrase inhibitors
novobiocin and nalidixic’ acid which reduce the amount of DNA supercoiling
both inhibited vapA transcription. Because these inhibit‘ors may have
pleiotropic effects (159), these results need to be viewed with caution,
however the expression of a number of virulence genes in Salmonella
typhimurium, Shigella flexneri, and Vibrio cholerac have also been shown to be
affected by gyrase inhibitors (46, 67, 159). Indeed in the case of S. typhimurium,

the genes involved are required for invasion (67), and in this regard it should
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be noted that the S-layer of A. salmonicida facilitates invasion of macrophages

and other cell types (69, 71).

II. Aeromonas insertion elements

The fact that 300C incubation induces the loss of A-layer production in
A, salmonicida has been observed previously (1053;. From the Southern
hybridization data on A450 and A450-3, it became obvious that a DNA
rearrangement had occurred and this rearrangement could be described as a
1.2 kb expansion of the DNA localized between the BamHI and Pstl sites,
which included the promoter area and the 5' half of the structural gene. If the
DNA rearrangement had occurred in the structural gene, the gene Lexp‘.»resfsion
could be totally abolished; on the other hand, if the sequence in thé promoter
area was rearranged, various levels of gene expression could be expected.
Both of these scenarios seemed to be evident in a set of A. salmonicida 300C

mutants isolated, since some of them produced low levels of A-protein and

others did not produce any detectable A-protein. In addition, the

polymorphism in their Southern hybridization pattern also indicated the
heterogeneous nature of the rearrangements. However, the similar size

increase detected by PCR in these mutants hinted that there was a certain

relationship among them, and this eventually led to the identification of two-

different and unrelated insertion elements ISA1 and ISA2. The identification

of ISA1 and ISA2 as IS elements was based on the presence of a number of

characteristics similar to other known bacterial insertion elements Such as
inverted repeats flanking a putative;" trémsposase gene, duplication of target
sequences at the sites of insertion such that it appeared on both sides of the
ISAs, no homology between the inverted repeats and the recipient DNA, the
length of their DNA sequences and their predicted protein products, and the
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homology between the predicted ISA2 protein and other bacterial
transposases.

Also, apparently similar to other bacterial insertion elements, as has
been observed in Alcaligenes eutrophus (123), the transposition of the ISA
elements seemed to be induced by elevated temperature. However, growth of
other strains such as A451 at high temperature also results in loss of A-layer
and reduced A-protein production even though this strain does not carry
these ISA elements. This suggests that A. salmonicida might possess other
molecular mechanisms for the loss of the A-layer. This could include other
insertion elements. On the other hand, it is also likely that the loss of A-layer
facilitates survival of the bacteria at high temperatures, and the particular
mechanism by which A-layer is lost is irrelevant. In this latter case, the
increased rate of ISA isolation in the vapA area should be considered as a
result of selection of A-layer negative phenctype rather than induced
transposition.

Survival of A. salmonicida at 300C seemed to require loss of A-layer, but
not necessarily loss of A-protein production as shown in mutants 450-2 and
CEG4 which expressed low levels of A-protein. These mutants had insertions
located in the vapA promoter area which apparently disrupted optimal
promoter activity resulting in the decreased levels of A-protein production.
The ISA1 in A450-2 is likely to have blocked the P1 promoter as mentioned
previously,éw’hﬂe the low level vapA expression in CEG4 is probably a result
of transcriptional read-thxoﬁgh from the putative transposase gene in ISA2.
Although it has been reported in other cases that bacterial insertion elements
may carry portable promoters or form hybrid promoters resulting in low level

transcription of their downstream genes (68), no such evidence was found in
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the case of CEG4. A complete loss of A-protein occurred only when either
ISA1 or ISA2 was inserted into the vapA structural gene.

Insertion sites of ISs are usually homology independent. However,
some transposable elements exhibit a degree of preference for particular
“hotspots” in target DNA. For example, E. coli K12 1530, which duplicates' Zlbp‘
of its transposition target, has been found between the sarme two base pairs in
three independent insertion mutants, suggesting a strong targetiing specificity
(40). Similarly, ISA2 appeared to exhibit more preference for its targeting
sites, especially in the cases of 300C mutants CEG27, 28, and 29 where ISA2
insertions have been localized to a 160 bp area by PCR. The I530-like insertion
element also showed similarity in their short targeting sequences. Whereas
duplicated target DNA sequences of insertion elements ‘range from 2 to 13 bp
(68), 1S30-like insertion elements showed mostly short target sequences, e.g., 2
bp for 1530 (40), 3 bp for 1S4351 and Tn4551 direct repeat sequence element
(173, 196), 5-7 bp for ISAE1 (123) and 3-bp for ISA2.

The data base search for the ISA2 and its predicted protein product

showed similarity to several other bacterial insertion elements found in E.

coli, Alcaligenes eutrophus, and Bacteroides fragilis (40, 42, 196). The distribution

of the same insertion elements among different bacterial species has been
observed before such as 15200, which is a S. typhimurium resident element and
has been found in 20% of E. coli strains (_23‘);. The hbrizontal transmission ‘of
an insertion element has been suggested ‘tio be related to 'plasmids or bacterial
phages carrying the insertion element (6). The simiiarity‘ between ISA2 and
other insertion elements may also suggest évolﬁtionary relationships as has
been reported for the IS2, 3 family (68) or the I1S150 family (187) comprising
182, 183, 15150, 15600 and 1S51 from E. coli, Shigella dysenteriae and Pseudomonas

savastanoi. It has been noted when IS30 was sequenced that the protein
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contained 23% basic amino acid residues (40). This feature might be
important for either structure or function of IS30-like transposases as basic
residues seem to be well conserved among them, i.e., more than a quarter of
the R residues (10/36) in the ISA2 protein are completely conserved and some
others are partially conserved. The preliminary phylogenetic tree shown in

Fig. 36 may be indicative of a new IS30 family.

III. The abcA gene

In addition to the P2 promoter, another determinant which appears to
control the vapA expression from pSC150 in E. coli is carried in the sequence
downstream of vapA. Cleavage of this downstream sequence significantly
lowered level of vapA expression in E. coli and reintroduction of this sequence
into the E. coli cell restored the original expression level. This effect on vapA
expression was also confirmed by an in vitro transcription-translation
experiment where plasmids containing vapA with and without the
downstream sequence were added as DNA templates. These results indicated
that the downstream DNA sequence was required for better vapA expression
in E. coli. This downstream DNA segment contains a gene which begins 205
bp after vapA, and codes for a 308 residue protein AbcA. The abcA gene
appears to have its ow1. functional promoter.

The AbcA protein has been shown to belong to the ATP-binding-
cassette (ABC)-transport family of proteins, or so-called 'traffic ATPases' (10,
175). Proteins possessing this conserved ATP-binding sequence are associated
with a variety of cellular functions including cell division and DNA repair
(91), as well as a wide nvariety of transmembrane transport processes;
including the transport of ions, heavy metals, sugars, amino acids,

oligopeptides, and proteins (54, 100, 122). Bacterial ABC-proteins include the
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Fig. 36. Phylogenetic tree of putative transposases from ISA2 and |

other related bacterial insertion elements by GeneWorks
(IntelliGenetics). The length of the horizontal lines connecting
one sequence to another is proportional to the estimated genetic
distance between the sequences. The figures in brackets
represent the standard errors of the branch points.
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well-characterized periplasmic permeases, capsule polysaccharide transporters
(62, 121, 162), as well as protein secretion systems including the transporters
for a Bradyrhizobium and Rhizobium nodulation protein (NodlI) (53, 79), E. coli
hemolysin A (HlyB) (57), Pasteurella haemolytica leukotoxin A (LktB) (200),
Bordetella pertussis cytolysin (CyaB) (77), and Pseudomonas aeruginosa alkaline
protease (PrtPA) (85). Eukaryotic members of the family include putative
peptide transporters encoded at the locus for the class II major
histocompatibility complex (208), the cystic fibrosis gene product cystic fibrosis
transmembrane conductance regulator (CFTR) (12), P-glycoprotein
responsible for multidrug resistance in tuinor cells (MDR) (1, 81), and the
yeast Ste6 transpo;tef which mediates export of a peptide hormone that lacks
a classical hydroph'obic sighal’ sefluence (122).

This superfamily of transporter proteins shares about 30% sequence
identity over an ATP-binding cassette of about 200 amino acids (100). In the
A, salmonicida proiein, the co‘nsérved ABC-transporter homologous sequence
stretches between Phe3g and Asn236 and occupies approximately 65% of the
length of the total deduced protein. Within this segment the most readily
recognized c‘:orts*erve:c-lr motif is the Walker motif A or P-loop (phosphate-
binding loop) GXXGXGKSTgg nucleotide-binding sequence which is located
near the N-terminal end of the protein (147, 184, 227). AbcA shares with
other members of the fanﬁilf another loop structure, OOOODEAXXXXDjy77
(where O is any hydrophobic amino acid residue) with highly conserved
spacing to the P-loop (131), and several other segments of sequence.

In the case of prokaryotic ABC transport systems, the basic organization

normally involves four distinct subunit components, either as domains of

one or more proteins, or as distinct individual proteins (10, 10, 122). The

various components interact to form a membrane-associated "transport
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complex". The integral membrane proteins or protein domains which form
part of this complex are believed to mediate the actual transport of the
substrate across the lipid bilayer. These bacterial transpert systems also often
require a sdluble receptof (substrate-binding) in the periplasm which, whgn
bound to substrate, directly interacts with the membrane bound complex.
Two of the subunits in the transport complex are usually ABC proteins,
normally encoded by a single gene, which couple ATP hydrolysis to the
transport. The ABC cassette containing components are associated with the
cytoplasmic membrane, and in some cases, they have been shown to be
exposed to the periplasmic surface (14). Upon binding of nucleotides,
substantial conformational changes have been observed (118) ‘which could
signai the substrate transport. Appropriately, the abcA gen%e product of A.
salmonicida co-fractionated with the cell envelope fraction when it was

expressed in E. coli, and indeed sub-fractionated into the sarcosyl-soluble,

putative inner membrane fraction. The presence of the AbcA-LacZ fusion |

protein in the cvtosol fraction is also consistent with the predicted membrane
associated region which is absent in the fusion protein. While the nucleotide
binding sequence present in this fusion protein has been shown to have ATP
binding activity.

In contrast to the séc encoded protein secre‘tiﬁn system which
recognizes many differ‘énf signal peptides (17), ABC transporters ea:ch‘ appéar

to be relatively specific for a single substrate, or group of related substrates

(100, 122). The genes encoding the ABC transporter complex normélly map

contiguously (91). For example the E. coli hlyB gene maps immediately
downstream of the substrate of its transport system, hlyA (133), while the ‘AﬂC
transport complex proteins involved in capsular polysaccharide transport

appear to belong to a single transcriptional unit which contains two to four
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other genes, including genes coding for integral membrane proteins (62). The
organization of these capsular transport genes is very si'rhilar in different
bacterial species, with the gene for the ABC containing protein itself mapping
after the membrane protein genes. Taken together, these various
observations lend weight to the notion that VapA could be a substrate of a
transport system involving AbcA.

Among the ABC transporter proteins with strong homology tc the A.
salmonicida AbcA, N. meningitidis CtrD prctein (62), E. coli KpsT (162), and H.
influenza BexA (121) (34 - 37% identity, 21 - 21. 5% conserved replacements
between residues 42 and 221) are involved in capsular polysaccharide
transport, and have recently been shown to belong to a new sub-family
within the family of ATP-type transporters, the ABC-2 family (175). In this
regard, it is perhaps significant that the abcA gene appeared to be required for
the formation of Q'ghains on the LPS qf A. salmonicida. The inability of the
LPS O-chain complementation in TM4 by the twWo mutants constructed by
site-direcfed n{utagenesis has provided further evidence that AbcA could be
involved in the O-chain formation and specifically, the ATP binding
sequence might be requilé'ed. However, the precise role of AbcA in the O-
chain formation is still not clear. As a transport protein, the absence of AbcA
could lead -io the accumulation of sugars inside the cell and subsequently
affect the O-chain synfhesis. Alternatively, it is also possible that AbcA
functions as a regulatory protmn which controls genes responsible for
polysacchande synthesis.

One feature Wthh appeats to distinguish this A. salmonzczda protein
from other ABC protems is the presence of a possxble leuane z1pper This
predicted o-helical region has Leu residues in four of five heptad repeats, and

a Val replacement in the fourth heptad repeat which should allow the region
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to form a zipper (98, 185). The potential zipper sequence does contain a Pro
residue, however, using PCGENE, neither the Garnier (73) nor Chou-
Fasmann (37) algorithms predict disruption of the extended a-helix by this
residue. The heptad repeat region is juxtaposed to a highly positively charged
23 residue sequence which is characteristic of leucine zipper pro‘teifnsiin
“eukaryotes (223). In eukaryotic proteins, this region binds DNA and is located
| N-terminal to the leucine zipper, leading to the nomenclature bZIP prstein
(223). In the A. salmonicida protein the basic region is located in the carboxy
terminal, providing a ZIPb-like structure. This differs from other reported
prokaryotic leucine zipper proteins where no typical basic regions have been
observed near the zipper region, and whezre the leucine zipper is usually at
the N-terminus of the protein (137, 185). The highly positively charged
region in AbcA probably contributes to aberrant migration during SDS-PAGE,
accounting for the differ;ende' in deduced (34,015) and measured apparent Mr
(43,000). Such effects have been notéd i)efore, for example the HlyB protein of
V. cholerae reported by Alm and Manning (9).

In addition to AbcA's putative transport activity, the influence of abcA
on vapA expression could involve gene regulation. With the ZIPb sequence,
AbcA appears to have the potential to be a regulatory profein. The
structurally complex vapA promoter region and especially the palindromic
sequence found immediately in front of vapA might provide a binding site(s)
‘or AbcA. Another prokaryotic membrane-associated regulatory protein
(ToxR) has been reported in V. cholerae, which was shown to havé a
transmembrane sequence at C-terminal half and transcriptional activation
and DNA binding domains at N-terminal part (146). However, the up-
regulation of the vapA expression by abcA could also involve other gene

products in E. coii. Several attempts to introduce a mutation into the abcA

148




gene in A, salmonicida chromosome were all unsuccessful. At this time, the
only mutant A, salmonicida available with a disrupted chromosomal abcA
gene also has a disruptec, 1/apA gene, making it impossible to directly show the
effect of abcA on vapA expression.

Taken together all the structural and functional features of the AbcA
protein, i.e., ATP binding cassette, membrane associated region, ZIPb
sequence, lack of homology at the C-terminal with other ATP-binding
transport proteins, ATP binding activity, influence on vapA expression in E,
coli and complementation of LPS O-chain production in A. salmonicida, this
protein appears to be bifunctional and involved in both transportation and
gene regulation. However, confirmation of its role with regard to vapA in A.

salmonicida awaits future studies.

IV. Summary

This study has been focused on the structure, expression and regulation
of the A, salmonicida surface layer protein gene vapA and its protein product,
A-protein. The vapA DNA sequence has been determined, and this enabled
detailed genetic characterization, as well as the prediction of the entire
primary sequence of the protein which has provided valuable information
for further structural and functional studies. The cellular localization of the
A-protein in E. coli has been described and the difference in trypsin
accessibility of the periplasmic A-protein has been demonstrated which may
indicate a mechanism that contributes to the inefficient export of the protein
in this foreign host. The transcription initiation site of vapA in E. coli has been

shown to be different from that in A. salmonicida, since the native

transcriptional start site is not included in the clone. A putative P2 promoter

has been proposed that may function in E. coli, while the wild type vapA
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proistoter P1 has been predicted from the mapped transcriptional start site and
its predominant transcriptional activity has been confirmed by transcriptional

analysis and localization of the A. salmonicida insertion element that affected

the vapA expression. The variation of the vapA transcription has been

analyzed uncer a number of culture conditions. With 30°C incubation,
mutant A. salmonicida strains have been shown to have various levels of
reduced A-protein production and a 1.2 kb DNA expansion in the vapA area
which was caused by A. salmonicida insertion elements. These A. salmonicida
insertion elements have been sequenced and shown to be homclogous to
other bacterial insertion element; (ISA2). In addition, the AbcA protein has
been shown to have ATP binding activity, a leucine zipper-basic region
domain, and the ability to aifect vapA expression in E. coli and complement
the deficient LPS O-chain formation in A. salmonicida abcA mutant strain
TM4. Site-directed mutagene“sis experiments have shown tihat the ATP
binding domain of AbcA may be required for the LPS O-chain

complementation.
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APPENDIXES

I. Entire DNA sequence determined in this ’study

CTTACTAAGCCAARAGCAACACCAACAATGAAGAARAAGTACCCTTTTGGGAGATATTCCA
CTTTTGGGTAATTTGTTTARATATCAGACAAAARAAATCGAAAAAACGGAGTTGGTACTG
TTAATCACCCCCTATGTGATCACTTCAAAAGARGAGGCCGAATTTTATACTGATCAATTC
CGTACCTTGAGTGGCTGGGATCCGATGCCCAAACGTTCTCAATCTGACGCAGGACTAGAT
CGATGACCATCTTCGGTCATCAGTGCTGYGACTTGACACAAAAATCGTCGATCGGCGGTC
GTTTTTTGTGCGCTCAGTTCAGGAAAACGATGAAAGGCGATCTTTGTCACAGATTAGTAA
TTGACATGCCTGAGTCTGATGGCTAAGAATATGCAAGCGCACTTCGGAGCGCGGTGAAAC
TGTTGTATCTCACAGGACATGAGCATCAGTAGTTTCCCATTTTTTGCGGGAAAACAGCGG
TGTTTGTGTTCGGTGCTCACAGTGCACCGAAGGTTGATCAACGGATAGGTTCAACCCTAT
TTGTATATAATCAATAAACTTCCTTAAGGAAAAAAGTATGTTTAAGAAGACTTTGATTGC
AGCTGCCATTGTGGTCGGTTCCGCTGCACCTGCGTTTGCTGATGTCGTGATTAGCCCGAA
CGACAACACTTTCGTTACTACCTCCCTCGCATCTGTAACTAAGCAGCCGGTACTGGACTT
CTCCACTGCTCAACAAAACCTGACCCTTAACTTCAGTGAAGTTGGTGACCTTAAGAACAA
CGGTTTCATTGTGTTGGAAATCCAAGGTGAAGGCCAATTCAACGACGCGGAAATCCGTCA
GTGGCTGTCCAACGGTTTCTGGCGTAGGCCGTTTACCGGTCTGCTGGTTAACCCGAATGA
TCATGGTAATTTTGCCAATAGCGGTGAAGTTAATGACGTTCGGAAGTTCTTTAAGATTAT
TTCCGACGGTACCCAGCTGACCATCGTTCACACTATCGACAGCAATGGCAAGCGTCTGCG
TCTTGCTCTTGCTTCTGATGTAGAAGAGACAATCAATTTTGCTGATGCAGAGGTTGAGCT
GAAGCTGAACTTAGCTAACCAAGCCTTTAAGCTGACCTCCGGTTCTCAAGGTACAGTAGC
TCTGACCGCAGGAGCTCTGTGGAACGCTTCTTASACTGCTGATCCGGTTGCTACCAAGCC
GCTGTTCAAACTGGGTAAGCTGTTCCAGTTGAGTTTGACTAACGCTGGTAAAGCTACCGC
TCTGGTTTCCGAAGGTTTCTTGAAACTTAATATCGGTGATGCGAATATTTCTGCTACTGA

'TTTCGCGATTACCAACGTTACTACTAACCAGACCATCCAACGTGACAAGGTTAACCTGAC




CCTGACTGGTGATGTTTCTGCCTTCAAGAAAGATGCCAACGGTAACTTGGTAAACAAAGC
TGGTGCTAGCATCGGTTGGAAAGCTGCTGCTGATGGTCAATCTGCTACAGCTGTCTTGGG
TGCTGGCAACATGGCCGGTGGGGTTCAAAATGCTCTGGCTGCTTTTGGTACACTGTACGT
TGCTGCAGATAACACTGTTCCGGTTCCTGCTGTTAACTTCAATGTTAAGGCTGAARATCCA
AGGTGATAGCCAAGCTACCTATAACTACTTCAAGGACGAGCTGGCTGATCTCTTCATCCT
CACCCGTGATGGTATGAAGTTTGACACAATTACTACTGGTACCACTTCTGCCAACCTCAT
CCACATTCGTGATGTATCTAACATCCTGCCTACTGAAGGTGGCAAGATCTTCGTAACTAT
CACTGAATATGCAGATCATGCTGCCAATGGTCGTGGTGAAGGTACTGTATTGGTTACCCG
TAAAGCACTGTCTGTTACCCTGCCAAGCGGTGGTGCAGTGACTCTGAAGCCTGCTGATGT
TGCTGCTGACGTTGGTGCTTCTATCACTGCTGGCCGTCAGGCTCGCTTGGTGTTTGAAGT
TGAAACCAATCAGGGTGAAGTAGCTGTTAAGAAATCCAATGCTGAAGGCGTGGATATTCA
GAATGGTACCCGCGGCACAGCACCGCTGGTAGATTTCACTCTGTAAGAGCGAATCTAGTC
GATAAAGGGCGCCGAGGCGCCCTTTTTAATTAATGTAAAACTAAGCAGTTTCATTTGTTC
CCTCACTCATCAATCTCTTCATTTAGCGAGGTAGACAAGCTCTGCCGTTGCTCGTGACCA
CAGCCCTTATTTCAGTTGTCATTTATTGTTATACTCTTTCACCTCGTTAGCTACCTTGCG
ATTTATCTATGTCCGAGCCTGTACTTGCCGTTAGCGGTGTCAATAAATCATTTCCCATCT
ATCGTTCCCCTTGGCAAGCGCTATGGCATGCACTCAATCCCAAGGCTGATGTCAAGGTTT
TTCAAGCATTACGTGATATTCAACTGACGGTATATCGCGGGGAGACAATAGGCATTGTGG
GCCACAATGGTGCGGGCAAGTCTACCTTSCTACAGCTTATCACAGGAGTCATGCAACCTG
ATTGTGGCCAGATTACACGTACAGGGCGTGTTGTGGGCTTGTTAGAGCTTGGTTCTGGTT
TTAACCCTGAATTTACTGGACGTGAAAACATTTTTTTTAATGGCGCTATCTTGGGAATGT
CACAGCGAGAGATGGATGATCGTTTGGAACGGATCCTTTCTTTCGCTGCCATAGGTGATT
TTATTGATCAGCCTGTTAAARAACTACTCCTCTGGGATGATGGTACGCCTCGCTTTTTCAG
TCATCATCAATACTGATCCTGACGTATTGATCATTGATGAGGCATTGGCAGTGGGAGATG
ATGCATTTCAACGTAAATGCTATGCCAGGCTAAAGCAGTTGCAGTCACAAGGCGTAACGA
TTCTGCTGGTATCCCATGCAGCAGGCAGCGTGATTGAGTTATGTGACCGTGCAGTATTAC

TGGATCGAGGTGAGGTGCTGCTTCAAGGGGAGCCCAAAGCAGTGGTACACAACTATCACA

173




AGCTGCTCCATATGGAAGGCGATGAGCGTGCCCGCTTTCGTTATCACTTGCGCCAGACTG
GCCGTGGAGACAGTLYATATTAGTGACGAATCTACCTCGGAGCCCAAAATTAAGTCTGCCC
CCGGTATTTTATCAGTAGACCTTCAGCCTCAGTCTACAGTTTGGTATGAGAGTAAAGGTG
CCGTTCTTAGCGATGTACACATTGAAAGCTTTTGAAGTCGGCTTTGGTATGATGATTAAA
ACTCGTTCCGGCGTTGATCTTGGCGGAGCAACCTCAACGCGTAACCACGAACATCGCTTG
GCTTATGTTGCTGCGGGCAGCTCTCTAACAGTATCGTATGATTTTGAATGTGCATTACGA
AATGGCACTTATTTCTTGAATTGTGGTTGTTCTGGTCTTATAGATGGAGAACGCACATTT
TTGCATCGTGGTGTCGATGTCGCCATGTTTCAAGTCATTTGTGAAAGTGTAGATTCTACA
GGTCTGATTGATTTTTCACCTCGCATTAATGTCCACCAGAAATGAGCTTGGTTATGATGG
AAARAARATTAATCTTTTTATTATTGGTACCCAAAAAGGTGGGACTACTGCATTAGCTGATT

TTCTGGGAAAACATCCCCATATTTACATAGCAGATGGTAAAGAAGCCCAC
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II. List of oligonucleotides used in this study

175

Name Length Sequence

(bases)
AP1 23 GGC TGA TCT CTT CAT CCT CAC CC
AP2 24 CAG AGT GAA ATC TAC CAG CGG TGC
CG2 24 ATG TTT AAG RAG ACT TTG ATT GCA
CG3 23 TGG CAG CTG CAA TCA AAG TCT TC
CG4 26 CAA TGT GTA CAT CGC TAA GAA CGG CA
CG5 24 GCC ATC ATG AGT GGT GCC GAG GGC
cG6 21 GCT GCG GTG ACG CTC AAC GGC
RAA2 24 GAT CAC TTC AAA AGA AGA GGC CGA
RAA3 24 CAA CTT TAC GTA GTA GAG GGT GAC
sc1 20 AAT CCG AGA CAT TTC CGA GG
sc2 20 AGG CGAA CAA GAC CTG AGA GA
sc3 19 GTG GTC GGC ARA ATC GTC G
sC3-2 18 GCA ARA TCG TCG CCG CCG
scs 16 CTG CTC GGG GCT CCA C
sceé 17 TGT GTC GTA ACG CCG GG
sc7 16 AAG GGG GCG AGC AGC C
scs 19 TAT CTG GTC AAG CTGG GTC G
sc9 26 CCG CCG CCG TCA AAG GTG ATG GTA TG
SC10 21 GGC AAC GAT ACC AGT TAT CGG
sCc11 21 GAT AAC TGG TAT CGT TGC CCC
sci12 19 GCG GAG CAG TGG ATC AAC C
SC13 16 CAG GCT GCT CGC CCC C
SCI-V 25 CTC ACT ATA GGG ATA TCG AGC TCG G
SCG-V61 23 GGC CAC AAT GTT GCG GGC AAG TC
SCG-V58 22 GGC ATT GTG GTC CAC AAT GGT G
TJT18 17 GCT TGG CCT TCA CCT TG
TJ18 17 CCG TGA TGG TAT GAA GT
TJ19 17 GCT GAC GTT GGT GCT TC
TJ21 17 CCC CTT GGC AAG CGC TA
TJ22 17 CTT GAC ATC AGC CTT GG
TJ23 17 ATC GAC TAG ATT CGC TC




TJI24
TJ30
TJ31
TJ32
TJ333
TJ34
TJ35
TJ36
TJ37
TJ38
TJ39
TJ40
TJ41
TJ42
TJ43
TJ44
TJ45
TJ46
TJT47
TJ48
TJ49
TJ50
TJ51
TJ52
TJ53
TJI54
TJ55
TJI56

17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
17
24

CCA
GCC
CAA
CTT
CGG
ACC
TCC
CGG
GGG
TAC

ACC
CCA
CTG

CGG
TGG
AGC
CGG
CGC

ACT
GCA
TCA
GGA
TGG
GGC
CTG

AGC
GTT
ATG
CAC
GTT
ACC
GAG
ATA
TGG
GCC

GTA
ATC
TGT
AGG
ATA
AGG

TCT
GCT

GGA
GGG
GCT
GTA
GGT
AGA
TTG
ACC
CCG
CCG
CTG
CAT
TCA
TTC
AAC
CTT
ATC
ATA
TCG
CCG
TCcT
TAC

' GAG

TGC

. GAT

CGT
CTG
ATG
CGA
TGG
GAT
TCA
GGC
TGA
TGA
CTG
GCT
ACG
TAA
GCT
AGA
CGG
GGT
AGT
ACA
AGG
CTT
TCT
TGA
AGT

ACA

GAC
cTT
CGC
GGA
CAG
TCG
ACC
TAT
CTG
Cccc
TTC
GCT
TAT
CTT
TAA
ATG

AGC
ATA
TGA
GGC
TAA
TGC

CAA
ACA

176

cC
ca
AG
GG
TC
GG
TC
CcT
TC
CA
TT
AA
TA
TG
CA
AG
GT
AG
CA
AG
AA
GG
AG
AC
TC
GG
AG
GTT TCA CCG




