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ABSTRACT

Aeromonas hydrophila secretes many proteins into the extracellular
milieu. Strain C5.84 is a Tn5-751 insertior: mutant of this bacterium which is
unable to secrete extracellular proteins, instead accumulating them in the
periplasm (Jiang and Howard, 1991). A 3.5 kb Bg/ll fragment which
complements the mutation in C5.84 was isolated from the chromosome of the
wild type strain and sequenced. Computer analysis of this fragment revealed
an operon-like structure with two complete genes, exeA and exeB, a promoter
5' to the exeA gene and a 13 base pair inverted repeat immediately 3' to the
exeB gene. Although the transposon had inserted in exeA, provision of a wild
type copy of this gene alone in trans did not restore competence for export to
C5.84. Complementation required the presence of both exeA and exeB, and
qui for both

gene products for extracellular secretion. In addition, immunoblots with an

marker is further ished the

anti-ExeB serum demonstrated that the Tn5-751 insertion in exeA had a polar

effect on the expression of exeB.

In vivo and in vitro expression studies confirmed that there is a promoter
5'to exeA and that exeA and exeB form an operon. Analysis of the deduced
amino acid sequence of ExeA indicated that it is a hydrophilic 60 kDa protein
with a consensus ATP-hinding site. ExeB is a 28 kDa basic protein which
shares limited homology with PulB, a protein of unknown function associated
with the maltose regulon of Klebsiella oxytoca, and OutB, a protein which has

been shown to be required for efficient secretion in Erwinia chrysanthemi. The



hydropathy analysis of these proteins and preliminary localization studies
suggested that both ExeA and ExeB may be anchored to the inner membrane.

These results demonstrate the requirement of a second operon
encoding a putative ATP-binding protein in the secretion of extracellular
proteins from Gram-negative bacteria, and further suggest that the cytoplasmic

compartment may play a greater role in protein translocation across the outer

from the peri than previ thought.
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Chapter 1
INTRODUCTION
1.1 Envelope structure of Gram-negative bacteria

A continuous exchange of molecules takes place between the bacterial
cytoplasm and the extracellular milieu, which includes processes such as the
uptake of nutrients and the secretion of proteins. The bacterial cell envelope
separates the intracellular compartment from the external medium. The cell
envelope of Gram-negative bacteria consists of three layers, the inner or
cytoplasmic membrane, the outer membrane, and the periplasm which lies
between these two lipid bilayers and contains the peptidoglycan layer. The inner
membrane is a typical plasma membrane containing a range of biosynthetic and
transport proteins, and phospholipids. The periplasm is an aqueous
compartment containing enzymes and transport proteins. An asymmetric bilayer
of phospholipids, proteins and lipopolysaccharides (LPS) make up the outer

The outer is a rather inert structure which acts as a

molecular sieve, permitting the of hydrophilic in a size

dependent manner. It acts as a protective barrier against the attack of enzymes
and antibiotics, and prevents the entry of a wide range of compounds (Nikaido
and Vaara, 1987).

1.2 Protein secretion in Gram-negative bacteria

In contrast to proteins secreted by Gram-positive bacteria, proteins

secreted by Gram-negative bacteria have to cross an additional lipid bilayer, the



outer membrane. Many Gram-negative bacteria such as Escherichia coli

(Noegel et al., 1979), F hi Iytic and Lo, 1989),
Bordetella pertussis (Glaser et al., 1988), Neisseria gonorrheae (Pohiner et al.,
1987), Klebsiella oxytoca (Pugsley, 1986; 1993a; Pugsley et al., 1990b), Vibrio
cholerae (Hirst et al., 1984; Overbye et al., 1993), Pseudomonas aeruginosa
(Lory et al., 1983; Bally et al., 1992; Akrim et al., 1998), Erwinia chrysanthemi
(Lindeberg and Collmer, 1992), Erwinia carotovora (Reeves et al., 1993),
Xanthomonas campestris (Dums et al., 1991; Hu et al., 1992) and Aeromonas
hydrophila (Jiang and Howard, 1991; 1992; Howard et al., 1993) actively secrete
proteins to the extracellular milieu. Bacterial secretory proteins include a wide
range of degradative enzymes, toxins and virulence factors which play significant

roles in veterinary, plant and human diseases, and also certain enzymes that

have potential value in the bi logy industry. Consit interest has
been generated recently in the targeting processes that direct these proteins to

the medium.

gh these proteins are synthesized in the
cytoplasm, their functional location is outside of this compartment. Therefore it is
of interest to study how these hydrophilic proteins are translocated across the
hydrophobic core of the two separate lipid bilayers of the Gram-negative cell wall.
A number of different mechanisms exist for protein translocation in Gram-
negative bacteria. Two very distinct modes of extracellular secretion which have
been studied in some detail are: the signal sequence independent pathway as
exemplified by the a-hemolysin of E. coli, and the signal sequence dependent or

general secretion pathway as exemplified by pullulanase of K. oxytoca.



1.3 Signal sequence independent secretion pathway

Studies on extracellular protein secretion have revealed that many Gram-

negative bacteria utilize the signal sequence independent secretion pathway. In

this pathway, proteins (exoproteins) are d without typical
amino terminal signal sequences and appear to be exported across both the
inner and outer membranes in a single step, possibly through membrane
adhesion sites, thereby bypassing the periplasm. The common features shared
by the proteins secreted in the signal peptide independent pathway are; (a) The
proteins are secreted without the involvement of N-terminal signal sequences, (b)

The system is of two inner proteins, of which one

has a conserved ATP-binding motif, plus one outer membrane protein and (c) A

secretion signal containing a glycine-rich repeated motif close to the C-terminus

of the protein (Ghigo and 1992). The o in p by
hemolytic E. coli strains is the best characterized protein of this secretion
pathway.
1.3.1. i ion by ichia coli

E. coli: is ded by the

present on transmissible plasmids in certain strains of animal origin as well as on
the chromosome of some strains isolated from humans (Muller et al., 1983).
These E. coli strains secrete a 110 kDa cytotoxin (a-hemolysin) which is

in the of diarrhea among newborn

animals, intestinal infections of pigs and poultry, and urinary tract and extra-
of humans and Holland, 1984).




The a-hemolysin of E. coli was the first protein identified as belonging to
the RTX (tepeats in toxin) family that contain tandem nine amino acid repeats of
the sequence GGBGBBXLX called the glycine-rich repeat. Noegel et al. (1979),

using transposon and ination studies

identified the location of cistrons on the transmissible plasmid pHly152, which are

essential for is. The pi ion of active requires at least

two cistrons hlyA and hlyC and its secretion is controlled by hlyBg and hlyBp

(Noegel et al., 1979; Wagner et al.,, 1983). ing of an 8 kb ch

region from strain J96 also led to the identification of four cistrons which
coincided with those reported by Noegel et al. (1979), and a generatl
transcriptional organization model for the E. coli a-hemolysin was proposed
(Felmlee et al., 1985b). The polypeptides encoded by hlyC, hiyA, hlyB, and hiyD
are 20 kDa, 110 kDa, 80 kDa, and 50 kDa respectively and all lack typical N-
terminal signal sequences (Mackman et al.,, 1985; Nicaud et al., 1985; Felmlee et
al., 1985b). The four hly genes dictate the synthesis and export of the cell-free
hemolysin HlyA, and are contiguous and co-transcribed from a promoter 5' to
hlyC (Koronakis and Hughes, 1988). The o-hemolysin is encoded by the
structural gene hiyA in an inactive form, and is converted to an active form in the
cytoplasm by specific fatty acylation by the HlyC protein (Nicaud, et al., 1985;
Issartel et al., 1991). In mutants lacking hlyB and or hlyD, or which have
deletions in hlyA that fail to secrete the hemolysin, no periplasmic activity was
detected, suggesting that the secretion across the two membranes is tightly
coupled (Hirst and Welch, 1988).

The extent of N-terminal processing of the hiyA gene product was defined

by amino acid sequencing and comparison with the predicted amino acid



sequence based on DNA sequencing. It was found that the first nine N-terminal
residues were the same except for the absence of the formylated methionine.

This confirmed the absence of N-terminal signal sequence processing by signal

peptide cleavage (Felmlee et al.,, 1985a). ot i is i
of secA which is normally required for signal sequence dependent secretion (see
later). This was demonstrated by efficient secretion of a-hemolysin in secAts

mutants (Mackman et al, 1987). In addition, Nicaud et al. (1985), demonstrated

by transposon is and ion analysis that o-hemolysin is

efficiently secreted in the absence of hlyC, whick is necessary only for its

1, ing the ity of only hlyB and hlyD for its secretion

(Nicaud et al., 1985). Therefore, it was proposed that HlyB and HlyD may form a
specific secretion complex, which spans the inner and outer membrane and may

bind to HiyA to promote its translocation.

1.3.1.2 Secretion signal of a-hemolysin

Studies involving a ivative of the HiyA i (pLG574)

containing the last 27 amino acids of the C-terminus (Gray et al, 1986), a
chimeric OmpF-HIyA protein containing the last 113 residues of HlyA and also C-

terminal truncated HlyA derivatives generated by Tn5 insertion mutagenesis

the o signal close to its C-terminal end. In
addition, the C-terminal secretion signal alone was also shown to allow secretion
of heterologous proteins in a HlyB/HlyD dependent manner (Mackman et al.,
1987). This was subsequently confirmed by demonstrating the export of hybrid

proteins generated by fusing various C-terminal portions of the hemolysin to the



Y ic protein y B-g i or
mammalian prochymosin (Kenny et al., 1991). The absence of the cytoplasmic
marker malate dehydrogenase (MDH), and the periplasmic marker B-lactamase
in the medium ing the i and ion of the hybrid proteins,

confirmed that a-hemolysin was released neither by lysis nor by preferential

release of portions of the outer or the p:

(Mackman et al., 1987). Another proof of true secretion was complete
degradation of the proteins present in culture supernatants by protease
treatment, and the presence of the chimeric protein in the supernatant fractions

after high speed centrifugation.

Comparison of the C-terminal 103 amino acids of homologous hlyA genes
cloned from the genera Proteus and Morgenella identified a conserved potential
amphiphilic a-helix at residues 973-990 followed by a cluster of charged residues

rich in

at residues 991-996, and weakly hy

residues very close to the C-termi at residt 999-1024 (| is et al.,
1989). An inframe deletion plasmid encoding only the C-terminal 53 amino acids
directed HiyB-HlyD dependent export similar to that of the wild type, whereas

only the C-terminal 38 amino acids could export less than
10% of the a-hemolysin the fragment i ing the i for the

amphiphilic a-helix for export. Deletion of the cluster of charged residues also
eliminated the HlyA export. These studies led to the conclusion that residues
970 to 1017 at the C-terminal end of HIyA are essential for its secretion
(Koronakis et al., 1989). By extensive mutational analysis, the role of the last 48
amino acids of the C-terminal region of the E. coli a-hemolysin was confirmed as

the targeting signal for the extracellular secretion (Stanley et al., 1991).



1.8.1.3 Membrane topology and functional domains of HlyB

Using the B-lactamase topology vector pJBS633, a HlyB topology map
was generated (Holland et al., 1930; Wang et al,, 1991). HIlyB consists of eight
transmembrane domains, plus four periplasmic loops and three cytoplasmic
loops, with a short hydrophobic N-terminal domain, and a large C-terminal
domain containing a highly conserved ATP-binding region found in many
bacterial transport proteins. HlyB thus belongs to the family of ABC (ATP-binding
cassette) proteins involved in transport across membranes (Higgins et al., 1986).
In vitro studies on a homologous protein, purified mammalian P-glycoprotein,
which mediates translocation of drugs, demonstrated that the protein was able to
hydrolyze ATP. Therefors, it was postulated that HlyB which is homologous to
the P-glycop! , hydroly ATP during trar ion of HIyA and acts as a

membrane translocator (Blight and Holland, 1990). In addition, amino acid
substitutions in the nucleotide binding site of HlyB either reduced or completely
eliminated HIyA secretion, suggesting the requirement for this ATP-binding site in
o-hemolysin secretion (Koronakis et al., 1988).

1.3.1.4 HIyD structure and function

A topological model for HiyD was proposed based on the resuits of gene
fusions of /acZ with the first 180 base pairs of hlyD and of alkaline phosphatase
(phoA) between nucleotides 262 and 1405 of hlyD. Tiie gene fusion data implied
that HiyD is anchored to the inner membrane by a single transmembrane
segment located between amino acids 60 and 80 of the protein, while the
residual remaining 400 amino acids are located in a periplasmic domain rich in o



helix forming sequences (Shulein et al., 1992). In the absence of HIyD,

hemolysin was shown to in the Based on ization and

p igesti i it was that HlyB and HlyD form a
transmembrane complex spanning both membranes (Wang, et al., 1991). On the
basis of the demonstration that the minor outer membrane protein TolC is
required for extracsllular export of HlyA (see below), a model was proposed
where TolC forms a pore in the outer membrane which is opened or modified by
the presence of a transporter consisting of HiyB and HlyD in the inner membrane
(Wandersman and Letoffe, 1993). The amphipathic domain present in the C-
terminus of HIyA which is involved in a-hemolysin secretion, may serve as a
signal to the translocation apparatus HiyB-HlyD. This domain is believed to
spontaneously insert HIyA into the inner membrane in an orientation such that
the HlyB-HlyD complex can translocate the remaining polypeptide across both
membranes (Lory, 1992). There is no direct evidence as to the locations of HiyB
and HiyD in wild type cells because of a low level of expression and the absence
of specific antibodies against these proteins. The location of HlyB and HlyD is
inferred to be inner membrane based on sequence data, the fusion proteins

discussed above, and the fractionation of radi proteins p! in mini

or maxi cells (Mackman et al., 1985; Wang et al.,, 1991).

1.3.1.5 Requirement for TolC

In addition to HlyB and HiyD, the requirement for the minor outer
membrane protein TolC for a-hemolysin secretion has been demonstrated

(Wandersman and Delepelaire, 1990). A plasmid carrying the chromosomal



DNA fragment encoding TolC restored the i when i
into a tolC::Tns insertion mutant and a spontaneous fo/C mutant. The specificity
of the requi of TolC for lysi was i when a

plasmid carrying B and C i of Er. chr i was
introduced into E. coli wild type and tolC::Tn5 insertion mutant strains. The

culture supernatants from both strains were analyzed by western blotting. The

was only in the wild type strain but not in the
insertion mutant, whereas the protease secretion which was observed in the
insertion mutant was due to an analogous function of TolC in Er. chrysanthemi,
suggesting that the plasmid carrying protease B and C determinants of Er.
chrysanthemi also carries an counterpart of TolC. Based on hlyA-lacZ operon
fusion studies, it was also shown that the to/C mutation does not effect hiyA
transcription, indicating a specific effect on a-hemolysin secretion by TolC
(Wandersman and Delepelaire, 1990). Therefore, secretion of HiyA into the
extracellular medium is governed by three accessory genes. Two of these
genes, hlyB and hlyD are linked to the structural gene hlyA, while TolC is the
product of an unlinked gene, and might allow the interaction of the HiyB and HiyD

complex with the outer membrane.

1.3.1.6 Role of li

(LPS)in in

The vancomycin resistant E. coli non-hemolytic chromosomal mutants
VANR23 and VANR33 carrying the y identified the loci
rlaH/hlyT (Bailey et al., 1992), involved with secretion, LPS
and sex pilus production, and galU (Bachmann, 1990), which affects colicin E2




LPS bi and ity (F et al, 1963).
Western blots of membrane fractions of VAN23 and VAN33 with anti-TolC
showed the presence of very low amounts of TolC in the envelope fractions,
suggestive of a defect in the insertion of TolC in the envelope. The fact that
hemolysin secretion as well as LPS biosynthesis are affected in rfaH and gall
mutants indicated that the secretion defect is due to incomplete LPS assembly.
In these mutants, the polysaccharide core is missing all the sugars beyond the
heptose region. It was hypothesized that this defect in LPS might prevent the
insertion nf TolC in the outer membrane (Wandersman and Leloffe, 1993).

1.3.2 Signal sequence independent secretion pathway in other bacteria

A large number of proteins are by a signal

independent pathway similar to that used by the a-hemolysin of E. coli. This
family consists of the cytotoxins from Proteus vulgaris, Proteus mirabilis,
Morgenella morganii (Koronakis et al, 1987), the metalloproteases B and C of
Er. chr i (D ire and 1990; Letoffe et al, 1990), the
metalloprotease of S. marcescens (Letoffe et al., 1991), the alkaline protease of

Ps. aeruginosa (Guzzo et al., 1991a), the bifunctional adenylate-cyclase

lysin, of Bo. p is (Glaser et al., 1988), the leucotoxin of Pa.
haemolytica (Strathdee and Lo, 1989), the Rhizobium leguminosarum NodO
protein (Economou et al., 1990) and the colicin V and microcin B17 secreted by
E. coli (Gilso et al., 1990; Garrido et al., 1988) suggesting that this family of
secretion proteins are widely distributed among the Gram-negative bacteria.

Although these proteins are often very distinct in their structure and



function, the components of their secretion machineries show a high level of
amino acid sequence similarity. For example, the /ktB and /ktD leucotoxin export
genes of Pa. haemolytica have 90.5% and 75.6% identity to E. coli hlyBand hlyD
respectively (Strathdee and Lo, 1989). Sequence analysis of the Er.
chrysanthemi metalloprotease secretion genes prtD, prtE and prtF revealed
significant homology to the HIyA secretion genes hlyB, hlyD and tolC of E. coli,
suggesting that E. coli o-hemolysin and Er. chrysanthemi proteases share a
similar mechanism of secretion (Letoffe ei al, 1990; Ghigo and Wandersman,
1992). A similar situation exists with the alkaline protease secretion genes aprD,
aprE and aprF of Ps. aeruginosa (Guzzo et al., 1991b), the adenylate-cyclase
genes cyaA, cyaB and cyaD of Bo. pertussis (Glaser et al., 1988) and with the
protease secretion genes prtD and prtE of S. marcescens (Letoffe et al, 1993).
When a plasmid containing prtD and prtE genes of S. marcescens was
introduced into a tott and a to/C::Tn10 insertion mutant of E.coli, protease was

secreted only in the wild type strain and not in the insertion mutant. This

i that a third homologous to TolC, is also required for

protease secretion in S. marcescens, however this has not been identified
(Letoffe et al., 1993).

It has also been demonstrated that a fusion protein carrying an N-
terminal fragment of cyaA of Bo. pertussis with the C-terminal secretion signal of
the protease PriB of Er. chrysanthemi containing conserved glycine-rich repeats
was secreted in E. coli, whereas without any of these repeats it was not,
indicating the involvement of the glycine-rich repeat domain of the
metalloprotease in secretion as had been shown for the a-hemolysin of E. coli

(Letoffe and Wandersman, 1992). Trans-complementation studies have also



demonstrated that the signal sequence independent secretion pathway in Gram-
negative bacteria is well conserved in terms of its function as well as its
sequence, at least in some cases. For example, Er. chrysanthemi efficiently

the alkaline p AprA of Ps. i and pi of S.

marcescens but not HiyA of E. coli, whereas the Hly secretion factors in E. coli
secreted the proteases PrtB and PrtA of Er. chrysanthemi, AprA of Ps.

gir and in of Pa. lytica (Delep: and
1990; Guzzo et al,, 1991a). In addition, it was shown that when a plasmid
containing the cyaA gene of Bo. pertussis was transformed into E. coli strains
containing the hly operon, the adenylate-cyclase protein was secreted,

that the hly ion factors can itute for the corresponding Bo.

pertussis components (Masure et al., 1990). It was also demonstrated that a
hybrid isting of S. PrtD and PHE in E. coli

could promote the ion of p Bof Er. i butonly inatolC*
strain (Letoffe et al., 1993).

1.4 Other iali ion systems in G gative bacteria
Certain classes of proteins, il ing the 1gA p of N.
(Pohiner et al., 1987), the IgA of F i (Grundy et al.,

1987) and the serine protease of S. marcescens (Yanagida et al., 1988), are

secreted via an outer i These proteases are

secreted across the cytoplasmic membrane via the signal sequence dependent

general export pathway, but unlike other proteins do not seem to require

factors. The C-terminal B-domain of the protease precursor



integrates into the outer membrane thus providing an essential transport function.
The protease is then released by autoproteolytic cleavage from the outer
membrane. Since the information for secretion resides within the secreted
protein itself, they are also called "autosecreted" proteins (Klauser et al., 1990;

Pugsley, 1993a).

Another less well understood secretion system is the secretion of virulence
plasmid encoded proteins called Yops (Yersinia outer proteins) by the animal
pathogen Yersinia enterocolitica. Yops are secreted without signal sequences,
and are targeted to the extracellular environmerit by a Sec independent system,
but their secretion is dependent on the gene products of 13 genes, yscA-M,
situatec: at the virC locus of the virulence plasmid (Michiels et al., 1991; Woestyn
et al., 1994). Although it is not yet known whether or not these proteins enter the
periplasm, it is clear that they follow a novel secretion pathway. A number of
other bacteria have been shown to use genes homologous to the yop genes for
the secretion of protein factors, including Shig "a flexneri (Allaoui et al., 1993)
and H. influenzae (Tomb et al,, 1991).

1.5 Two step signal sequence dependent or general secretion pathway (GSP)

The most prevalent pathway of extracellular protein secretion is a two step
process, which appears to involve translocation first across the inner membrane
and then in a separate step, translocation across the outer membrane with a
transient stopover in the periplasm. This was first suggested by studies in which
a periplasmic intermediate was observed in the extracellular secretion of

aerolysin by A. hydrophila (Howard and Buckley, 1983) and of heat labile



enterotoxin of V. cholera (Hirst and Holmgren. 1987).

Proteins secreted by this pathway have an N-terminal signal sequence
which usually consists of 20-25 amino acid residues. The signal sequence has
three domains, a positively charged N-terminal domain, a central highly
hydrophobic uncharged core and a more polar C-terminal domain containing the
signal peptidase cleavage site (Pugsley, 1987; Von Heijne, 1984). This
sequence directs the protein to the inner membrane and facilitates its
translocation across the membrane, following which the signal sequence is
proteolytically cleaved from the protein by the membrane enzyme signal
peptidase (Pugsley, 1987; Pugsley et al., 1990).

Translocation of proteins across the inner membrane has been

ized by genetic and bi ical studies and comprises a
complex secretion machinery termed the general export pathway (GEP). This
pathway consists of the translocase SecA, SecY, SecE, SecD and SecF proteins
and the chaperone SecB (Schatz and Beckwith, 1990; Salmond and Reeves,
1993).

The second step of the signal sequence dependent pathway has been

best char i for pullulanase ion in K. oxytoca and has also been
identified in a growing number of other families of Gram-negative bacteria (see
later). Recently, much interest has been generated in studies of secretion across
the outer membrane by this pathway and it has been shown to involve a
multitude of additional protein factors comprising a secretion machinery known as

the general secretion pathway (GSP) (Pugsley et al., 1990; Pugsley, 1993a).



1.5.1 Pullulanase secretion by Klebsiella oxytoca

Pullulanase, a starch debranching enzyme cleaves glucose polymers at o~
(1-6) glucosidic linkages to release linear dextrins composed of a-(1-4) linked
glucose residues. Pullulan, an o-(1-6) linked glucose maltotriose polymer, is
used as a carbon source by Klebsiella (Michaelis et al., 1985). pulA, the
structural gene for pullulanase was cloned from the chromosome of K. oxytoca

and transferred into E. coli K12 to study the regulation and export of gene

products involved in maltose It The pulA gene was
by Tn5 is and by in vitro d i ict et al., 1985;
Chapon and Raibaud, 1985).

Sequence analysis of the 5' end of pulA revealed that the first 19 amino
acids of pullulanase resemble a lipoprotein signal peptide (Chapon and Raibaud,
1985). The N-terminal sequence of pullulanase bears strong similarities to the
precursors of known lipoproteins and PulA was subsequently shown to be a
lipoprotein using the antibiotic globomycin. Globomycin inhibits pro-lipoprotein
signal peptidase 11 causing the precursor form to accumulate within the
membranes. The precursor form was then chased into the mature form after the
removal of globomycin (Pugsley et al., 1986). The last four residues (Leu'6-Leu-
Ser-Gly19) of the pullulanase signal peptide and the first residue of the mature
pullufanase (Cys20) are typical of those found in bacterial lipoproteins. These
lipoproteins are exported via the general export pathway and are cleaved by
lipoprotein signal peptidase during which the (Cys20) is modified to glyceryl-
cysteine and eventually fatty acylated (Murooka and Ikeda, 1989). This was
demonstrated by site directed mutagenesis of pulA replacing the (Cys20) with

(Ser20). The wild type pullulanase was modified with glyceryklipids but the



mutant was not. The precursor form of the mutant pullulanase was cleaved
between residues (Ser?3) and (Leu'4), six amino acids upstream of the normal
lipid modified cleavage site, and this cleavage was resistant to the antibiotic
globomycin (Murooka and lkeda, 1989). Specific labeling of the pullulanase
protein by [3H] glycerol and [3H] i that

contains covalently linked fatty acids (Pugsley et al., 1986). Since the processing
of signal peptides takes place co-translationally during translocation across the
inner membrane, it is unlikely that this lipoprotein signai sequence could play a
role in subsequent translocation of protein across the outer membrane (Pugsley,

1987; Pugsley et al.,, 1990).

Pullulanase is a 117 kDa protein which is exposed to the cell surface
prior to its release into the extracellular medium (d'Entert et al., 1987b; Michelis
et al,, 1985). When the pulA gene from strain ATCC 15050 was expressed in E.
coli K12, pullulanase was not exposed to the cell surface or released into the
medium. In a search for additional genes required for pullulanase secretion, a
plasmid gene bank from K. oxytoca UNF 5023 which synthesized and exported
puliulanase was introduced into E. coli which was selected for growth on pullulan
(Komacker and Pugsley, 1989). A 18.8 kb chromosomal fragment thus isolated
was shown to carry the structural gene pu/A and all other genes needed for cell
surface localization (d'Enfert et al, 1987b). Tn10 insertions adjacent to and on

either side of pulA were ive in pt is or

suggesting that in addition to pulA, more genes were required for pullulanase
synthesis and secretion (d'Enfert et al., 1987b). It was shown that the secretion
genes located 5' to pulA are transcribed divergently to form a part of the maltose

regulon under the control of the malX promoter, whereas pulB, located 3' to pul/A



was co-transcribed with it under maltose regulation (Komacker et al.,, 1989). The
final gene, pulS, is 3'to pulAB, although it is oriented towards this operon and is

not under maltose regulation (d'Enfert and Pugsley, 1989).

The secretion signal required for translocation across the outer
membrane was shown to be located at the N-terminus of the pre-pullulanase,
since a hybrid protein containing 656 N-terminal residues of pre-pullulanase
fused to the mature alkaline phosphatase was partially localized to the cell
surface by immuno fluorescence tests with anti-pullulanase serum (Kornacker
and Pugsley, 1989).

Extensive work on the 18.8 kb DNA fragment of K. oxytoca containing the
pul structural genes by various techniques such as DNA sequencing,
complementation studies, TnPho and Tntac-1 mutagenesis, subcellular
localization, western blots, and in vitro and in vivo expression was done and the
secretion genes carried on this fragment were characterized (Pugsley et al.,
1990, d'Enfert et al, 1987b). Most of the secretion genes were located in the
pulC operon (now pulC-0) 5' and divergent to pulA. DNA sequencing of the 5'
end of the pulC operon revealed two complete genes, which were designated
pulC and pulD. The pulC gene (formerly malX) encodes a 31 kDa protein and
pulD encodes a 71 kDa protein with a typical signal sequence. pu/C and pulD
were shown to be required for pullulanase secretion and exposition which was
abolished by Tn5 insertion mutants (d'Enfert et al, 1989). By TnphoA
mutagenesis, ionation and i ing, PuC and PulD were

localized to the inner and outer membranes respectively (d'Enfert et al., 1989). A
2.5 kb DNA fragment downstream of pulA that abolished pullulanase exposition

was sequenced to reveal three open reading frames which were designated as



pulS, puiB and ORFY (d'Enfert and Pugsley, 1989). pu/S encodes a 12 kDa

mature protein, contains an N-terminal signal and is a lij

of [BH] itate labeled cells localized PulS to the outer
membrane fractions. pu/8 was shown to be not required for pullulanase
secretion as pullulanase was secreted and exposed in its absence (d'Enfert and
Pugsley, 1989).

Four pul genes pull, pulM, pulN and pulO, whose molecular weights are
44 kDa, 18 kDa, 27 kDa and 24 kDa, respectively, are located at the 3' end of the
pulC operon (Pugsley and Reyss, 1990). The region in the center of the pulC
operon codes for five genes, pulG, pulH, pull, pulJ and pulK whose molecular
weights are 15 kDa, 18 kDa, 13 kDa, 22 kDa and 36 kDa respectively (Reyss and
Pugsley, 1990). Nucleotide sequencing of the last fragment of the 18.8 kb DNA
revealed the extreme 3' end of pulD, the extreme §' end of pu/G and two
complete genes designated as pulE and pulF which encode 55 kDa and 44 kDa
proteins respectively (Possot et al., 1992). By Tntac-1 mutagenesis and deletion
analysis it was shown that all the aforementioned pul genes in the complete

pulC-O operon are essential for pulluianase secretion.

PulE was shown to have a that shared

with many known ATP-binding proteins ing to the

ABC protein group (also called traffic ATPases) (Pugsley, 1983a; Hobbs and
Mattick, 1993). Bacterial ABC proteins involved in the transport of amino acids or
sugar transport were shown to interact with integral membrane components of
the corresponding permeases (Higgins, 1992). Therefore, PulE might interact

with an integral of the ion machinery

(Possot et al., 1992). Site directed mutagenesis of the glycine-rich consensus



sequence GXXGXGKT/S or Walker box A (Walker et al., 1982) of PulE revealed
that the consensus sequence was necessary for pullulanase secretion (Possot
and Pugsley, 1994). PulE and PulF demonstrate a considerable homology
throughout their entire length with proteins involved in secretion, pilin assembly,

ion and i in different bacteria as discussed

below.

The protein products of the other pul genes were identified by in vitro
expression under the control of /acZ promoter, in vivo expression under the
control of the lacZ or T7 promoter, immunoblotting and production in minicells
(Pugsley et al., 1990; Possot et al,, 1992). The cellular locations of these gene

products were identified by subcellular fractionation. Of the 13 pu/C-O genes

ial for pullui ion, 12 encode pe proteins and appear to
be located in the inner membrane, while PulD is located in the outer membrane.
PulE, containing the ATP-binding site, was originally reported to be cytoplasmic
but later found to be tightly associated with the inner membrane (Possot et al.,

1992; Possot and Pugsley, 1994). Positions of potential membrane spanning

hydrophobic segments and the itions of TnphoA i i which

active Pul-PhoA fusions in these proteins, suggested that most of them span the
inner membrane once with the C-terminal being exposed in the periplasm (Reyss
and Pugsley, 1990) except PulF, which spans the membrane three times (Possot
et al., 1992) and PulO, which spans the inner membrane several times (Pugsley

and Ryess, 1990).

Although 14 pul genes (pulC-O plus pulS) are required for pullulanase
secretion, all of them appear to act after the sec gene products, since mutations

in any of the six sec genes block processing of the pre-pullulanase signal peptide



(Pugsley et al, 1991a). Thus, translocation of puliulanase across the

e is on six sec genes, secA, secB, sacD, secE,
secF and secY (Schatz and Beckwith, 1990), whereas the pul secretion genes
are required for the translocation of the pullulanase across the outer membrane
(Pugsley et al., 1991a). The secretion of pullulanase by E. coli in two distinct
steps was demonstrated by Pugsley et al. (1991b). They uncoupled the two
steps by allowing the enzyme to translocate across the cytoplasmic membrane
via the signal sequence and sec gene dependent general export pathway,
followed by induction of the pulC-O operon for translocation to the cell surface
(Pugsley et al., 1991b).

To summarize, so far 16 complete pul genes have been identified that are
present on an 18.8 kb fragment of the K. oxytoca chromosome, which contains
the genes required for secretion of pullulanase in E. coli. The structural gene
pulA'is followed by pulB, which has no known function in pullulanase secretion,
and both form an operon. Upstream of pulA is the 13 gene pul/C-O operon, all of
which are essential for pullulanase secretion, and downstream of pulAB is pulS,
which is also required for secretion. Thus, the 14 pu/ gene products, plus six Sec
proteins together with lipoprotein signal peptidase and the glyceryl and fatty
acyltransferase enzymes required for lipoprotein modification are known to be

involved in pullulanase secretion and modification (Pugsiey, 1993a).
1.5.2 Type IV pili and extracellular secretion

An i ing feature of the of the general secretory pathway

is that they share similarity with some of the determinants of type IV pilus

biogenesis. Many Gram-negative bacteria such as N. gonorrheae, Moraxella
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bovis, Bacteroides nodosus, and Ps. aeruginosa express type IV pili (Hultgren

and Normark, 1991). These pilins have a conserved amino terminal hydrophobic

domain with an amino terminal ine that is y upon pi ing
and secretion. They have a shorter leader sequence than the typical signal
sequence. The cleavage sites are well conserved in type IV pilins, except for the
maijor pre-pilin of V. cholerae (TcpA), which is preceded by a long hydrophilic

segment containing several charged residues (Hultgren and Normark, 1991).

Type IV pre-pilin { was first i by Lory and

They showed that the product of the pilD gene of Ps. aeruginosa is a peptidase
which can cleave and methylate the type IV pre-pilin in vitro (Nunn and Lory,
1991). Bacteria that do not have type IV pili have also been shown to contain the
gene coding for these peptidases (Pugsley, 1993a). These peptidases cleave a
number of pre-pilin-like precursor proteins that are part of the general secretory
pathway and most have >50% sequence identity with PilD of Pseudomonas.
Thus the PulG, PulH, Pull and Pull proteins share homology at the amino
terminus with precursors of type IV pilins and are processed by PulO, which is
functionally and structurally related to the peptidase PilD. PulO and PilD have
52% identity (Nunn and Lory, 1991). It was also shown that the pre-pilin
peptidase activity of PulO could correctly process the product of the pilE1 type IV
pilin structural gene from N. gonorrhea cloned in E. coli (Dupuy et al., 1992).

PulO processes pre-pulG at the consensus type 1V pre-pilin peptidase cleavage

site, and the p PuiG has a N-terminal pheny ine residue.

In another connection between secretion and pilin assembly, PulE was
shown to have 43% identity with the PilB protein of Ps. aeruginosa encoded by

the pilBCD operon. The pilBCD operon encodes the PilD pre-pilin peptidase, and
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is involved in both processing and assembly of type IV pilin monomers (Nunn et
al., 1990). PulE also has 29% identity with PilT, a protein that is required for
twitching motility which involves type IV pili, and also may be involved in pilus
disassembly (Bradley, 1980; Whitchurch et al., 1991). PulF is homologous over
it's entire length with PilC (Whi et al., 1991). Similarities to those

discussed above have also been found between the pul genes and the Tep pilus
assembly genes of V. cholerae (Kaufmann et al,, 1991; 1993). The role of these
proteins in extracellular secretion is not yet completely understood. Based on
P was that the PilB, PilC and PilD
homologues of K. oxytoca, PulE, PulF and PulO, may be involved in the

these the hypothesis

assembly of the type IV pre-pilin like proteins PulG, PulH, Pull and PulJ into the

cell envelope. These proteins might connect the inner and outer membranes

with a pilus like that facilit ion (Pugsley, 1993a).
In a recent study however, no evidence was found for such a multiprotein
complex in K. oxytoca (Pugsley and Possot, 1993).

1.5.3 Signal ion in F

Exoproteins of F are sy as with N-
terminal signal sequences that are quite long, but otherwise are similar to the
signal sequences of E. coli (Pritchard and Vasil, 1986; Bitler et al., 1991).

Pleiotropic export mutants deficient in extracellular secretion of proteins like

alkaline ph ytic enzyme and

phospholipase were isolated by treating the bacterium with ethyl methane

(Wretlind and F 1984). By genetic analysis the mutants were
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mapped and many of the xcp genes were found to be clustered at 40 minute
(previously the 55 minute region) on the new chromosome map (Wretlind and
Pavlovskis, 1984). The mutation in the xcp-1 (later designated as xcpA) locus

was i and i i and it was shown that the

in the perij of this mutant (Lindgren and Wretlind,

y
1987). By deletion and subcloning analysis, the xcpA gene was isolated from the
0 minute region of the chromosome and was found to encode a 26 kDa inner
membrane protein (Bally ef al., 1989). The sequence of the xcpA gene was
determined and it was found to be identical to the pilD gene for pre-pilin
peptidase as discussed above, and also homologous to the pulO gene of K.
oxytoca. This indicated that in this bacteria the pre-pilin peptidase is specifically
required not only for pili biogenesis, but also for secretion of extracellular proteins
(Bally et al., 1991; Nunn et al., 1390).

A 40 kb DNA fragment from the 40 minute region of the chromosome of
Ps. aeruginosa PAO1 strain was cloned and shown to contain the loci identified
by six xcp mutations, xcp 5, 51, 52, 53, 54 and 55 (Filloux et al., 1991). By

is and iction mapping, a 9 kb chromosomal DNA was

shown to be required for xcp expression. Transduction analysis suggested that
two different loci exist for protein secretion in this region that are expressed
independently (Filloux et al., 1989). Sequencing of a 2.5 kb DNA fragment
revealed that it contained two open reading frames, xcpY and xcpZ. The xcp 51
mutation was assigned to the xcpY gene and the xcp 5 and xcp 52 mutations to
xcpZ. xcpY and xcpZ were found to be highly homologous to puil and pulM with
35% and 30% identity respectively. xcpY and xcpZ encode proteins of 41 kDa

and 19 kDa respectively which were localized to the inner membrane (Filloux et
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al,, 1990).

of the region of xcpY seven

genes required for protein secretion and were designated xcpR to xcpX (Bally et
al.,1992). XcpR is probably i i has a

ATP-binding site and is highly homologous to the PulE of K. oxytoca and to PilB
(Tommassen et al., 1992). Replacement of the glycine residue with serine in the
ATP-binding site of XcpR and PilB exotoxin ion and of

pili, and overexpression of the mutant xcpA led to the periplasmic accumulation

of ing a

qr for ATP-binding for both of
these processes (Turner et al.,, 1993). XcpS and XcpX are also inner membrane
proteins and are highly homologous to PulF and PulK of K. oxytoca. XcpT,
XcpU, XcpV, XcpW, and XcpP are homologous to PulG, PulH, Pull, Pull, and
PulC of K. oxytoca respectively. The only protein synthesized with a classical N-
terminal signal sequence is XcpQ, which is homologous to PulD, an outer
membrane protein in K. oxytoca. No homologues for PulN and PulS have been

found in Ps. ae-uginosa (Tommassen et al., 1992).

In total, cloning and sequencing of the 40 minute region of the Ps.
aeruginosa PAQO chromosome revealed 11 xcp genes located in two divergently
transcribed operons, which correspond to pu/C-M genes of K. oxytoca. As

previously, the pulO xcpA/pilD, is found in the pilBCD

operon. Mutations in the pilD gene were shown to result in pleiotropic defects in
extracellular secretion as well as an inability to assemble pili (Strom et al., 1991).
Nunn and Lory (1992) identified xcpT, xcpU, xcpV and xvpW as genes that have
PilD-dependent cleavage sites for pre-pilin peptidase and demonstrated by site

directed mutagenesis that these genes were also required for protein secretion.
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The N-termini of XcpT, XcpU, XcpV, and XcpW are homologous to that of type IV
pilin subunits, just as for PulG-J of K. oxytoca. XcpA/PilD is the pre-pilin leader
peptidase which cleaves the leader peptide of these proteins. XcpR has 42%
identity to PilB and XcpS is 31% identical to PilC (Bally et al., 1992). Recently, a
new locus required for fimbrial assembly was identified by transposon

and was i pilQ. PilQ is a 77 kDa protein with a

characteristic N-terminal signal sequence which is homologous to XcpQ and to
PulD of K. oxytoca. It is thus clear that a close relationship exists between the
mechanism of transport of macromolecules across the surface of the bacterial
cell and biogenesis of type IV pili which remain attached to the surface (Martin et
al., 1993).

1.5.4 Signal sequence dependent secretion in Erwinia chrysanthemi

The ic b ium Erwinia chr i secretes a host of

plant cell-wall degrading enzymes such as pectate lyases, cellulases, exo-poly-o-
D-galacturonidases, pectin methylesterases and proteases which are resp~nsible
for soft rot disease of many plant species. Mutants in the secretion of both
pectinases and cellulases were isolated by transposon mutagenesis or by
selecting strains that did not grow on polygalacturonate (PGA), or those which
did not produce haloes in a pectate lyase detection test. Mutants defective in
enzyme secretion were designated out” and were severely reduced in virulence
(Ji et al, 1989; Wandersman et al., 1990).

Cosmids complementing several transposon induced out mutations were

isolated and the out genes were shown to be clustered on a 12 kb chromosomal
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DNA region. Sequencing of a 2.4 kb DNA fragment within this region revealed
four colinearly arranged genes sharing significant homology to the pulH, pull,
puld, and pulK genes of K. oxytoca, and were designated as outH, outl, outJ, and
outK respectively. The homology was 75% for outH and pulH, 62% for out! and
pull, 61.6% for outJ and pulJ and 54.5% for outK and pulK (He et al., 1991).

Eight additional out genes were i

when a 3.2 kb

and a 7.2 kb upstream fragment were sequenced. These eight genes shared
significant homology with the other pul genes of the pulC-O operon. The amino
acid identity between individual Out proteins and their Pul homologues ranges
from 34% to 77%. outO is transcribed separately from the outC through outM
genes, and there is no homologue to pulN, as was also found in Ps. aeruginosa.
(Lindberg and Collmer, 1992).

OutS has 37% identity with PulS and the C-terminal part of OutB has 53%
identity with PulB protein of K. oxytoca. Mutants in OutB retain 30% of the
pectate lyases produced in the periplasm suggesting that they are affected
slightly for secretion (Condemine et al., 1992). Although outT is required for
secretion, it does not have homology to any of the pul genes. Despite the fact
that the organization of the out genes of Er. chrysanthemi and the pul genes of K.
oxytoca are very much identical, the secretion systems of these two organisms
are not compatible since the two bacteria are incapable of exporting each others'
extracellular proteins (Condemine et al,, 1992). Recently, Reeves et al. (1993),
isolated and characterized 13 out genes designated outC-O from Er. carotovora

subspecies carotovora that are homologous to the pu/ genes of K. oxytoca.

The celiulase endogluconase (EGZ) of Er. chrysanthemi contains a

disulfide bond in the C-terminal cellulose binding domain between residues Cys-
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325 and Cys-382. Recently it has been demonstrated that secretion of EGZ was
arrested immediately after the addition of dithiothreitol to Er. chrysanthemi cells
and that the protein accumulated in the periplasm. Site directed mutagenesis of
Cys residues involved in disulfide bond formation also resulted in EGZ

in the i ing that periplasmic disulfide bond

formation is a requisite step in providing a secretion competent, pre-folded EGZ
(Isabelle et al., 1994).

In aduition to the secretion systems of Ps. aeruginosa and Er.

chr i di above, y to the pul genes of K. oxytoca

(Fugsley, 1993a) were found with the exe genes of A. hydrophila (see below),
the eps genes of V. cholerae (Overbye et al., 1993), and the xps genes of X.
campestris pv campestris (Hu et al., 1992). This suggests that the general

secretion pathway is well conserved among the Gram-negative bacteria.

1.5.5 Protein secretion in Aeromonas hydrophila

A ak ively i gative rod which belongs

to the Order P d: and Family Vibri (Bergey's Manual of
Systematic Bacteriology, 1984) is an opportunistic pathogen of man (Graevenitz
and Mensch, 1968), animals (Wohlgemuth et al., 1972), reptiles (McCoy and
Seidler, 1973) and fish (Boulanger et al., 1977). Some of the pathological
features associated with Aeromonas infections are local edema, tissue necrosis,
septicemia, and mortality (Ljurgh and Wadstrom, 1883). A. hydrophila secretes
a host of toxic and degradative proteins into the extracellular milieu (Howard and

Buckley, 1983) such as the hemolysin aerolysin (Chakraborty et al., 1986;
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Howard and Buckley, 1986), protease (Lueng and Stevenson, 1988), amylase

(Gobius and ), 1988), acy (Thomton et al., 1988) and an
enterotoxin (Chakraborty et al., 1984). These toxins have in some cases been
implicated in the pathogenesis of this organism (Chakraborty, et al., 1987). As
discussed above for a number of other Gram-negative bacteria, the exoproteins
of A. h

phila must be I d across both the inner and outer

membranes in order to reach the extracellular milieu.

Studies done on the secretion of aerolysin began with the demonstration

that aerolysin is a pore forming water soluble protein (Howard and Buckley,

1982). Aerolysin is as a prop ide (Howard and Buckley, 1985b)

which may protect the producing bacteria from the mature toxin during its transit,
since the toxin can insert directly into any lipid layer (Buckley, 1992). Pro-
aerolysin is secreted as a precursor with a 23 amino acid signal sequence (pre-
proaerolysin) which directs transport across the cytoplasmic membrane during
which it is cleaved from the protein (Howard and Buckley, 1985a). This
translocation step was shown to be completely inhibited by the energy uncoupler
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Howard and Buckley,
1983). The pro-aerolysin is then secreted across the outer membrane and once
free of the cells is activated by proteolytic removal of 43 amino acids from the C-
terminus (Howard and Buckley, 1985a; Buckley, 1992).

Mutants in which protease and aerolysin were synthesized but could not
be exported were isolated by treating A. hydrophila with ethyl methane sulfonate
(Howard and Buckley, 1983). Cold osmotic shock treatment of the mutants
revealed that the proteins were accumulating in the periplasmic space, thereby

indicating the periplasm as part of the normal route for protein export and also
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that a specific ism for ion common to different proteins

exists in A. hydrophila (Howard and Buckley, 1983). Likewise, the aerolysin
structural gene (aer) was cloned into A. salmonicida, which was shown to secrete
the protein (Wong et al., 1989) but aerolysin could not be secreted by pleiotropic
export mutants of a marine Vibrio species (Wong et al., 1990; Ichige et al., 1988),
suggesting that the members of the family Vibrionaceae share a common
pathway for extracellular secretion. Studies with the proton ionophore CCCP
indicated that a proton motive force is required for the translocation of pro-
aerolysin across the outer membrane as well as the inner membrane (Wong and
Buckley, 1989). The authors proposed that the energy requirement could involve
a coupling to the inner-membrane proton gradient, or could involve a gradient

across the outer membrane itself (Wong and Buckley, 1989).

In studies aimed at i ifying the of the
secretion pathway, Tn5-751 mutagenesis was used to isolate mutants that
synthesized but did not secrete any of the major extracellular proteins, and
instead them in the peri In one of the mutants, L1.97, the

transposon insertion also led to a marked reduction in the amounts of the outer
membrane protein Il and rendered the cells osmotically fragile (Jiang and
Howard, 1991). The wild type f that the
mutation in L1.97 was isolated and sequenced (Jiang and Howard, 1991; 1992).

Nucleotide sequence analysis of a 13 kb DNA fragment revealed 12 genes,
exeC-N, which are highly homologous to the pu/ genes of the pul/C-O operon of
K. oxytoca {Jiang and Howard, 1992; Howard et al., 1993). The amino acid
identity between Exe proteins and their Pul homologues is 63% for E, 49% for F,
71% for G, 27% for H, 50% for I, 43% for J, 38% for K, 29% for L, 26% for M and
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29% for N. ExeE was also shown to be homologous to the PilB (Nunn et al.,
1990) and PilT protein (Whitchurch et al., 1990), required for type IV pilin
assembly and twitching motility in Ps. aeruginosa, the ComG protein required for
DNA uptake in Bacillus subtilis (Albano et al., 1989) and the VirB11 protein,
involved in DNA transfer in Agrobacterium tumefaciens (Ward et al., 1988). Like
PulE, ExeE also has a consensus nucleotide binding site and is believed to
transduce the energy derived from ATP hydrolysis to other Exe proteins in the

which are ible for ion of proteins out of the cell
(Jiang and Howard, 1992). ExeG, ExeH, Exel, ExeJ and ExeK have a

and ExeG was shown

for the pre-pilin

to be processed in E. coli cells which were also expressing the XcpA/PilD pre-
pilin peptidase gene (Howard et al., 1993). The pre-pilin peptidases PulO of K.
oxytoca and OutO of Er. chrysanthemi are encoded by the last ORFs of pul and
out operons, whereas the exe operon ends with N. Therefore, like Ps.
aeruginosa the pre-pilin peptidase gene of A. hydrophila may be located
on the Marker

g is of exeC, exeE,
and exeK demonstrated that mutants for any one of these genes were unable to
secrete the exoproteins and also had ities of Ompll,

the link between a functioning exeC-N operon and the outer membrane assembly
(Howard et al., 1993).

To summarize, most of the extracellular proteins of A. hydrophila are
secreted by the two step general secretion pathway, which is well conserved
among the Gram-negative bacteria. The proteins are presumably first
translocated across the inner membrane by sec gene products similar to those of

E. coli, while the 12 exe genes of the exeC-N operon plus a pre-pilin peptidase
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are required for the translocation of the proteins across the outer membrane. In
addition, however, another locus has been shown to be involved in extracellular

in this b: ium, as di below, and this locus is the subject of

the research described in this thesis.

1.6 Purpose of this dissertation

During earlier studies on the mechanism of extracellular secretion in A.
hydrophila, Tn5-751 insertion mutants defective in export of extracellular proteins
were isolated. These proteins accumulated in the periplasmic space, and one of
these mutants, L1.97, led to the isolation of the exeC-N locus (Jiang and Howard,
1991). In the same mutagenesis experiment, another mutant, C5.84 was

isolated which, like L1.97, produces all of the extracellular proteins assayed and

accumulates them in the peri ic space. i ion exp!

d d that the had inserted into a different locus in this
mutant and not in the exeC-N operon. In addition, these mutants differed in
possessing an outer membrane protein profile similar to that of the wild type
(Jiang and Howard 1991). These results thus suggested that the mutation in
C5.84 had affected an aspect or a step in extracellular secretion which Is
separate from that controlled by the exeC-N operon. The purpose of the

research ibed here was to ize this C5.84 mutant, and to define,

isolate, and characterize the gene(s) required for extracellular protein secretion

identified by this locus.

To this end, a wild-type 3.5 kb Bgl/ Il chromosomal fragment from A.

hydrophila which the mutation in C5.84 was isolated and
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sequenced. It was also demonstrated that this locus consists of an operon
composed of two genes, exeA and exeB, each of which is required for

extracellular protein secretion.



Chapter 2
MATERIALS AND METHODS
2.1 Bacterial strains, plasmids and growth conditions
The strains and plasmids used in this study are listed in Table 2.1.

The wild type ctrain used in this study was A. hydrophila Ah65, and all
other strains were derived from it. Routinely, bacteria were grown in brain heart
infusion (BHI) media (Miller, 1972) or in a chemically defined minimal medium
(Riddle et al., 1981) at 30°C.

E. coli strains XL1-Blue (Stratagene), S17-1, E.coli BL21(DE3) (Novagen)
were grown at 370C in Luria Bertani [LB] or M9 medium (Miller, 1972)
supplemented with 0.5% methionine assay medium (Difco). For detection of
extracellular secretion of aerolysin, BHI agar containing 5% (v/v) human blood

was used.

Antibiotics used were: Ampicillin at 100 pg/ml, chloramphenicol at 5 pg/ml,

gentamycin at 30 pg/ml, kanamycin at 50 pg/ml, nalidixic acid at 10 pg/ml,

in at 200 pg/ml, in at 100 pg/ml and tetracycline at 10 ug/ml.

The i ipt Il SK+ and ipt Il KS+ were used for

subcloning and the wide host range vectors used were pMMB67EHcam,
PMMB67HEcam (Jiang and Howard, 1991), pMMB207 and pMMB208 (Morales
etal., 1991).



Table 2.1 Strains and plasmids

34

Strain/plasmid Genotype/phenotype Source/Reference
A. hydrophila
Ah65 Wild type
C5.84 See the text Jiang and Howard
(1991)
AA41 See the text This laboratory
AB69 See the text This laboratory
E. coli
XL1-Blue recA1 endA1 gyrA96
lac™ thi hsaR17 Stratagene
(FproAB jaci9
laczM15 Tn'0)
MM294 F- hsd R17 (nemi)
Sup E44 thi 1endA1 Hanahan (1983)
$171 recA" thi pro hsd Simon et al.
(1983)
BL21(DE3) F- ompT rg'mg"~ (DE3) Novagen
Plasmids
pBluescript It SK/KS+ Ap" Stratagene
pRK2013 KnP Figurski and
Helinski (1979)
PMMB67EH/HEcam Cm" Jiang and
Howard (1991)
pPMMB207/208 Cmr Motalis, etal.
991
pET9 Ap" Novagen
puUC4K Knf Vieira and
Messing (1982)
pSuUP202 Ap‘CmTc" Simon et al.
(1983)
pJQ200SK Ap'Gn' Quandt and
Hynes (1993)
pJB4 See the text This study
pRJ3.1-4.1 See the text This study
pRJ12.1-13.1 See the text This study
pRJ24.1-26.3 See the text This study
pRJ30.1-31.1 See the text This study




Table 2.1 Strains and plasmids

Plasmids
RJB0.1

pRJBO.
pRJ39.1-40.1
pSRJ5.1-5.2
pKRJ18.1-20.2
pSRJ19.1-21.1
pKRJ46.1
pKRJ50.2-50.3
pJAJG2.1
pSRJ57.1
pKRJS8.1
PERJE3.1

See the text
See the text
See the text
See the text
See the text
See the text
See the text
See the text
See the text
See the text
See the text

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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2.2 DNA preparation, manipulation and analyses

Small scale plasmid DNA preparation was done by the alkaline lysis
protocol (Bimboim and Doly, 1979), or the Magic miniprep protocol (Promega)
and large scale plasmid DNA preparation was done by cesium chloride (CsCl)
ethidium bromide density gradient centrifugation (Sambrook et al., 1989).
Routine DNA analysis such as restriction mapping, blunting of overhanging
single-stranded ends using the Klenow fragment of E. coli DNA polymerase or T4
DNA polymerase, T4 DNA ligation, vector dephosphorylation using Calf intestinal
alkaline phosphatuse and agarose gel electrophoresis were essentially
performed as described (Sambrook et al., 1989). Restriction fragments were
purified from agarose gels using a Geneclean Il Kit (BIO 101 Inc). Plasmid DNA
ligation mixtures were transformed by electroporation into E. coli strains XL1-Blue
and BL21(DE3) cells and selected by plating on media containing the appropriate
antibiotics. Wide host range ids were il into A. ila by

conjugation using the helper plasmid pRK2013 (Figurski and Helinski, 1879) from
E. coli MM294 or S17-1 cells.

A. hydrophila chromosomal DNA was isolated as described (Murray and
Thompson, 1980) with slight modifications. 1.5 ml of saturated cultures were
spun down and the cell pellet was resuspended in 517 pl of TE. The cells were
lysed by incubating with lysozyme at 0.2 mg/ml for 15 minutes at 37°C, followed
by a further incubation at 379C for 1 hour after adding Sodium dodecyl sulphate
(SDS) at 0.5% and proteinase K at 0.1 mg/ml. The proteins and cell debris were
precipitated by addlng NaCl at 0.7 M and the DNA was recovered by phenol-

and p ion with 0.6 vol. of isopropanol. After a 70%



ethanol wash the chromosomal DNA was incubated in 100 pl of TE containing
0.05 mg/ml RNAse for 1 hour at 379C. The DNA was recovered by phenol-
chloroform extraction and ethanol precipitation and resuspended in 100 pl of TE.

2.3 Preparation of nested deletion clones

The 3.5 kb Bgl Il fragment was cloned into the Bam HI site of the
pBluescript 1l SK+ vector. Two sets of unidirectional nested deletion clones were
obtained starting from either end of the 3.5 kb Bg/ Il fragment using exonuclease
Il and mung bean nuclease (Henikoff, 1987). The deletions from the &' end of
the 3.5 kb Bgl Il fragment were done in the plasmid pSRJ5.2 and for the 3' end
using plasmid pSRJ5.1. Plasmids pSRJ5.2 and pSRJ5.1 were digested with
Xhol and the 5' overhang was protected by filling with deoxythio d-NTP
derivatives using the Klenow fragment of E. coli DNA polymerase |. The
ion was confirmed by i ing 0.2 pg of the filled in DNA with 20 units of

Exonuclease lll for 15 minutes at 37°C followed by electrophoresis on a 1%
agarose gel. The EcoRlI site between the insert and the 3' protected Xhol
restriction site was used for the second digestion to prepare the fragments for the
unidirectional exonuclease Il digestion. The reactions were carried out at 30°C,
and samples were withdrawn every 30 seconds. The DNA was then treated with
Mung bean nuclease to create blunt ends, ligated with T4 DNA ligase, and

transformed into the E. coli XL1-Blue cells.
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2.4 Polymerase chain reaction (PCR)

In addition to restriction analysis of small scale plasmid DNA preparations,
PCR was used to characterize the clones in the pBluescript Il SK/KS+ vector.
The deletion derivatives were screened by PCR amplification of the insert DNA
directly using bacterial cells from the transformation plates (Gurpreet et al.,
1989). For PCR, the bacterial colony was first suspended in 25 pli of sterile
distilled water, vortexed and heated to 999C for 5 minutes to lyse the bacteria
and denature the plasmids. Thirty cycles of denaturation (1 minute at 940C),
annealing (1 minute at 50°C), and elongation (3 minutes at 729C) followed by a
15 minute extended cycle at 73.50C were carried out in a 50 pl reaction mixture
with buffer containing 100 mM Tris-HCI (pH8.8), 1% Triton X-100, 1.0 mM MgCl2,
dNTPs (at a final concentration of 200 uM for each dNTP), 20 pmol each of
oligonucieotide HO2 (5' GTAATACGACTCACTATAGGGCGAA 3'), and
oligonucleotide HO3 (5' AGCGGATAACAATTTCACACAGGA 3') and 0.5 U of
Taq DNA polymerase (Promega). The PCR mix was overlaid with a drop of
mineral oil to prevent condensation. The amplified product was visualized by
cunning 5 pl of the reaction mixture on a 1% agarose gel.

25 D ination of the

The appropriate deletion clones were superinfected with VCSM13 helper
phage for single-strand DNA template isolation (Vieira and Messing, 1987).
Sequencing was performed by the di-deoxy chain termination method of Sanger
et al. (1977) using a-135S|dATP as the ing label.

were performed using T7 DNA pc (Si U. S. Bi




Corp). Ambiguities in the sequence were resolved by using dITP in place of

dGTP in the sequencing reaction mix.

The sequencing reaction products were resolved on 6% polyacrylamide-
8M urea sequencing gels. The sequencing gels were run at 2000V, fixed in 5%
methanol and 5% acetic acid in water, vacuum dried at 809C on filter paper,

exposed to X-ray film and visualized oy autoradiography.

2.6 In vitro Transcription-Translation Reactions

Polypeptides encoded by the plasmids pSRJ5.1, pSRJ5.2, pKRJ18.1,
pSRJ19.1, pKRJ20.2, pSRJ21.1, pKRJ46.1, pSRJ57.1, pKRJ58.1, pKRJ50.2 and
pKRJ50.3 were identified by using a S30 cell free extract of E. coli in a coupled

-t ion system as ibed by Zubay (1980). [3S]-methionine
was used as the labeling reagent. Reactions were carried out as per standard
conditions recommended by the supplier (Promega). CsCl purified supercoiled
plasmid DNA or plasmids purified by the Magic mini prep protocol (Promega)
were used as the templates and the translated products were run on a 12% SDS-

PAGE gel and visualized by autoradiography.

2.7 Enzyme assays

Aerolysin activity was measured as described by Howard and Buckley
(1985) in micro titre plates by two fold serial dilution of 0.1 ml samples in 0.1%

bovine serum albumin (BSA). Equal volumes of 0.8% (v/v) human erythrocytes
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in phosphate buffered saline (PBS) were added to each well and incubated at
379C for 1 hour. Trypsin was used to activate the samples prior to assay at 5
ug/ml for 5 minutes at room temperature. The activity of the samples is
measured as the inverse of the highest dilution of the original samples in which
100% erythrocyte lysis has occurred after 1 hour of incubation at 379C.

Protease activity was measured by the method of Twining (1984) using

casein (I ing im) as the Each
assay mixture contained 50 pl of 0.4% (w/v) casein in distilled water, 50 jt! of 200
mM Tris-HCI (pH7.8), 200 mM CaClz and 100 pl of the sample. The mixture was
incubated at 379C for 1 hour and the reaction was stopped by incubating the
mixture at 370C for 10 minutes after adding 480 pi of 5% (w/v) Trichloroacetic
acid. After centrifuging at 14,000 rpm for 5§ minutes, 400 i of the supematant
was mixed with 600 !l of 500 mM Tris-HCI (pH 8.8) and the As574 nm was
recorded. A change in the optical density at 574 nm of 0.01/h at 370C is defined
as one unit.

2.8 Marker exchange mutagenesis

Marker exchange mutagenesis was performed using pSUP202 (Simon et
al., 1983) for exeA and pJQ200SK (Quandt and Hynes, 1993) for exeB as the
mobilizing plasmids. In either case, a kanamycin resistance cassette from
pUC4K (Viera and Messing, 1982) was first introduced into the region of
subclone pSRJ5.1 to be exchanged and the fragment was then ligated into
PSUP202 or pJQ200SK. After transforming the resulting clones into E. coli S17-
1, they were conjugated into Ah85 with selection for kanamycin and further
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screened for the icol and ampicillin resistance markers of the

plasmid in the case of pSUP202. For pJQ200SK derivatives, the transconjugants
were selected on 5% sucrose and kanamycin and further screened for the

gentamycin resistance marker of the plasmid.

2.9 Southern hybridization

Equal amounts of Smal restricted chromosomal DNA were
electrophoresed on 0.6% agarose gels at 25 volts for 14 hours. After staining
with ethidium bromide for 10 minutes, the DNA was depurinated in 0.25N HCI for
15 minutes and rinsed twice in distilled water (Sambrook et al,, 1989). The DNA
was then transferred onto a positively charged nylon membrane (Boehringer
Mannheim) using a vacuum blotter (Biorad) for 90 minutes at 5 inches Hg
pressure. The transfer solution was 0.5 N NaOH, 0.6 N NaCl. DNA fixation,
prehybridization, hybridization, washing, development, and detection was carried
out as described (Holtke et al., 1992). The 3.5 kb Bg/ Il wild type fragment and
the 1.2 kb fragment containing the aph gene of the plasmid pUC4K were used as
probes. The probes were non-radioactively labeled with digoxigenin-11-dUTP

using a random primer method (Holtke et al, 1992). An anti-digoxigenin

-alkaline h j and the Lumiphos

(Boehringer Mannheim) was used to detect the probes.
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2.10 Preparation of mRNA

mRNA was isolated by a rapid isolation protocol as described (Summers,
1970) with slight modifications. A 10 ml culture was grown in BHI media to mid-
log phase and the cells were harvested by centrifuging at 10,000 rpm for 5§
minutes at 40C. The cell pellet was suspended in 10 mi of protoplasting buffer
(15 mM Tris-HCl, (pH8.0), 0.45 M sucrose, 8 mM EDTA) and incubated on ice for
5 minutes. The protoplasts were collected by centrifugation at 6000 rpm for 5
minutes at 49C, resuspended in 0.5 ml lysis buffer (10 mM Tris-HCI (pH8.0), 1
mM sodium citrate, 1.5% SDS) and further incubated for 15 minutes at 370C after
addition of 15 pl of Diethyl pyrocarbonate (DEPC) to inhibit RNAse. The samples

were then incubated on ice for 10 minutes after adding 250 pl of saturated NaCl

to precipi the protein, and ct DNA. After cer

for 5 minutes at 14,000 rpm the mRNA supernatant was obtained and recovered
by ethanol precipitation, redissolved in 100 pl of DEPC treated water, and stored
at-700C.

2.11 Northern analysis of mMRNA

Equal amounts of mRNA samples were electrophoresed on a 1.2%
agarose/2.2M formaldehyde gel at 15 volts for 15 hours and the gel was stained
with ethidium bromide for 10 minutes and photographed (Rosen et al,, 1990).
The gel was then soaked extensively in distilled water to reduce the background
as described by Engler-Blum et al. (1993). Prior to transfer, the gel was soaked
in 0.05 N NaOH for 15 minutes and equilibrated in 20 X SSC for 45 minutes. The

mRNA was transferred by capillary action onto a positively charged nylon
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membrane (Sambrook et al, 1989). A 7% SDS buffer was used for
prehybridization arid hybridization was done at 429C (Church and Gilbert, 1984).
mRNA fixation, washing, development and detection were carried out as
described (Holtke et al., 1992). A 2.5 kb fragment of pKRJ52.1 containing only
the exeA and exeB genes was used to prepare a RNA probe using T7 RNA

polymerase and was non-radioactively labeled with digoxigenin-11-UTP. The

biot was i with an anti-digoxigenin antibody-alkalil
conjugate and the substrate Lumiphos (Boehringer Mannheim) was used to

detect the antibody bound to the probe.

2.12 Expression and localization of ExeA and ExeB

A 2.8 kb EcoRI-HinDIIl fragment from the plasmid pKRJ58.1 (Figure 3.1)
(containing both exeA and exeB) was filled in with the Klenow fragment of DNA
polymerase | and cloned into the filled in Bam HI site downstream of the T7
bacteriophage promoter of the pET9 expression plasmid to obtain the clone
pERJ63.1. Plasmid pERJ63.1 was then transformed into E. coli BL21(DE3) cells
by electroporation. These cells carry a chromosomal copy of the T7 RNA

polymerase gene which is under the control of the inducible /acUV5 promoter.

2.13 Pulse labeling and Cell fractionation

E. coli BL21(DE3) cells containing pERJ63.1 or pET9 were grown in 10 ml
of M9 methionine assay medium with 50 pg/ml of kanamycin, induced at 0.6 O.D.

600nm with 0.4 mM isopropy! -D-thiogalactopyranoside (IPTG) for 30 minutes,

43



and 200 pg/ml of rifampicin was added. After a further 15 minute incubation, 100
ul of the culture was pulsed for 5 minute with 100 uC¥/ml [35g])-methionine. The
pulsed sample was then added to the rest of the culture (7 ml), which acted as a
carrier. The cell pellet obtained from the carrier culture was resuspended in
250p! of 25% sucrose made in 10mM Hepes, SmM EDTA pH7.4. A cell lysate
was then prepared using lysozyme at 0.5mg/ml (made in 10mM Hepes, 5mM
EDTA pH7.4), and envelope and cytoplasmic fractions were obtained by
treatment with lysozyme and EDTA as described previously (Jiang and Howard,
1991). The envelopes were extracted with 0.5% Sodium lauroyl sarcosinate

(SLS) to solubilize the inner membrane proteins (Fillip et al., 1973) which were

then in the 1t fraction after centril ion at 100,000 Xg for 1
hour to pellet the outer membrane vesicles. All fractions were then

electrophoresed on SDS-PAGE gels and visualized by autoradiography.

E. coli BL21(DE3) cells containing the plasmid pERJ63.1 or pET9 were
also grown in LB with 50 pg/ml kanamycin, induced at 0.6 O.D. 600nm with 0.4
mM IPTG and the cells were harvested after a 3 hour incubation. A cell lysate
was then prepared ard the fractions were obtained as described above and then
electrophoresed on SDS-PAGE gels and stained with Coomassie blue for

visualization.

2.14 Gel electrophoresis and immunoblots

SDS-PAGE was carried out on 10 or 12% acrylamide gels (Laemmli,
1990). For immunobiots, the proteins were transferred onto nitrocellulose

(Towbin et al., 1979) and reacted with an anti-aerolysin monoclonal antibody or
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with an anti-ExeB serum (Howard, S. P., unpublished). The secondary antibody
used was alkaline phosphatase conjugated goat anti-mouse or goat anti-rabbit

antibody and the blots were ped using the i BCIP

(5-Bromo-4-Chloro-3-Indolyl Phosphate) and NBT (Nitro Blue Tetrazolium).



Chapter 3
RESULTS

3.1 Mapping and subcloning of the 15 kb EcoRI Aeromonas hydrophila

chromosomal fragment which complements the mutation in C5.84

C5.84 was isolated as a Tn5-751 insertion mutant of A. hydrophila which
is unable to secrete any extracellular proteins (Jiang and Howard, 1991). A 15
kb EcoRI fragment was isolated from the wild type genome that complemented
the mutation in C5.84 (Jiang and Howard, 1991). As an initial analysis of this
fragment (in pJB4) it was partially mapped (Fig 3.1). A 6.6 kb Xho I-Sal |
fragment which contained the insertion site of the transposon in the mutant C5.84
was cloned into the pBluescript Il SK/KS+ and then transferred into the wide host
range vector pMMB67EH/HEcam in both orientations with respect to the tac
promoter of the vector to obtain clones pRJ3.1 and pRJ4.1 respactively (see Fig.
3.1). Both of these plasmids complemented the mutation when conjugated into
the wild type Ah65 from the wide host range plasmids using pRK2013 as the
conjugative helper plasmid. The phenotypic evidence of complementation was
observed as a halo of hemolysis on blood agar plates that was similar to that of

the wild type.

Further subcloning was done to specifically identify the region of this

involved in i Thus, a 3.5 kb Bgl Il fragment

corresponding to the transposon insertion site in the mutant C5.84 was cloned
into pBluescript Il SK+ and then transferred into the wide host range vector

PMMB67EH/HEcam in both orientations with respect to the tac promoter of the



vector, giving rise to pRJ12.1 and pRJ13.1 respectively (see Fig. 3.1). When

these plasmids were conjugated into C5.84, the secretory phenotype was

restored but the zone of hemolysis was smaller around C5.84(pRJ13.1) as

compared to C5.84(pRJ12.1) and the wild type. This suggested that sequences

present on this fragment were required for restoring the wiid-type secretory
To that these j secreted

proteins, aerolysin titres were conducted on the supernatants after growing these
transconjugants in BHI broth (Table 3.1). Both C5.84(pRJ12.1) and
C5.84(pRJ13.1) had titres similar to that of the wild type, although
C5.84(pRJ13.1) had a lower titre than C5.84(pRJ12.1), whereas C5.84 had a

very low titre.

3.2 Analysis of the synthesis and extracellular export of aerolysin by the

transconjugants

As a further measure of complementation, Ah65 as well as C5.84 and the
transconjugants C5.84(pRJ12.1) and C5.84(pRJ13.1) were grown in BHI broth
and subjected to western blot analysis. Samples of cells and culture
supernatants were collected, electrophoresed on a 10% SDS-PAGE gel,

tranci~rred onto nitrocellulose by the method of Towbin et al, (1979) and

with an anti-aerolysi antibody. showed
that most of the aerolysin was exported into the supernatant of C5.84(pRJ12.1)
and C5.84(pRJ13.1) like that of the wild type (Fig. 3.2, lane 3S, lane 4S and lane
18 respectively), and in C5.84 most of the aerolysin remained within the cells
(Fig. 3.2, lane 2S).
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Figure 3.1. ing of a region ing C5.84 from pJB4. The Ah65 fragment in pJB4 and the

fragments subcloned from it are shown. The vertical arrow indicates the site of Tn-751 insertion in C5.84 and the
horizontal arrows indicate the direction of the vector promoter for each clone. All pRJ clones were constructed in
wide host range vectors and used in the complementation studies, while the pKRJ and pSRJ clones were
constructed in pKSl+ and pSKIl+ respectively and used in the in vitro transcription-translation reactions. Clone
PERJE3.1 was used in the study of expression of proteins using a T7 promoter system. A, Accl; B, Bst XI; Bg, Bgl;
D, Dral%; E, EcoRl; K, Kpnl; S, Sal; Sp, Sphi; X, Xhol. Note that for clarity, not ail sites re shown for all all of the
subciones.



Table 3.1 Aerolysin titres of Ah65, C5.84,
C5.84(pRJ12.1) and C5.84(pRJ13.1).

Supernatant Aerolysin
fraction (HU)
Ah65 256
Cs.84 8
C5.84(pRJ12.1) 256
C5.84(pRJ13.1) 128

Hemolytic activities are given as the titres,
expressed as hemolytic units (HU).
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The results of the complementation assays and the immunoblots
collectively indicated that the 3.5 kb Bg/ Il fragment had gene(s) necessary for
extracellular protein secretion which had been inactivated by transposon insertion
in C5.84. The fact that complementation was observed when the fragment was
cloned in either orientation with respect to the tac promoter of the vector also
suggested that a promoter for the complementing gene(s) was present on the
fragment. Since C5.84(pRJ12.1) had a higher titre than C5.84(pRJ13.1) these
results also suggested that the direction of transcription is from left to right as the
fragment is drawn in Figure 3.1.

3.3 DNA sequencing and sequence analysis

To determine the structure of the gene(s) involved in extracellular protein
secretion, the 3.5 kb Bgl Il which the ion was

cloned into pBluescript Il SK+ and using the I/ mung
bean nuclease method of Henikoff (1987). Both strands of the fragment were
sequenced by creating a set of nested deletions starting from either end of the

The of the 3537 base pairs is shown in Figure 3.3.

The nuclectide sequence reported here has been submitted to the EMBL and
under ion number X81473.

Computer analysis of the that this had a

number of open reading frames (ORFs), as shown in Figure 3.4. In the direction
of transcription as suggested by the complementation studies, two complete
ORFs and a partial ORF, ORF1, ORF2, and ORF3 are present, whereas in the
opposite orientation three ORFs, ORF4, ORF5 and ORF6 are present.
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Figure 3.2. analysis of ion by the j

C5.84(pRJ12. 1) and C5.84(pRJ13.1). Cell samples (lanes C) and culture
(lanes S) ing equal volumes of freshly grown BHI cultures

were to and with an

anti-aerolysin monoclonal antibody. Ah65 (Iane 1); C5.84 (lane 2);

C5.84(pRJ12.1) (lane 3) and C5.84(pRJ13.1) (lane «). The upper and lower

bands in the supernatant fraction of lane 1 are proaerolysm and aerolysin

masses of are given on the left in kDa.
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ETETIAYTILNPSLTETRTDTLTLAA
1021 CGAGACCGAGATCGCCT 1080

1 CDEFOQULPYDEKDAGTLEKTIELTLFD

1081 1140
LI RDHLTLANTLAAGTE KR RSVVLY

1141 TCTC] 3 1200
DEAQHNTLLPGVLEGQLRTIELLTNL

1201 CCAGC 1260
ETDERKZKTLLOQYVVLTIGQ QEPETLQQ

1261 GGAAACCGAC cA 1320

M L RQPLLRQLAQRTITARYHTL
1321 TTATCACCT 1380

L PLSHOQDVDAYVRFRTLOVAG®G
1381 GCTGCCGCTTTCGCAT 1440

¢V QPIFTPXKALOQTLHRLSGG

1441 1500
I PRLINLTICDI RALTIAARBATF

1501 CAT TCGCCCGTEG 1560
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1561 CAGCCi & G 1620
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1621 CGACK ¥ 1680
T G W WG WOQFFGFFPETRUPVIZKV

1681 CACC( 1740
EV PV KV DDTZPEGOQOQEGQTLTRATI

1741 G 1800
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1801 \TCTCTAC 1860
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G DA SLAETLG QAL QHZPALTISTLT
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2041 o ACCi 2100




2101

2161

2221

2281

2341

2401

2461

2521

2581

2641

2701

2761

2821

2881

2941

3001

3061

3121

54

G SYTLLWRMEPKGG GVYVALTIGNN
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ORF3

o M
3181 CGTCCATT TT A 3240
s

B

S NS DNTTFATRTILDWYQ
3241 TGAGCAAT

3300
BstX I Xpn T
RKTLPWOQQDEKTPYRVWYVSETI
3301 GCCOZA 3360

M LQQTOQVATVIZPYYOQRTFHMA AR
3361 TTCATGGCCC 3420

FPDVQALAGAPTIDEVLHEWT
3421 GeT S 3480

G LG Y Y ARARNILIHIEKAAOQOQTI
3481 CCGGGCTCGGCTAT 3537

Figure 3.3. Sequence of the 3.5 kb Bgl Il fragment. The non-coding strand is
presented along with its translation. Potential ribosome binding sites and start
codons are bolded. Putative -35 and -10 promoter sequences upstream of exeA
are underlined. The 13 base pair inverted repeat is overlined with arrows. Stop
codons are denoted by an asterisk and the restriction endonuclease cleavage
sites used in the of the inthe text are dotted.
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Figure 3.4. Computer analysis of the 3.5 kb Bglll for open reading frames. ORFs exeA,

exeB, ORF3, ORF4, ORF5, and ORF6 are indicated. The small vertical lines represent AUG and GUG codons,
while the large vertical lines indicate a stop codon.



Based on with previously i ified genes of E. coli
(see later) the partial ORF extending beyond the 3' end of the fragment as shown
in Fig. 3.5 was judged to be a gene and was designated ORF3, while the ORF
extending past the 5' end of the fragment in the opposite direction was
designated ORF4. ORF3 is thus in the same direction as ORF1 and CRF2, and
ORF4 is in the opposite orientation (Fig. 3.5). Since ORF5 and ORF6 would be
transcribed in the opposite direction of transcription with respect to the orientation
which complemented C5.84, no further investigation was carried out on them.
ORF1(hereafter exeA) starts with an ATG codon at nucleotide position 743 with
several inframe start codons and stops at nucleotide position 2456 with a TGA
codon. The first and second ATG codons are not preceded by sequences
resembling ribosome binding sites (AGGAGGT) (Shine and Dalgarno, 1974).
The third ATG codon, however, which is at nucleotide 815, is preceded by a
putative ribosome binding site GGA at nucleotide 806 about nine bases upstream
of the start codon. This ORF would encode a 547 amino acid protein of 60,170
Da. ORF2 (hereafter called exeB) starts with an ATG codon at nucleotide
position 2458 which overlaps with the stop codon of exeA, and ends at nucleotide
position 3136 with a TGA codon. exeB is also preceded by a putative ribosome
binding site, GGAGG, at nucleotide 2450 7 bases upstream of the start codon.
Thus exeB would encode for a 226 amino acid protein of 24,860 Da.
Immediately following the stop codon of exeBis a 13 base pair inverted repeat at
nucleotide 3155 (Fig. 3.3). ORF3 starts with a GTG codon at nucleotide position
3240 and extends beyond the 3' end of the sequenced fragment. ORF4 also
starts with a GTG codon at nucleotide position 551, and extends beyond the 5

end of the sequenced fragment.
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Figure 3. 5. ORF map of the 3.5 kb Bgl/ i f Horizontal

arrows represent ORFs and the vertical arrow indicates the site of Tn5-751
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insertion in C5.84. ORF1 (exeA), ORF2 (exeB), ORF3, ORF4, ORF5 and
ORF® are shown. ORF3 and ORF4 which are homologous to micA and cca,
are also indicated with their % nulceotide identity. A, Accl; B, BstXI; Bg, Bg/ II;
D, Dralll; K, Kpnl, Sp, Sphl.



3.4 Comparison of the 3.5 kb Bgl Il sequence with other DNA sequences

The Fasta and Blast analysis programs were used for a similarity search
of the GenBank database with the sequenced 3.5 kb Bg/ Il fragment and its
translations (Pearson and Lipman, 1988; Altschul et al., 1990). No significant
matches were found between exeA and any known genes, however, two proteins
were found which had low levels of sequence similarity with ExeB. These were
PulB from K. oxytoca (d'Enfert and Pugsley, 1989), and OutB from Er.
chrysanthemi (Condemine et al.,, 1992). An alignment of these three proteins is

shown in Figure 3.6.

Significant homology was also found betweeri ORF3 and the E. coli micA

gene, and between ORF4 and the E. coli cca gene. The micA gene encodes the

A/G specific adenine which ifically izes and repairs A/G

ina ion i pathway (Tsai-wu et al,, 1991). micA
has a nucleotide identity of 71% with the sequenced portion of ORF3 as shown in
Figure 3.5. The cca gene encodes for tRNA nucleotidyl-transferase, which
incorporates AMP and CMP residues into the acceptor stem of tRNAs (Cudny et
al., 1986). The cca gene has a nucleotide sequence identity of 65% with the

sequenced portion of ORF4.
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1 50
ExeB MSTLLKALRR ABQPQPK‘PIII PAMGLPVTQE EEQNRRWIWW LLAPLALLMG

51 100
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101 150
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PulB GWFGGEQWRN KPEPQPMRQS VAHAALVPLN QPAVKAAVAP VNAGPEIQAE
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Figure 3.6. f the amino acid of ExeB with the
amino acid sequence of PulB and OutB. Dots indicate gaps inserted to optimize
the A using upper case letters

when all three proteins share an amino acld and lower case when two proteins
share an amino acid.



3.5 Polypeptides encoded by the 3.5 kb Bg/ Il fragment

To substantiate the presence of the genes predicted to be present on the
basis of DNA sequencing, pSRJ5.2 and pSRJ5.1, which contain the 3.5 kb Bg/ Il
fragment in the PBluescript Il SK+ vector in both orientations (see Fig. 3.1) were
expressed in an in vitro transcription-translation system (Zubay, 1980). [35S]-
methionine was used to label the translated proteins as described in Materials
and Methods. The samples were run on SDS-PAGE gels and visualized by
autoradiography. Polypeptides whose apparent molecular weights were 60 kDa,
31.5 kDa, 30 kDa, 29 kDa, 27 kDa and 22 kDa, were present in the pSRJ5.2
sample (Fig. 3.7, lane 5). When the Bgl Il fragment was in the opposite
orientation with respect to the lac promoter of the vector (in pSRJ5.1),
polypeptides whose apparent molecular weights were 60 kDa, 33 kDa, 32 kDa,
31.5 kDa, 29 kDa, and 14 kDa were identified (Fig. 3.7, lane 6). A compariscn of
these proteins with those produced by the vector alone (Fig. 3.7, lane 7)
indicated that the 31.5 kDa protein was B-lactamase, whereas the others were

encoded by the insert.

Further subcloning of pSRJ5.2 was done followed by expression in vitro in
order to identify the individual polypeptides. Construct pKRJ18.1 (BstXI-Accl
fragment, see Fig. 3.1) which contains nucleotides 800 to 2462 of the sequence
produced the 60 kDa polypeptide which was expressed very weakly (Fig. 3.7,
lane 1), whereas construct pSRJ19.1 (Fig. 3.1), which had the same fragment in
the opposite orientation with respect to the ac promoter of the vector, did not
produce this polypeptide (Fig. 3.7, lane 2). Inclusion of the 300 bases upstream
of the BstXI site, in construct pKRJ20.2 (Dra lll-Acc | fragment, see Fig. 3.1),
also produced the 60 kDa protein (Fig. 3.7, lane 3), even when the fragment was
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in the opposite orientation (in pSRJ21.1) with respect to the /ac promoter of the
vector (Fig. 3.7, lane 4). These results suggested the presence of a promoter in
the region between nucleotides 500 to 800 (Dralll-BstXI) of the 3.5 kb Bg/ Il
fragment. Construct pKRJ46.1 (Sph I-Kpn | fragment, see Fig. 3.1) which
contains only the exeB ORF and 334 base pairs 5' to the putative start codon of
exeB, produced the 29 kDa polypeptide (Fig. 3.8, lane 2). This protein must
migrate anomalously on SDS-PAGE, since as noted earlier, its calculated
molecular mass is 24,860 Da. It also migrated with an apparent molecular weight
of 29 kDa when synthesized in vivo under the control of a T7 RNA polymerase
promoter (see Fig. 3.23 and 3.24).

Constructs pKRJ58.1 and pSRJ57.1 contained the Dra ll-Kpn | fragment
encompassing the complete exeA and exeB ORFs plus the 300 bp upstream of
the putative exeA start, in both orientations. Both of these constructs produced
the 60 kDa and 29 kDa proteins (Fig. 3.8, lanes 3 and 4). In contrast, construct
pKRJ50.3 (BstXI-BstX| fragment, Fig. 8.1) containing both the ORFs but
beginning just 15 nucleotides 5' to the start codon of exeA, produced both the 60
kDa and 29 kDa proteins (Fig. 3.8, lane 5), whereas the same fragment in the
opposite orientation (pKRJ50.2, Fig. 3.1) produced neither protein (Fig.3.8, lane
6). These results allowed us to conclude that ORFs exeA and exeB produce the
expected proteins, and that a promoter functional in E. coli lies in the 300 base
pairs between the Dralll and BsXI sites 5' to exeA (see Fig. 3.16).
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Fig. 3.7. In vitro transcription-translation reactions of the 3.5 kb Bg/ Il fragment
and its subclones. An autoradiograph of a 12% SDS-PAGE gel of the [35S]-
methionine labeled proteins produced in subclones pKRJ18.1 (lane 1), pSRJ19.1
(lane 2), pKRJ20.2 (lane 3), pSRJ21.1 (lane 4), pSRJ5.2 (lane 5), pSRJ5.1 (lane
6), and pBluescript Il KS+ (lane 7) is shown. Proteins discussed in the text are
identified on the right with their molecular weights (in kDa) and the molecular
mass of radiolabeled protein standards (in kDa) are shown on the left.
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Figure 3.8. In vitro lati i of the exeA and exeB
genes. An autoradlograph of a 12% SDS-PAGE gel of the [35S]-methionine
labeled pi KRJ20.2 (lane 1), pKRJ46.1 (lane 2),

pl
pKRJS8.1 (lane 3), pSRJ571 (lane 4), pKRJ50.3 (lane 5), pKRJ50.2 (lane 6),
pSRJ52(|ane7)andeIueserplllSK+(hneB)is Proteins discussed in
the text are identified on the right with molswlarweaym(inkDa)andme

mass of protein (in kDa) are shown on the left.




3.6 Complementation analysis of the 3.5 kb Bg/ |l fragment

The site of transposon insertion in C5.84 was mapped to a location about
250 bases downstream of the Bst XI site in the exeA ORF (Fig. 3.9) as deduced
from restriction analysis of pJB2 (Jiang and Howard, 1991) which contains a
fragment of the transposon and the adjacent chromosomal DNA cloned from
C5.84. Therefore, it was very likely that the exeA ORF represented the coding
region for the gene interrupted by the transposon and hence a 1.6 kb BstXI-Acc|
fragment which contained only exeA ORF was cloned from pSRJ19.1 (see Fig.
3.1) into pMMB207 and pMMB208 in either orientation to give rise to pRJ24.2
and pRJ30.1 respectively (Fig. 3.10). These constructs were conjugated into
C5.84 and the transconjugants were then streaked on to a BHI blood agar plate
to examine their hemolytic phenotype. No zones of hemolysis were observed
around these colonies, indicating that this fragment was unable to complement
the mutation whether or not it was placed under the control of the tac promoter of

the vector.

Another construct, containing the Dra Ill-Acc | fragment from pSRJ21.1
(see Fig. 3.1) which contained the 300 bases upstream of exeA as well as exeA
was similarly subcloned into pMMB207 and pMMB208 in both orientations
(pRJ25.3 and pRJ26.3, Fig. 3.10) and conjugated into C5.84. Both of these
constructs also failed to complement the mutation. Aerolysin titres were also
conducted on these transconjugants after growth in BHI media. The aerolysin
titres of these transconjugants were similar to that of the mutant C5.84 (Table 3.
2), confirming that exeA alone cannot complement the mutation. The BsfXi-Accl
fragment was therefore extended to include the exeB ORF (BstXI-BsiXI

fragment) and cloned in both orientations to give rise to constructs pRJ31.1 and
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pRJB0.1 (Fig. 3.10). When pRJ31.1 was conj into C5.84, it
the mutation and restored the wild-type secretory phenotype, whereas pRJ60.1,

containing the same fragment in opposite orientation with respect to the tac
promoter of the vector, did not. Aeroclysin titres and immunoblot analysis were
performed on the culture supematants of transconjugants C5.84(pRJ31.1) and
C5.84(pRJB0.1) as well as the wild type and the mutant to demonstrate the

secretory activity. For the immunoblot, the samples were run on a 10% SDS

PAGE gel, to and i with an anti lysit
monoclonal antibody. The results showed that C5.84(pRJ31.1) exported most of

the lysin into the sup similar to wild type, whereas in

C5.84(pRJ60.1) most of the aerolysin remained within the cells (Fig 3.11
compare lanes 3C and 3S with 4C and 4S). The aerolysin titre of the culture
supernatants of C5.84(pRJ31.1) was similar to that of the wild type whereas the
titre of C5.84(pRJ60.1) was similar to that of the mutant C5.84 (Table 3.3).

The Dra lll-Kpn | fragment, which contained both exeA and exeB ORFs
plus the 300 bases upstream of the exeA ORF, was also cloned in pMMB207
and pMMB208 in both orientations to give rise to constructs pRJ39.1 and
pRJ40.1 respectively (Fig. 3.10). These were conjugated into the mutant and
assayed for complementation. The aerolysin titres of both of the
transconjugants, C5.84(pRJ39.1) and C5.84(pRJ40.1) were similar to the wild
type titres (Table 3.4), ing that the was able to
independently of the vector promoter. Finally, to rule out the possibility that only

the second ORF, exeB, was required to complement the mutation, a Sphl-Kpn |
fragment which contained exeB alone was also cloned in pMMB67EHcam and
pMMBS67HEcam in both orientations (pRJ10.1 and pRJ11.1, see Fig. 3.10) and
conjugated into C5.84.
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Figure 3.9. Restriction endonuclease mapping of Tn5-751 insertion in C5.84.
Clone pJB2 contains 4.0 kb of chromosomal DNA and 4.7 kb of Tn5-751,
isolated from the C5.84 genome (Jiang and Howard,1991). The fragment
sizes obtained by restriction digests are shown. From these and the published
map of Tns-751 (Rella, et al., 1985), the Tn insertion site was calculated to be
about 1.0 kb downstream of the Bgl |l site: of the chromosomal DNA, which is
about 250 bases 3'to the Bst XI site of the exeA ORF (see text for details).

Bg, Bg/ II; E, EcoRl; H, Hindlll; X, Xhol.
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Figure 3.10. Subcloning and complementation analysis of the 3.5 kbBg/ Il fragment
complementing the mutation in C5.84. The vertical arrow indicates the site of
Tn5-751 insertion in C5.84 and the horizontal arrows indicate the direction of the
tac promoter. Constructs pRJ are in broad host range vectors pMMB207/208 and
construct pSRJ5.2 is in pBluescript SK |1 + vector. +/- indicate complementation
and no complementation respectively. A, Accl; B, BstXl; Bg, Bghl; D, Dralll; K,
Kpnl; Sp, Sphl.
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Table 3.2 Aerolysin titres of the wild-type, mutant and
transconjugants containing only exeA alone and exeB alone.

Supernatant Aerolysin
fraction (HU)
AhB5 128
C5.84 8
C5.84(pRJ24.2) 8
X .1
C5.84(pRUB0Y) | 8
C5.84(pRJ25.3) |alone 8
C5.84(pRJ26.3) 8
C5.84(pRJ11.1) 8
exeB

C5.84(pRJ10.1) [alone 8

Hemolytic activities are given as the titres,
expressed as hemolytic units (HU).
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106 —

Figure 3.11. analysis of i ion by C5.84(pRJ31.1) and
C5.84(pRJ60.1). Cell samples (lanes C) and culture supernatants (lanes S)
representing equal vulumes of !rashly grown BHI cultures were alsclrophoressd
immunoblotted with an anti
monoclonal amlbody Ah65 (Iane 1), C5.84 (lane 2); C5.! 54(pRJ31 1) (Iane 3)
C5.84(pRJ60.1) (lane 4) and purified aerolysin (lane 5). The upper and lower
bands in lane 5 are p lysin and aerolysin resp masses of
standards are given on the left in kDa.
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Table 3.3 Aerolysin titres of the j containing
both exeA and exeB without the putative promoter.

Supernatant Aerolysin
fraction (HU)
Ahg5 256
C5.84 8
C5.84(pRJ31.1) 128
C5.84(pRJE0.1) 8

Hemolytic activities are given as the titres,
expressed as hemolytic units (HU).
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Table 3.4 Aerolysin titres of the transconjugants containing
both exeA and exeB with the putative promoter.

Supernatant Aerolysin
fraction (HU)
AhB5 128
C5.84 8
C5.84(pRJ30.1) 128
C5.84(pRJ40.1) 128

Hemolytic activities are given as the titres,
expressed as hemolytic units (HU).
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Aerolysin titres conducted on these two transconjugants grown in BHI media
indicated that the plasmids were unable to complement the mutant (Table 3.2).

8.7 Marker exchange mutagenesis of exeA and exeB

To corroborate that both exeA and exeB genes are required for
extracellular protein secretion, both of the genes were individually inactivated by
insertion of a kanamycin cassette. Insertion of a kanamycin cassette in exeA
essentially recreated the original transposon insertion mutation, and exeB was
inactivated by kanamycin insertion as shown in Figure 3.12. Each inactivated
gene was subcloned into a suicide vector, pSUP202 for exeA and pJQ200SK for
exeB. The resulting clones were then conjugated into Ah65 for exchange with
the wild type exe genes and mutants in which an exchange had resulted were
obtained as described in Chapter 2. AA41 and AB69 are the mutant strains of A.

hydrophila in which exeA and exeB respecti hava been inactivated through

the insertion of the kanamycin drug resistence cassette.

In each case, the structure of the mutated exe gene was confirmed by
performing a Southern blot on a Sma | chromosomal digest of the selected
exconjugants. As shown in figure 3.13, the 3.5 kb Bg/ Il insert probe hybridized
to a 5.2 kb Sma | fragment in Ah65 (lane 1), 3.6 and 2.8 kb Sma | fragments in
AA41 (lane 2) and 4.2 and 2.2 kb Sma | fragments in AB69 (lane 3). The total of
both the bands in each mutant is 6.4 kb, the 5.2 kb of wild type plus the 1.2 kb of
the kanamycin cassette used for insertion mutagenesis, indicating that mutants

AA41 and AB69 were corre ct in their structure.
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Figure 3.12. Physical maps of Ah65, exeA mutant AA41 and exeB mutant
AB69. S, Smal; B, Bghl; Sp, Sphl; N, Narl. Kn-kanamycin drug resistence
cassette.
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Figure 3.13. Fluorographs of the Southern blot analysis of Ah65, exeA mutant
AA41 and exeB mutant AB69. Genomic DNAs were digested to completion with
Sma  (lanes 1to 6). Lanes 1 to 3 were probed with the 3.5 kb Bg/ Il insert from
PSRJ5.2 and Lanes 4 to 6 were probed with the aph gene from pUC4K. Lanes 1
and 4, Ah85; Lanes 2 and 5, AA41; Lanes 3 and 6, AB69.



In order to confirm that the difference in the size of the bands was due to
insertion of the kanamycin cassette, the aph gene was also used as a probe. As
shown in figure 3.13, the aph gene probe did not hybridize to the wild type,
whereas in AA41 and AB69 the same fragments as noted above were observed
indicating that the alteration in the structure of both of these mutants were in fact

due to the insertion of the kanamycin cassette.

The phenotype of the marker exbhange mutants on BHI blood plates was
similar to the original mutant C5.84, in which the normal halo of hemolysis was
absent. As a specific measure of secretion, each of the mutants AA41 and AB69
as well as the wild type and C5.84 were grown in BHI broth culture, and cell and

supernatant were i with an anti !

antibody (Fig. 3.14). Both of the marker exchange mutants retained aerolysin
within the cells, as did the transposon insertion mutant C5.84 (Fig. 3.14, lanes
2C, 3C and 4C), whereas for the wild type, the aerolysin was secreted
extracellularly (Fig. 3.14, lane 1S). The cell and supernatant fractions from these
cultures were also assayed for aerolysin and protease activities. As can be seen
in Table 3.5, both of the mutants AA41 and AB69 displayed the same inability to
secrete the protease as did the original mutant C5.84, and the aerolysin also
fractionated with the cell contents for all three of the mutants. These results
further confirmed that both exe genes are essential for extracellular protein
secretion in A. hydrophila.
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Figure 3.14. Immunoblot analysis of aerolysin secretion in marker exchange
mutants. Cell samples (lanes C) and culture supernatants (lanes S) representing
equal volumes of freshly grown BHI cultures were electrophoresed, transferred to
nitrocellulose, and immunoblotted with an anti-aerolysin monoclonal antibody.
Ah65 (lane 1); C5.84 (lane 2); AA41 (lane 3) and AB69 (lane 4). Molecular
masses of standards are given on the left in kDa.



TABLE 3.5 Enzyme activities in Ah65, C5.84, AA41 and AB69.

Fraction Aerolysin Protease
in HU in U/ml (%)

Ah65

Supematant 128 199 (76%)

Cells 8 64 (24%)

Cs5.84

Supernatant 8 106 (18%)

Cells 128 488 (82%)

AA41

Supernatant 8 93 (15%)

Cells 128 527 (85%)

ABB9

Supematant 0 14 (3%)

Cells 128 618 (97%)

Protease activities are given as U/ml of the original culture, while
hemolytic activities are given as the titres, expressed as hemolytic
units (HU).



3.8 Immunoblots on cell fractions of the marker exchange mutants AA41 and

AB69 with anti-ExeB serum

The ion studies that the 1 insertion in

the exeA gene had resulted in a polarity effect on the expression of the
downstream exeB gene, since both exeA and exeB were required to complement
C5.84 for secretion. To substantiate this, the marker exchange mutants AA41
and AB69 along with the wild type strain and C5.84 were grown in BHI broth and
cell samples were electrophoresed and immunoblotted with an anti-ExeB serum
(Howard, S. P., unpublished) (Fig. 3.15). The 29 kDa band representing exeB
was observed in the wild type (Fig. 3.15, lane 1) but was missing in the original
transposon insertion mutant C5.84, and also in both of the marker exchange
mutants AA41 and AB69 (Fig. 3.15, lanes 2, 3, and 4). The absence of the ExeB
protein in the marker mutant AB69 i the inactivation of exeB

by the insertion of kanamycin cassette, whereas its absence in C5.84 and AA41
confirmed that the insertional inactivation of exeA also resulted in a polar effect
on exeB expression. As discussed earlier in section 3.5, complementation
studies also showed that exeB alone is not sufficient to restore protein secretion

in C5.84 indicating that both genes are required for secretion.

3.9 Analysis of mMRNA

The complementation analysis and the in vitro transcription-transiation
reactions both indicated that there is a promoter upstream of exeA, between the

Dralll and BstXI sites.
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Figure 3.15. Immunoblot analysis of cell fractions of the marker exchange
mutants with anti-ExeB serum. Equal volumes of freshly grown BHI cultures
were electrophoresed, transferred to nitrocellulose, and immunoblotted with an
anti-ExeB serum. Ah65 (lane 1); C5.84 (lane 2); AA41 (lane 3) and AB69 (lane
4). Molecular masses of standards are given on the left in kDa.
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500 540
CACCAGGTGA TCCCGATCCC ATTGCGGCAA TCCCAGCAGG

Drall}
541

580
CGATCCCGCA CCGCGCCCCC AACCAGATAA GTCTGCAATC
581 620
TCTGTCTCCC TTGATAAACC TGCCTCGATT ATACCGGTTT

621 660
TGCCTGGCGG GCACGATTGC CCTGCAGGTT TGGCCCGACA
661 700
GCCACTCTGA CCTATCCCCG CCACAACCAG GCCACATTCG

701 740
ATAAAAACAG CGGTTTTGGC CGCCAGATGC GCCAGCCCCC

741 780
CTTATGGCAT CCGGGTCT[T _GACATCCCGG  TGGGGAGGCT
781 “35 820
TTAACCTISCC  GCCCATAACA ATGGAATGGA TCCTTATGTA
-10 BstX1 S.D.
CONSENSUS _ PROMOTER:
-35 region 16-18 bps -10 region
TTGACA TATAAT

Figure 3.16. Putative promoter sequerice between Dralll and BstXI site 5' of
exeA. The -35 and -10 sequences are boxed. The putative ATG initiation
codon is underlined, as is a possible Shine Dalgarno (S.D.) ribosome binding
site. The consensus promoter sequence of E. coli is also shown.



The complementation and immunoblot analysis also strongly suggested that
exeA and exeB form an operon, both members of which are required for
secretion in A. hydrophila. If the putative promoter sequence between the Dra Il
and Bst Xl sites as shown in Fig. 3.16 is used to initiate a transcript which
terminates in the vicinity of the 13 base pair inverted repeat which follows exeB
as shown in Figure 3.17, an mRNA of about 2378 bases would result. In order to
determine whether or not an exe specific message of this size was produced,
mRNA was isolated from mid-log phase cells of wild type and C5.84, and a
naithern blot was performed. The blot was hybridized to an RNA probe obtained
from the 2.5 kb Bst XI-Bst X] fragment. The results in Figure 3.18 show that the
wild type cells indeed i a of approxi 2500

which was lacking in the mutant C5.84 used as a negative control. These results

are consistent with the co-expression of exeA and exeB as an operon.

3.10 Structural features of the predicted exe gene products

The amino acid sequences of ExeA and ExeB were deduced from the

and by Hydropathy analysis was done
on ExeA (Figure 3.19) and ExeB (Figure 3.20) by the method of Kyte and
Doolittle (1982). The average hydrophobicity for the product of exeA is -1.9; it
has no sequence resembling an amino terminal signal sequence, and it is quite
hydrophilic. ExeA has one very hydrophobic segment, however, in the region of
residues 276 and 295 (Fig. 3.21), which would be classified a< transmembrane
using the algorithm of Kyte and Doolittie (1982). ExeA has a calculated

isoelectric point of 5.06.
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3132 3181
CGGCTGATCC CGTCACGACC ACAACGCCGG CTCAGCCCCG CTGAGCCGGC
3182 3231
C;’E’CCATTTCA AGAGGGAGCC TGAGAGCTCC CCTTTTTAAT CAATAACATC
3232 3281
AGAGCCATGT GAGCAATTCA GACAACACCA CCTTCGCCAC CAGGATCCTG

3282
GACTGGTACC AGATCCACGG CCGCAAGACC-~-=======—==-—=—mmnne

Figure 3.17. Potential terminator structure following exeB. The 13 base pair
inverted repeat is overlined with arrows. The free energy for melting of the
potential terminator is AG?' = -30.60 kcal/mole (Zuker and Stiegler, 1981). The
region of sequence underlined shows the last codon and the termination codon of
exeB.
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Figure 3.18. Northern analysis of exeAB mRNA. A northern blot of Ah65 (Lane
1) and C5.84 (Lane 2) mRNA was prepared and hybridized with an exeAB RNA
probe. Equal amounts of mRNA were applied to each lane. The position of the
23S and 168 ribosomal RNA bands is shown on the left.



File: orfl.p.3537 1- 547

Table: Kyte & Doolittle

Window: 10 Average: -0.19 Threshold Line: 0.0
00,
0oL

Figure 3.19. Hydropathy profile of ExeA by the method of Kyte and
Dolittle. A highly hydrophobic segment is located between the
residues 276 and 295.
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Figure 3,20. Hydropathy profile of ExeB by the method of Kyte and
Doolittle. Two hydrophobic segments are located at residues 37-53
and 193-218.
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A consensus nucleotide binding site [G] X (4) GK [T] (Walker et al., 1982) was
revealed at residues 50-57 (Fig. 3.21), when a search of the EMBO protein
sequence motif database was done using the prosite algorithm of Fuchs (1991).
The average hydrophobicity for the product of exeB was -2.4; it does not have an
obvious signal sequence either, and it is quite basic, with a calculated isoelectric
point of 9.58. It contains a highly hydrophobic stretch of 17 amino acids between
residues 37 and 53, and another region between residues 193 and 218 which is
quite hydrophobic (but contains an Asp as residue 205) as shown in Figure 3.22.
The presence of the ATP-binding site in ExeA and the hydrophilic profile of both

ExeA and ExeB suggested that these proteins would be either cytoplasmic or at

best anchored to the inner by a single hydrophobic hairpin.

3.11 Expression and localization of ExeA and ExeB

As 2 first attempt to determine the localization of ExeA and ExeB, both exeA
and exeB were cloned into a pET expression vector as described by Studier et al.
(1990). In this system, target genes are placed under the control of strong
bacteriophage T7 promoter, and a chromosomal copy of the ¢-ne for the T7 RNA
polymerase is then induced with IPTG (Studier et al., 1990). E. coli BL21(DE3)
cells containing pERJ63.1 (Fig. 3.1) and pET9 as a vector control were grown in

M9 methionine assay medium and pulse labeled with [35S}-methionine.
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KYLYMSER

c [ 2]

Consensus ATP-binding site

A/G X X X X G K s/T

Figure 3.21. Deduced amino acid sequence of ExeA. The putative ATP-binding

88

site in exeA between residues 50 and 57 is underlined and the consensus ATP-
binding site (Walker et al., 1982) is shown. The hydrophobic segment located at

residues 275-296 is doubly underlined.



1 MSTLLKALRRA QF T IPAMGLPVTOQE
31 EEQNRRWIWWL LAL GAGANYGWHLL
61 NNRPIEKTVEYV VTP VRVEPRPMITR
91 PLPPPLPEPVYV vrTe SAPAANGSQGHL
121 AERIMNALNS T EET QAQSESQAMPDI
151 SALPLELKQRYV AYG VFSSNPAKRAV
181 MLNGREFREGS PGV IAIAQDYTITLO

Figure 8.22. Deduced amino acid sequence of ExeB. The hydrophobic

segmenis located at residues 37-53 and 193-218 are doubly underfined.
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Proteins corresponding to both ExeA and ExeB were produced in the E. coli

BL21(D! 3J63.1) cells ing i ion, and each of the proteins
appeared to be present in both cytoplasmic and cell envelope fractions after
ultra-centrifugation of cell lysates (Fig. 3.23, lanes 3 and 5). When the envelope
fraction was extracted using sodium lauroyl sarcosinate to solubilize the inner
membrane, both proteins were found in the solubilized (inner membrane) fraction
(Fig. 3.23, lane 7). These cells were also grown in LB medium and induced with
IPTG for 3 hours and visualized on Coomassie blue stained gels for analysis of
proteins produced following induction. Again each of the proteins was easily
observed, and in this case essentially all of each of the two proteins fractionated
with the cell envelopes (Fig. 3.24, lane 3). Both proteins were also completely
extracted when 0.5% SLS was used to solubilize the inner membrane of

envelopes isolated from cell extracts of these cultures (Fig. 3.24, lane 4).
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FIG. 3.23. Autoradiograph of membrane fractions of [35S]-methionine labeled E.
coli BL21(DE3) cells containing pERJ63.1 and pET9. E. coli BL21(DE3) cells
containing pERJ63.1 (lanes 1, 3, 5, 7, and 9) and pET9 (lanes 2, 4, 6, 8, and 10)
were induced as described in Materials and Methods, and labeled with 100 pCi of
[35S]-methionine per ml for 5 minutes. The 60 kDa and 29 kDa of ExeA and
ExeB proteins respectively are given on the right and the position of molecular
mass standards are given on the left. Lanes 1-2, lysate; Lanes 3-4, cytoplasm;
Lanes 5-8, envelope; Lanes 7-8, inner membrane; Lanes 9-10, outer membrane.
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Figure 3.24. Coomassie blue stained SDS-PAGE gel of fractions of E. coli
BL21(DE3) cells containing pERJ63.1. Lane 1, whole cells; Lane 2, cytoplasm;
Lane 3, envelopes; Lane 4, inner membrane; Lane 5, outer membrane. The
prominent bands are the 60 kDa and 29 kDa of ExeA and ExeB proteins
respectively and are included on the right. Equal amounts of the fractionated
culture were applied to each lane. The position of molecular mass standards are
given on the left.



Chapter 4

DISCUSSION

C5.84 is an extracellular secretion-deficient Tn5-751 insertion mutant

which P ins in the i ic space (Jiang and Howard,

1991). In this study, a 3.5 kb Bg/ Il fragment ing this
mutation was isolated, sequenced and analyzed. Complementation and
subcloning studies, analysis of in vitro and in vivo expression, and marker
exchange mutagenesis, indicate that this locus consists of an operon composed

of two genes, each of which is required for extraceflular protein secretion.

4.1 Extracellular protein export in Aeromonas hydrophila appears to follow the

general secretion pathway (GSP), an extension of the Sec pathway

A. hydrophila, like many other Gram-negative bacteria, secretes a wide
range of extracellular proteins. These exoproteins are translocated across the
outer membrane in a two step, signal peptide dependent pathway, as
demonstrated for aerolysin (Howard and Buckley, 1983; 1985a). Aerolysin and
amylase were found to be secreted as precursors containing an N-terminal signal
sequence, which is cleaved by the signal peptidase after translocation across the
inner membrane (Howard and Buckley, 1986; Gobius and Pemberton, 1988).
These results indicate that at least until the transit across the inner membrane is

completed, these proteins follow a pathway similar or identical to the Sec



pathway of E. coli (Schatz and Beckwith, 1990). The information present in the
signal sequence is not sufficient, however, for release of the proteins from the
cell; additional secretory factors are required for translocation across the outer
membrane. It is now evident that the second step requires the products of a
large operon, the prototype of which is the pul operon of K. oxytoca (Pugsley et

al, 1990).

The transposon insertion mutants L1.97 and C5.84 were both isolated as
mutants defective in protein secretion, and it was shown by Southern
hybridization that the transposon had inserted into different locations in the two
strains (Jiang and Howard, 1991). The locus identified by the mutation in L1.97
contains 12 genes, forming the exeC-N operon, which was shown to be
homologous to the pul operon of K. oxytoca (Jiang and Howard, 1992; Howard et
al, 1993). Until this study however, there had been no further information about
the locus identified by C5.84 or its relationship with other identified extracellular

secretion genes.

4.2 exeA and exeB form an operon and both are required for extracellular

protein secretion

As revealed by restriction mapping, the transposon had inserted close to
the BstXi site in exeA of C5.84. The provision of exeA alone did not complement
the mutation, however, nor did exeB alone. Only when both exeA and exeB were
supplied together was the secretory phenotype restored to C5.84. Marker
exchange mutagenesis of exeA and exeB confirmed the requirement for both of

the genes for extracellular protein secretion in A. hydrophila.
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The requirement for both genes for the complementation of C5.84 not only
indicated that both were required for secretion, but also that the insertion of Tn5-
751 into exeA was causing a polar effect on the expression of exeB. In addition,
the immunoblots of C5.84 and the marker exchange mutants AA41 and AB69
with anti-ExeB serum (Fig. 3.15) demonstrated the failure of all of these mutants
to produce the 29 kDa ExeB protein. The ExeB protein should have been
expressed in both C5.84 and the exeA marker exchange mutant AA41, unless
exeB is coexpressed with exeA. The overlap between the start codon of exeB
and the stop codon of exeA, the presence of a 2.5 kb exe specific message as
demonstrated by northern analysis and the demonstration that there is a
promoter upstream of exeA (see below) all provide further evidence that exeAB

form an operon.

4.3 A promoter functional in both Escherichia coliand Aeromonas hydrophila is

present between the Dralll and BstXI sites of the sequenced fragment

The fact that the 3.5 kb Bg/ Il fragment was able to complement C5.84
when it was cloned in both orientations in the wide host range vector pMMB207
and pMMB208 demonstrated that the exe genes were under the control of their
own promoter on this fragment. This ability to complement independently of the
vector promoter was also demonstrated for pKRJ58.1 and pSRJ57.1, containing
the Dralll-Kpnl fragment. For the BstXl-BstXl fragment, however,
complementation was only observed when it was cloned in the orientation of
PpKRJ58.1, and not in the opposite orientation, as in pSRJ57.1. This

i that in A

phila, a promoter for the complementing genes is
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present in the 300 bases between the Dralll and the BstX| site immediately
upstream of the exeA gene (see Fig. 3.16). This same promoter also seems to
be functional in E. colj, since the Dra lll-Kpn | fragment also produced ExeA and
ExeB in the in vitro ipti { { no matter what its

orientation with respect to the vector promoter (see Fig. 3.8, lane 3 and 4),
whereas the BstXI-BstX| fragment produced the proteins only when the exe
genes were oriented in the same direction as the promoter present on the vector
(see Fig. 3.8, lane 5 and 6). The analysis of the sequenced 3.5 kb Bg/ Ii
fragment revealed a putative -10 region promoter sequence which has the
hexamer TAACCT and a putative -35 region promoter sequence with the
hexamer TTGACA, 5' to exeA (Fig. 3.16). The sequence of this putative

is in perfect with the E. coli -35 region

TTGACA, whereas the -10 sequence shows homology with only 3 of the 6

of the E. coli -10 TATAAT. It should also be
noted, however, that the 3 homologous nucleotides are in fact the most
bases of the E. coli -10 (Hawley and McClure,
1983; Lisser and Margalit, 1993). The putative -35 and -10 promoter regions are
by 17 ides and conform with the spacing of 17 +/- 1

found in the E. coli promoter (McClure, 1985).

4.4 Localization of ExeA and ExeB

The protein encoded by exeA is hydrophilic and does not have any
obvious signal sequences, but does contain a single hydrophobic stretch which
might possibly anchor the protein to the cytoplasmic membrane. The protein
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encoded by exeB also lacks signal sequences and is hydrophilic, but it contains
two hydrophobic segments which might span the inner membrane. The results of
the T7 i i indi that both ExeA and ExeB were

localized to the cytoplasmic membrane (Fig. 3.23 and 3.24). These results must
be viewed cautiously however, since they were obtained in the heterologous host
E. coli and their overproduction in this system might lead to aberrant localization.
On the basis of its PulB was I to be ic (Pugsley, et

al., 1990a), however, localization studies for either PulB or OutB have not been
reported. The amino terminal region of ExeB, which is not present in PulB and
OutB (see Fig. 3.6), contains the most hydrophobic of the possible
transmembrane regions. This fact, in addition to the apparent differences in
function of these three proteins (see below) makes it quite possible that these
proteins may not even be found in the same compartment of their respective
cells.

4.5 Substantial divergence exists between ExeB of Aeromonas hydrophila and

PulB of Klebsiella oxytoca and OutB of Erwinia chrysanthemi

ExeB has limited homology with OutB (Condemine et al., 1992) and PulB
(d'Enfert and Pugsley, 1989), two proteins which have been reported to play little
or no role in secretion in Er. chrysanthemi and K. oxytoca. pulB mutants had no
effect on the export of pullulanase. pulB is a component of the K. oxytoca

maltose regulon and is co-| ibed with the structural gene pulA

but is neither required for pullulanase secretion nor its synthesis (d'Enfert and

Pugsley, 1989). The function of pulB is not known. outB is one of the genes of
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the out gene cluster involved in the translocation of pectate lyases and cellulases
across the outer membrane of Er. chrysanthemi. outB mutants secreted 70% of
the normal amount of pectinases produced by wild type Er. chrysanthemi. outB
is transcribed independently of the other out genes, however, and is not part of

the kdgR regulon which controls their expression (Condemine et al., 1992).

The non secretory phenotype of the original trarisposor: insertion mutant
C5.84 (Jiang and Howard, 1991) and that of the marker exchange mutants

produced here demonstrate that both ExeA and ExeB are absolutely required for

in A. hydrophila. This suggests a substantial di in
the function of this gene product between A. hydrophila and the other two
bacteria. This divergence in function may account for the low levels of homology
observed between these proteins (19.5% between ExeB and PulB and 19.7%
between ExeB and OutB; see Fig. 3.6) and also for the considerable variation in
the size of these proteins, with PulB of 174 amino acids and OutB of 157 amino
acids compared to 226 for ExeB. Another difference is the association of exeB in
an operon with exeA. Sequence information for the regions adjacent to pulB and
outB has been reported, and indicates that ExeA homologues are not present, at
least in an operon with the ExeB homologues (d'Enfert and Pugsley, 1989;
Condemine et al,, 1992).

4.6 protein ion in \ydrophila requires a second

protein which may bind and hydrolyze ATP

Although it is clear that the exeC-N operon and operons homologous to it

in other Gram-negative bacteria are involved in extracellular secretion, it is not
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clear how they function. In particular, as of yet there is no specific information
regarding the source of energy for the transfer of the exoproteins across the
outer membrane, despite the evidence that a proton motive force is required for
protein translocation across the outer membrane of A. salmonicida (Wong and
Buckley, 1989). PulE, the homologue of ExeE, is the most hydrophilic of the pul
gene products, and contains an ATP-binding site. Recently it was demonstrated

to be essentiai for protein secretion (Possot and Pugsley, 1994; Turmer et al.,

1993). ATPase and ylation activities were also d for
the A. tumefaciens conjugation factor VirB-11 (Christie et al, 1991), which is
homologous to ExeE. However, on the basis of the homologies between type IV
pilins and some of the proteins of the pulC-Q operon, and between PulE and PilB
as discussed in the introduction, it is now generally assumed that PulE and its

homologues are involved in the of the rather than
its continuing function. ©One possibility is therefore that ExeA, which also
contains a consensus ATP-binding site, provides the continuing source of energy
for extracellular export, through the hydrolysis of ATP. Another possibility is that
ExeA may maintain the exoproteins in a trans'ocation competent state and derive
the energy for this by binding to and hydrolyzing ATP. The absence of

recognizable signal sequences in the ExeA and ExeB proteins, their largely

hydrophilic and the of the ATP-binding site in
ExeA all suggest that the proteins function on the cytoplasmic side of the inner
membrane. It is therefore possible that the recognition step for the extracellular

export of exotoxins begins in the cytoplasm.
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4.7 In the exeAB mutants, the ExeC-N apparatus is most likely assembled but

not functional

Although the evidence shown here demonstrates that both exeA and exeB
are required for extracellular secretion, little is known about their role in this

process. Two ibiliti ible with ylation events that may be

catalyzed by ExeA are; (1) involvement of these proteins in the regulation of
other exe(C-N) genes that make up the terminal segments of the general
secretion pathway, and (2) direct involvement of these proteins in the secretion
process. Indeed, the fact that a 11 kb fragment which complements the mutation
in L1.97 strain also partially complemented the mutation in C5.84, suggested the
tvio were possibly related in a regulatory manner (Jiang and Howard, 1991). One
can argue against this first possibility based on the observations that the
mutations in the two exe operons have very distinct phenotypes. Strain L1.97,
which was obtained by transposon insertion into exeE, and three marker
exchange mutants in exeC, exeE and exeK, all resulted in an outer membrane
with a reduction in the major porins, and in addition rendered the cells osmotically
fragile (Jiang and Howard, 1991; Howard et al, 1993). In contrast, the Tn5-751
insertion mutant into exeA, or the marker exchange mutants of exeA and exeB
created in this study, had no effect on the outer membrane protein composition
nor rendered the cells osmotically fragile. This makes it unlikely that the
mutations in the exeAB genes are in fact simply preventing the expression of the
exeC-N operon. With respect to a direct role for ExeA and ExeB in secretion, the
differences in the mutant phenotypes would also suggest that these proteins may

not be involved in the of the ExeC-N i tus, since if this

was true, the membrane effects typical of exeC-N mutations would be expected.
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It is therefore most likely that in the exeAB mutants, the ExeC-N apparatus is
assembled but not functional, either because the exoproteins cannot move
through the apparatus, or because they do not reach it in the absence of ExeAB.
Since, as discussed above, ExeA and B probably function in the cytoplasmic

compartment, an attractive hypothesis would be that these proteins guide

proteins to functional ion ports in the

4.8 Future research

Future research goals should include; (1) localization of both ExeA and
ExeB within the cell by producing antibodies and immunoblsiiing fractionated
cells, (2) investigation of the requirement for the putative ATP-binding site of
ExeA in protein translocation by site specific mutagenesis of the ATP-binding
site, followed by incorporation of the mutations into the wild type by homologous
recombination, (3) study the individual functions of these genes by using a
system that does not show polarity effects, such as inframe deletions, and (4)
examination of the interaction between these two proteins and between these

and exoproteins such as ysin or the previously identified exeC-N gene

products. These experiments would include cross linking and co-stabilization

studies, and further mutant isolation.
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