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ABSTRACT

Aeromonas hydrophila secretes the hemolytic toxin aerolysin using the general
secretion pathway (GSP). A number of different approaches were taken to learn more
about this process. The aerolysin structural gene was cloned into Escherichia coli,
Aeromonas salmonicida, and a marine Vibrio spp. It was expressed in all three bacteria,
but only A. salmonicida and the Vibrio spp. were able to secrete it. The precursor form of
the toxin, proaerolysin, could be detected in the periplasm in both these bacteria. In
addition, the protoxin accumulated in the periplasm of E. coli and pleiotropic secretion
mutants of the Vibrio spp. These observations support earlier proposals that proteins
secreted via the GSP transiently enter the periplasm before crossing the outer membrane.

Site-directed mutagenesis was used to change Trp227 in proaerolysin to a Leu,
Gly, or Phe. Secretion of all three mutant proteins by A. salmonicida was reduced, and the
Leu227 and Gly227 forms became trapped in ihe outer membrane. Trapped Leu227 was
sensitive to trypsin while purified Leu227 was as resistant as wild type, perhaps a sign of
unfolding during secretion. These results suggest that the Trp at position 227 is important
in secretion.

Fusions made between aerolysin and the E. coli periplasmic protein alkaline
phosphatase (PhoA) were degraded to PhoA alone in the periplasms of both E. coli and A.
salmonicida. The resulting PhoA was subsequently shown to be secreted by the
Aeromonas spp. GSP when the pH of the medium was above 7.5, likely as a dimer. This
would support earlier reports that GSP proteins can be secreted across the outer membrane
in highly folded conformations.

Proaerolysin was prevented from leaving the periplasm of A. salmonicida by
treating the cells with CCCP. The pool of protoxin was secreted when the cells were

transferred into fresh media lacking the uncoupler. A similar effect was obtained by
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reducing the pH of the medium. These results demonstrated for the first time that a proton

motive force is required for the translocation of a GSP protein across the outer membrane.
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INTRODUCTION

While most proteins are found inside the cell, a number are released from the cell to
function extracellularly. These include antibodies, hormones, and structural proteins like
keratin which are released by eukaryotic cells. Bacteria secrete proteins to help obtain
nutrients, avoid host defense systems and attach to host cells. Translocation machinery has
been found which identifies proteins that are to be secreted and that selectively moves them
across cellular membranes. Secreted proteins of eukaryotic cells first enter the endoplasmic
reticulum (ER). There, transport vesicles are formed which are successively directed to the
Golgi apparatus and the plasma membrane in a series of endo- and exocytotic steps.
Prokaryotic cells have no ER or Golgi apparatus, and export proteins directly across the
cytoplasmic membrane. In the case of Gram-negative bacteria, the outer membrane must
also be crossed for release into the extracellular milieu. This thesis deals with the process

of protein secretion across the outer membrane.

Export of proteins across the prokaryote cytoplasmic and eukaryote
endoplasmic reticulum membranes

The initial steps in eukaryotic and prokaryotic secretion are similar. Signals found
within the amino acid sequence of secreted proteins direct them to the export machinery,
which is located in the cytoplasmic membrane of prokaryotes and the ER membrane of
eukaryotes. While the ER membrane is the site for phospholipid biosynthesis and the
modification of secreted proteins (Bishop and Bell, 1985), the bacterial inner membrane
also contains all the enzymes required for energy transduction and oxidative
phosphorylation in the cell (Cronan et al., 1987). The lipid composition of the two
membranes also differs considerably. The ER membrane is mainly composed of
phosphatidylcholine (PC), as well as smaller amounts of other phospholipids and

cholesterol (Jain and Wagner, 1980). in contrast, phosphatidylethanolamine is the major
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lipid which makes up the bacterial inner membtrane. No PC or cholesterol are found in this
bilayer, bui phosphatidylglycerol (PG) and diphosphatidylglycerol are two lipids typically
found in bacterial cytoplasmic membranes (Burnell et al., 1980). In spite of the differences
in lipid composition of the two membranes, both utilize similar mechanisms for
transporting proteins. The similarities and differences between these two translocation

processes are outlined below.

1. Export in eukaryctes
A) The signal sequence

George Palade and his co-workers first determined that eukaryotic secreted proteins
are translated on ribosomes that are attached to the ER membrane (reviewed in Palade,
1975). They postulated that there must be a signal which directs secreted proteins to the
ER membrane. Support for this came from the work of Milstein et al. (1972) who
discovered that the IgG1 molecule which was translated in cell-free in vitro systems was
larger in size than secreted IgG1. Peptide analysis of the larger molecule showed that the
N-terminus had an extra 15-20 amino acids (Schechter et al., 1974). The rest of the
molecule was indistinguishable from secreted IgG, suggesting that the in vitro product was
a precursor. The authors proposed that this extra region at the N-terminus could be a
secretion signal. In another study, polysomes detached from rough microsomes containing
partially synthesized IgG1 chains were isolated and the synthesis of the nascent chains
completed in vitro (Blobel and Dobberstein, 1975). The resulting products were a mixture
of the larger precursor and the secreted form of IgG1. This indicated that the putative
signal was removed from the nascent polypeptide chain before translation had been
completed. This led to the following 'signal hypothesis' (Biobel and Dobberstein, 1975).
Translation of the N-terminal region of secreted proteins would expose a secretion signal

sequence on the surface of the messenger RNA-ribosome polysome complex. This




sequence could then direct the polysome to the ER membrane, perhaps to a location
containing a channel. As the polypeptide continued to grow, it would travel through the
ribosome, across the channel and into the lumen of the ER. The signal would be
proteolytically cleaved during translocation, and when the protein i:ad been completely
transferred, the polysome would dissociate from the ER membrane. Over time, this
scheme has been shown to be correct, and many of the components of the system have
been identified.

The N-terminal signal sequences of many proteins have now been identified and
compared (von Heijne, 1990). Although they vary in size from 15-30 amino acids and
share little or no homology, they all contain regions with similar characteristics. In
eukaryotic proteins, their N-termini normally contain 1-2 basic amino acids, followed by a
stretch of hydrophobic amino acids of varying length. Only small amino acids (Ala or Ser)
are found at the -1 position (on the N-terminal side of the cleavage site), while the -3
position always contains a non-polar residue other than proline (von Heijne, 1983).
Bacterial signal sequences have similar characteristics and indeed have been found to be
interchangeable with eukaryotic signal sequences (Talmadge et al., 1980). Due to the ease
with which bacterial DNA can be manipulated, more studies with prokaryote signal

sequences have been carried out (See section on prokaryotic signal sequences below).

B) The signal recognition particle

As the signal sequence is exposed to the cytoplasm during translation, it is
recognized by an 11S complex composed of 6 polypeptides (molecular masses of 9, 14,
19, 54, 68 and 72 kDa; Walter and Blobel, 1980), and a 7S RNA molecule (Walter and
Blobel, 1982). This complex is known as the signal recognition particle (SRP). Walter
and Blobel (1981) showed that SRP binds specifically to the signal sequence and

subsequently arrests iranslation of the nascent polypeptide chain. They suggested that this
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would give the polysome time to move to the secretion components in the ER membrane so
that the growing peptide could be exported co-translationally.

Walter and Blobel (1983) also found that the SRP complex could be dissociated
into its components with ethylenediaminetetraacetic acid (EDTA). The 54 kDa (SRP54)
and 19 kDa proteins were isolated as monomers while the 9/14 kDa and 68/72 kDa proteins
were heterodimers (Walter and Blobel, 1983). Siegel and Walter (1988) showed that the
7S RNA could be reconstituted into an active SRP complex when mixed with the six
peptides in the presence of Mgz*. They also showed that the RNA was required as the
backbone of the complex and that the peptides associated with the complex in a specific
order. Exploiting the ability to reconstitute fully active SRP ir vitro, they modified each of
the proteins separately with N-ethylmaleimide (NEM) alkylation before placing them back
in the complex. They found that when SRP54 was modified, the SRP cou d no longer
recognize and bind to the signal sequence of the nascent polypeptide chain. Further
support for a role for SRP54 in signal recognition came from the work of Kurzchalia et al.
(1986) who were able to cross-link the signal sequence of a nascent peptide chain to
SRP54. If SRP54 were proteolytically cleaved into two halves using V8 protease, the C-
terminal fragment was found to bind to a signal sequence when the SRP was reconstituted
(Zopf et al., 1990). Sequencing of SRP54 revealed that this fragment contains a
methionine-rich domain which was proposed to be responsible for recognizing the signal
sequence and binding to the 7S RNA (Bernstein et al., 1989). The N-terminal fragment
was found to contain a putative GTP-binding site, suggesting that GTP may play a role in
signal sequence recognition.

Alkylation of the 9 kDa polypeptide did not prevent the formation of the 9/14 kDa
heterodimer, but blocked the translational arrest normally observed (Siegel and Walter,
1988). However, SRP-complexes reconstituted with the modified 9/14 kDa heterodimer

were able to bind to the signal sequence, allowed translation and were functional in
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microsome translocation assays. Translational arrest does not then appear to be necessary
for export across the ER membrane in vitro, but it is not known if the same is true in vivo.
Maodification of the 72 kDa protein did not inhibit the formation of the 68/72 heterodimer.
However, SRP-complexes formed with this modified protein were not directed to
microsomal membranes. This has been shown to be due to their inability to interact with
the signal recognition particle receptor on the endoplasmic reticulum (See section (c)
below). Finally, modification of the 19 kDa protein resulted in fully functional SRP
complexes. It had been proposed earlier that the 19 kDa peptide was required for SRP54 to
properly attach to the 7S RNA (Walter and Blobel, 1983). When the complete SRP
complex was treated with NEM, the alkylation sites of the various proteins were protected
from modification, and a fully functional SRP complex was maintained (Siegel and Walter,

1988).

C) The SRP and the endoplasmic reticulum membrane

The polysome complex is directed to a specific receptor on the ER membrane by the
SRP 68/72 heterodimer. This SRP receptor, originally known as "docking protein"
(Meyer et al., 1982), was shown fo be associated with the membrane by treatment of
microsomes with elastase. A ¢ Da fragment of a 72 kDa ER membrane protein was
released, preventing removal of the translational block caused by SRP. Addition of the 60
kDa fragment released the translational block. Gilmore et al. (1982) disputed this finding,
claiming that the portion of the 72 kDa protein bound to the elastase-treated microsomes
was also necessary to remove translational arrest, and they confirmed that the 60 kDa
preparations used by Meyer et al. (1982) did in fact contain fragments of microsomal
membranes. Cloning and sequencing of the gene for the proposed SRP receptor (SRa) led
to a predicted molecular mass of 69.7 kDa (Lauffer et al., 1985). The protein consists of a

large 52 kDa cytoplasmic domain, with one or two membrane-spanning domains located at
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the N-terminus. The SRP recéptor was later found to contain a second subunit. When the
SRa protein was purified on affinity columns using monoclonals to SRa, a 30 kDa protein
(SRP) was copurified (Tajima et al., 1986). Furthermore, when SR was purified using
monoclonal antibodies against SRB, SRa was also found in the eluted fractions. While
SRa is known to interact directly with the SRP, a function for SRPB has not yet been
found.

GTP binding sites similar to the one identified in SRP54 have been found in both
SRa and SRB. Connolly and Gilmore (1989) have shown that release of SRP from the
signal sequence requires GTP after the SRP-complex has bound to the SRP receptor. In
the absence of GTP, SRP has been found associated with microsomal membranes in in
vitro assays. Dissociation appears to be dependent cn binding of the SRP complex to
SRa, but it is not clear which of the three GTP-binding sites is necessary for this step.
The initial step of binding to SRa has been shown to require functional GTP binding sites
in both SRa (Rapiejko and Gilmcre, 1992) and SRP54 (Zopf et al., 1993). The GTP
hydrolysis activity of both of these GTP binding sites increases by 40-fold when SRP54 is
bound to SRa, raising the possibility that there is a cooperative effect between the two

(Connolly and Gilmore, 1993).

D) A protein translocation channel

The steps following dissociation of SRP from the signal sequence remain unclear.
There have been two theories about the fate of the signal sequence once the translational
arrest has been lifted. It either enters the lipid bilayer itself or it is directed to a channel
which crosses the ER membrane. Gierasch (1988) pzrformed studies which indicated that
the signal sequence could change its conformation from p-sheet under aqueous conditions,
to a-helix under non-polar conditions. Since membrane spanning domains typically adopt

a-helical conformations, this suggested that the signal might be able to enter the ER




membrane spontaneously by changing its conformation at the aqueous/lipid interface (de
Vrije et al., 1990). The other possibility, that the nascent peptide chain was directed to a
pore in the ER membrane that is large enough for proteins to pass through, has been
supported by recent evidence. Simon and Blobel (1991) identified potential protein
channels in the ER membrane by fusing rough microsomes of pancreatic ER to planar lipid
bilayers. Initially, a small number of channels with conductances of 60-120 picosiemens
(pS) were found. These would be large enough to allow proteins to pass through.
However, the number of putative pores, relative to the number of ribosomes observed on
the rough ER, was calculated to be extremely small. The experiment was repeated in the
presence of puromycin in an attempt to remove any nascent peptide chains which might be
blocking the channels. Under these conditions, many more channels large enough to
conduct proteins were observed. |

Further evidence for the existence of protein-conducting channels was obtained
using fluorescent probes which were incorporated into the preprolactin signal peptide
(Crowley et al., 1993). Since the fluorescent lifetime and emission maximum of the probes
used differed in aqueous and non-polar environments, the authors were able to determine
the nature of the environment through which the signal sequence travelled during its
translocation across the ER membrane. It was found that the signal sequence was always
in an aqueous environment, further supporting the existence of a protein channel, and
arguing against the theory that the signal sequence directly enters the membrane. Further,
Simon and Blobel (1991) found that the protein-conducting channels could be detected in
artificial bilayers of widely different phospholipid compositions. Insertion of the signal
sequence into a bilayer would be expected to depend on the properties of the bilayer, as
Batenburg et al. (1988) suggested that the positively charged signal sequence should

preferentially interact with negatively charged phospholipids.
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Simon and Blobel (1991) also found that the channels could be closed when the salt
concentration was high enough to dissociate the ribosomes from the lipid bilayer. This
suggested that ribosome binding to the ER membrane was required for opening the
channels, while dissociation from the membrane closed the channels. This implied that
translocation must occur co-translationally, possibly with the ribosome powering the
translocation process by coupling it with the elongation of the polypeptide. Observations
that smazil proteins (less than 100 amino acids long) could be translocated across
microsomes post-iranslationally in vitro in the presence of ATP and independent of the
SRP did not support this conclusion (Schlenstedt and Zimmerman, 1987; Schlenstedt et
al., 1990). However, it now appears that such small proteins can be transported across the
ER membrane with the help of membrane proteins known as ABC (ATP-binding cassette)
transporters without the need for a signal sequence (Click et al., 1992). Recent cross-
linking studies suggest that sec61p and TRAM (see below) may play a role in this export
pathway as well as in signal sequence mediated export (Klappa et al., 1994).

To prevent the indiscriminate flow of ions from the cytoplasm io the ER it was
predicted that ribosomes must form a tight seal around the channel. To test this,
experiments were done by Crowley et al. (1993) to see if ribosomes prevented iodide ions
from entering the channels from the cytoplasmic face of the ER membrane. They reasoned
that iodide ions would quench the fluorescent probes incorporated into the signal sequences
if they could gain access to the channels during translocation of the signal peptides. No
quenching of the probes was observed, demonstrating that the ribosomes did form a seal
with the channel which excluded the iodide ions.

While the complete composition of the protein-conducting pores has not been
established, a number of likely components have been identified. Incorporation of
photoreactive aminc acid analogues into the signal sequences of nascent peptide chains was

used to identify proteins which were close enough to the signal to cross-link to and which



may interact with: :ho sigaai atter its release by SRP (Krieg et al., 1989; Wiedmann et al.,
1987). Twe zlycuproteins were identified in this manner. The first, which was cross-
linked with lozi;er nascent peptide chains, was termed signal sequence receptor (SSRa)
and has now been shown to be part of a heterotetramer (Gorlich et al., 1990; Rapoport
1992). The majority of shorter peptide chains cross-linked with a 35 kDa glycoprotein,
termed translocating chain-associating membrane protein (TRAM; Gorlich et al., 1992a).
The potential importance of these glycoproteins was demonstrated by Nicchitta and Blobel
(1990) who found that rough microsome vesicles, reconstituted from microsomal extracts
depleted of glycoproteins by being passed through a concanavalin-Sepharose column,
could not translocate in vitro-synthesized peptides. Gorlich and Rapoport (1993) further
dissected the requirements for protein export by reconstituting transport-active
proteoliposomes from pure phospholipids and purified ER membrane proteins. They
found that the only components needed for translocation activity were SRa, SR and a
novel complex composed of a non-glycosylated protein (Sec61p; Gorlich et al., 1992b) and
two smaller polypeptides, Sec61-f and Sec61-y (Hartmann et al., 1994). While TRAM
was required for transport of some proteins, for others it only stimulated translocation.
The SSR complex was not required for transport of any of the proteins tested. However,
in other studies, monoclonal antibodies made against SSRa have been shown to inhibit
protein translocation (Hartmann et al., 1989), suggesting that SSRa. plays somie role in the
export of proteins, although it may not be absolutely required. These results have led to the
theory that SEC61p and the two smaller polypeptides make up the protein-conducting
channels, and that TRAM is also associated in some manner (Gilmore, 1993).

As the peptide enters the lumenal side of the channel, its signal peptide is cleaved by
signal peptidase. Signal peptidase is not required in proteoliposomes to reconstitute the
translocation process, so it does not appear to be necessary for export (Gorlich et al.,

1992b). It remains to be seen if the signal sequence is passed onto a specific receptor in the
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transiocation channel once the SRP is released. It is also not clear how the signal peptide is

directed to the signai peptidase as it enters into the ER lumen.

2. Export in Gram-negative bacteria
A) The signal sequence

The export of proteins across the bacterial cytoplasmic membrane is similar to
export of proteins across the ER membrane. A signal sequence is required to direct the
protein to the export machinery. The bacterial signal sequence is composed of the same
three domains as eukaryote signal sequences: i) an N-region containing at least one basic
amino acid residue, ii) a central hydrophobic region (H-region) and iii) a C-region
containing a cleavage site which follows the same -1, -3 rule as eukaryotic signals (see
above and von Heijne, 1984). Prokaryotic proteins typically have an extra basic amino
acid residue in the N-region. This may be because the free amino group in the eukaryote
initiator methionine residue could act as an extra positive charge. This methionine is
formylated, and thus uncharged, in prokaryotes (von Heijne, 1984).

The relative ease of producing and screening mutants in prokaryotes has led to a
large number of studies of the essential components of the signal sequence. In early
experiments, a fusion protein was made between the maltose binding protein (malE) signal
sequence and B-galactosidase (lacZ) of Escherichia coli (Bassford and Beckwith, 1979).
This protein was unable to cross the E. coli inner membrane due to the inability of the §-
galactosidase to adopt a translocation-competent conformation. Consequently, the fusion |
protein became trapped in the membrane, resulting in an inactive p-galactosidase.
However, spontaneous mutants were isolated which showed LacZ activity, indicating that
the fusion protein was located in the cytoplasm (Bassford and Beckwith, 1979). It was
found that in each of these mutants the signal ‘sequence had been modified and that a

charged amino acid had replaced a hydrophobic or uncharged residue in the H-region
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(Bedouelle et al., 1930). Thus the mutations in this region prevented the fusion protein
from entering the export pathway. The mutant malE signal sequences were subsequently
recloried into wild type #:alE, resulting in the accumulation of MalE precursors in the
cytoplasin (Bedouelle et al., 1980). Similarly, mutants of the A receptor protein (LamB)
which could not bz exported also contained substitutions of uncharged amino acids with
charged residues in the H-region (Emr et al., 1980). Mutants with complete deletions in
the LamB H-region were also found. In the studies of both Emr et al. (1980) and
Bedouelle et al. (1980), no mutations were observed in the N- or C-regions, suggesting
that the H-region is the most imbortant region of the signal sequence.

Results similar to those found with the MalE-LacZ fusion proteins were obtained
using alkaline phosphatase (phoA)-lacZ fusions, with substitution of leucine residues by
glutamine or arginine resulting in cytoplasmic accumulation of the fusion protein (Michaelis
et al,, 1983). Replacing 10 a.aino acids within the H-region of the E. coli PhoA signal
with 9 leucine residues resulted in a fully functional signal sequence (Kendall et al., 1986)
but placing a serine residue in the middle of the polyleucine H-region diminished the export
efficiency of the signal. Full translocation activity was also observed when the PhoA H-
region was replaced with a polyisoleucine segment of 10-15 residues (Kendall and Kaiser,
1988). Replacement with polyvaline segments resulted in decreased export efficiency,
while polyalanine replacement resulted in an almost nonfunctional signal peptide (Chou and
Kendall, 1990). It was pointed out that polyleucine and polyalanine peptides would
normally assume a-helical conformations while polyvaline and polyisoleucine peptides
should assume fB-sheet conformations. Thus the replacement results suggested that overall
hydrophobicity, and not secondary structure, was the most important determinant of a
signal sequence. This is not supported by spectroscopic studies of native H-regions,

which have suggested that they do forn stable a-helical structures, and that the secondary

structure of this region is critical in its functioning in the translocation process { Bruch et al.,
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1989). It remains to be seen how large a role secondary structure plsys in signal sequence
function.

A series of mutants which contained H-regions composed of alanines and leucines
was used to demonstrate that incremental changes in the hydrophobicity could affect protein
export (Doud et al., 1993). At ratios of alénine to leucine of less than 3:7 in the H-region,
the signal peptide functioned efficiently. As more alanines replaced leucines in this region,
the translocation efficiency decreased in a non-linear fashion. A polyleucine hydrophobic
region was also able to increase the efficiency of a PhoA mutant which had been made
export-deficient by placing 6 serine residues at the N-terminus (Rusch and Kendall, 1994).
Export efficiency was greater than that observed for wild type PhoA and intriguingly, the
PhoA construct became insensitive to disruption of the proton motive force (see below).
The authors suggested that it may be possible to optimize the composition of the signal
peptide for export of foreign proteins in E. coli by altering their hydrophobicity.

The role of the positively charged residues in the N-region hés been less clearly
defined. In vivo studies of mutants of the major E. coli lipoprotein in which positively
charged amino acids were replaced with negatively charged residues showed a loss of
export activity (Vlasuk et al., 1983). However, replacement of the basic residues with
neutral amino acids did not result in the accumulation of the lipoprotein precursor (Vlasuk
et al., 1983). A similar change in the E. coli porin PhoE N-region also had no effect on its
export (Bosch et al., 1989). These results contrast with in vitro studies which showed a
loss of export activity for the E. coli porin protein OmpF when the N-region basic residues
were replaced with either acidic or neutral amino acids (Sasaki et al., 1990). It may be that
a component lacking in the in vitro system was able to compensate for the decreased
positive charge. There are aiso results which implicate the positive charges in interactions

with one of the Sec proteins (see the section on SecA below).
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Regions outside of the signal sequence, close to the signal peptidase cleavage site,
have also been implicated in protein export. Placement of 6 lysines within the first 30
residues of mature signal peptidase led to a block in its translocation while their placement
elsewhere in the mature protein had no effect (Andersson and von Heijne, 1990). It was
also observed that export of the cytoplasmic protein chicken muscle triosephosphate
isomerase was possible in E. coli when it was fused to the signal sequence and the first 14

amino acids of B-lactamase (Summers and Knowles, 1989). Fusion of the signal sequence

alone did not result in an export-competent protein.

B) SecB

Prokaryote signal sequences appear to keep nascent peptides in unfolded
conformations. Chaperones have been shown to bind to »nfolded proteins, and either
prevent the folding or direct them to the translocation machinery located in the inner
membrane. The cytoplasmic protein SecB appears to be such a chaperone. Mutations to
secB result in a block in the export of a group of outer membrane and periplasmic proteins,
although other proteins are exported normally. Thus MBP (maltose binding protein),
OmpF and LamB are not translocated in secB- mutants, but alkaline phosphatase and
ribose-binding protein are (Kumamoto and Beckwith, 1985).

The secB gene was shown to encode a 17 kDa polypeptide which interacts with

other proteins as a tetramer (Collier et al., 1988). Studies following the denaturation of
MBP with guaridinium hydrochloride and its subsequent refolding in the presence of SecB
using tryptophan fluorescence revealed that the presence of a signal sequence increased the
relaxation time of the refolding step (Park et al., 1988). The MBP signal sequence was not
found to bind SecB itself, but it was able to keep the rest of the protein in a conformation
that exposed other sites which could bind SecB (Randall et al., 1990). In agreement with

this were studies using fusions of MBP to PhoA. While the signal sequence of MBP alone
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was unable to confer SecB-dependent export on PhoA, if the N-terminal third of the mature
protein were also fused to PhoA, the fusion protein became dependent on SecB for export
(Gannon et al., 1989). This suggested that a region of the mature protein binds to SecB.
Others have made similar observations. Maclntyre et al. (1991) have found that tail fibre
protein of phage T4, which is normally not exported, can compete for SecB binding when
fused to the OmpA leader sequence. A region of mature LamB that maps to amino acids
320-380 was shown to be able to interfere with export of other SecB dependent proteins
(Altman et al., 1990a). The interference by this region could be increased by fusing itto a
signal sequence. The signal sequence likely orevents the interfering peptide from folding,
allowing the SecB binding sites to be exposed for a longer period of time and allowing a
greater number of SecB tetramers to bind (Altman et al., 1990b). Co-immunoprecipitation
of SecB with either prePhoE or mature PhoE using a-SecB monoclonal antibodies has also
been observed (de Cock et al., 1992). When portions of the mature region of PhoE are
deleted, co-immunoprecipitation still occurs, although at reduced efficiency. These results
demonstrated that SecB recognizes and binds to the mature region of the targeted protein
and in the case of PhoE, at more than one site. Recent results which show that a leaderless
MBP and PhoA protein could be exported in secY mutants (see section on SecY and SecE
below) of E. coli, albeit at 30% of the wild-type efficiency, suggest that the signal sequence
is not essential in the prokaryotic export process (Derman et al., 1993). However, it was
found that SecB was absolutely required for export of both these leaderless proteins, even
though PhoA normally does not require SecB for export. The authors suggested that the
absence of the signal sequence changed the timing of PhoA folding so that SecB became
necessary to keep it in an export-competent conformation.

The SecB tetramer has a number of negatively charged areas on its surface which
are thought to be able to bind positively charged peptides. Once these sites have been

occupied, a conformational change has been observed which exposes hydrophobic sites
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(Randall, 1992). These sites may interact with other regions on the target protein or they
may interact with another component of the export machinery.

The results discussed here have led to the theory that SecB will bind to any protein
in a non-native conformation, and that binding is dependent on how quickly a protein will
fold into its mature conformation (Hardy and Randall, 1991). The presence of a signal
sequence appears to slow the rate of refolding, allowing SecB to bind to sites within the
mature region of the protein. While it was initialiy thought that SecB binding keeps a
protein in an export-competent conformation, recent evidence suggests that this is not the
case with prePhoE (de Cock and Tommassen, 1992). These studies, which were done in
vitro, showed that the functional half-life of transport competent PhoE was 14 rﬁin with or
without SecB. It is not clear if these results are significant in vivo. It has also been
reported that SecB prevents the aggregation of proOmpA in its translocation-competent
conformation (Lecker et al., 1990). Intermediate conformatior:s may expose hydrophobic
regions normally hidden in the mature form of the protein. which could lead to protein
aggregation if they were not shielded from each other. ¥ +ily, SecB has been shown to
interact with another component of the export machiner+, SecA (Hartl et al., 1990),

indicating that it can direct exported proteins to the next step in the export process.

C) Other potential chaperones

Other chaperone proteins have been shown to keep preproteins in an unfolded
conformation in a similar way to SecB. These include the heat shock proteins DnaJ and
DnaK (Hendrick et al., 1993), GroEL (Lecker et al., 1989), and trigger factor (Crooke et
al., 1988; Kusters et al.,, 1989). GroEL is the main protein that can be cross-linked to pre-
B-lactamase as it comes off the ribosome (Bochkareva et al., 1988) but there has been no
evidence that it is necessary for its export. Neither DnaK nor GroEL alone is able to rescue

the export defect of SecB" cells, but initiation of the heat shock response does restore partial
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translocation activity (Altman et al., 1991). The translocation of PhoA, a SecB independent
protein, is inhibited in dnaJ-/dnaK- double mutants. Finally, overproduction of Dnaj and
DnaK was able to restore partial export activity of secB mutants (Wild et al., 1992). Thus,
it looks like heat shock chaperone pfoteins can substitute for SecB under certain conditions.
Since the signal sequences of eukaryotes and prokaryotes are interchangeable, it has
been argued that there must be an SRP-like homologue in prokaryotes which interacts
directly with the signal peptide. The sequence of an E. coli gene (ffh) shows a high degree
of homology with SRP54, and a 4.5S RNA encoded by the ffs gene shares a conserved
domain with the 7S RNA of SRP (Poritz et al., 1990). The ffi gene product (Ffh) has
been shown to interact with eukaryotic 7S RNA as well as with E. coli 4.5 S RNA
(Phillips and Silhavy, 1992) 2nd an Ffh/4.5S RNA complex could be cross-linked with
signal sequences which had photoreactive groups incorporated in them (Luirink et al.,
1992). As well, mutations to either ffk or jfs resulted in decreased export of B-lactamase in
E. coli (Luirink et al., 1992). On the basis of these results it would appear that an essential
SRP-like complex also exists in E. coli which is required for protein export. However, the
in vitro translocation of proOmpA has been reconstituted using purified proteins, and
neither Ffh nor the 4.5S RNA was required for efficient transport (Brundage et al., 1990).
While this would appear to rule out a role for an SRP-like complex in bacterial export,
some groups still maintain that Ffh and the 4.5S RNA must play a role in translocation.
Recently, Miller et al. (1994) found that an Ffh/4.5S RNA complex can bind to an E. coli
protein, FtsY, which is related to SRa. They found that this interaction was dependent on
GTP, activating a GTPase activity similar to that observed in the interaction between SRP
and SRa (Connolly and Gilmore, 1989). It has been suggested that the bacterial SRP
complex could bind to the signal sequence before SecB binds to a precursor protein, but

this remains to be proven (Luirink and Dobberstein, 1994).
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D) Insertion of the signal peptide into membranes

As with eukaryotes, bacterial signal peptides have been proposed to enter bilayers
by themselves or to be directed to pores in the inner membrane to initiate the translocation
process. Early evidence that signal peptides were able to insert into phospholipid
monolayers led to the idea that insertion was required for export (Briggs et al., 1986).
Addition of PhoE signal peptides to bilayer membranes caused changes in the 3'P-NMR
spectra of dioleoylphosphatidylglycerol and dioleoylphosphatidylethanolamine, producing
patterns resembling reversed hexagonal structures (Hy; Killian et al., 1990). Electron
microscopy of freeze-fractured samples supported this idea, as many concave structures
were observed on the bilayer surface. This suggested that leader sequences could cause
localized perturbations of lipid bilayers, resulting in movement of the protein across the
membrane. Since the signal peptide appeared to change conformation to an a-helix once it
had inseried into the membrane (Wang et al., 1993b) it was also proposed that a
conformational shift dragged the mature protein through the membrane. This was termed
the "unlooping mddel" (de Vrije et al., 1990). However, the discovery of large channels
able to conduct proteins across the inner membrane casts doubt on the relevance of these
earlier ideas (see below; Simon and Blobel, 1992). In addition, it has now been calculated
that the minimum number of signal peptides required to observe insertion of signal peptides
into the bilayers used by Briggs et al. (1986) would be equivalent to 60 000 signal peptides
per E. coli cell (Simon and Blobel, 1992). In contrast, Simon and Blobel (1992) found
that the equivalent of 120 peptides per E. coli cell is required to open their putative inner
membrane channels (see section on SecY and SecE below). This seems more reasonable
for a cell which has to adapt to changing environments and export outer membrane and
periplasmic proteins very quickly. Waiting for an accumulation of 60 000 molecules before

initiating export seems improbable.
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Earlier observations that negatively;charged phospholipids were required for the
insertion of signal peptides into lipid bilayers (Batenburg et al., 1988) led to studies
identifying a need for the negatively charged phospholipid PG in the translocation of
proteins across the E. coli inner membrane (de Vrije et al., 1988). It was originally
proposed that this might be due to an interaction between the basic amino acids in the N-
region of the signal peptide and negatively charged phospholipids in the bilayer. However,
it now appears that it may be SecA (one of the components of the export machinery; see
below) that requires PG. It is still possible that insertion of the signal peptide into the
membrane has a role in directing preproteins across the inner membrane in a PG-dependent
manner. A possible example is a protein which does not require SecA for translocation but
does require acidic phospholipids for export (Kusters et al., 1994). However, since this is
a viral protein, it is likely that this is a specialized case. It is also possible that insertion of
the signal peptide into a region of a bilayer adjacent to a translocation channel is required

for entry into the channel. However, no evidence for this has been found.

E) The Sec translocation machinery

A number of proteins in the inner membrane make up the translocation machinery.
These include the integral membrane proteins SecE, SecY, SecD and SecF, as well as the
peripheral membrane protein SecA. The sec genes are located at different locations on the
E. coli chromosome, with only secD and secF located together in an operon (Schatz and
Beckwith, 1990). Early experiments identified suppressor mutations which restored
translocation activity to LamB molecules containing altered signal sequences (Emr et al.,
1981). These mutations were mapped to three different loci, one of which was termed
prlA. Similar experiments located two other sites affecting protein export, which were
termed priD (Bankaitis and Bassford, 1985) and priG (Stader et al., 1989). All of these

loci have now been shown to contain at least one of the sec genes.
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i) SecA

The prID mutations were mapped to different sites within the secA gene (Fikes and
Bassford, 1989). Mutations to secA had been shown to cause the accumulation of PhoA,
LamB, OmpF and a malE-lacZ fusion protein in the E. coli cytoplasm (Oliver and
Beckwith, 1981). A 92 kDa protein which fractionates as a peripheral inner membrane
protein is encoded by secA (Oliver and Beckwith, 1982). It was observed that
translocation of proOmpA across E. coli inner membrane vesicles could be inhibited by
treatment of the vesicles with urea. Cytoplasmic extracts from an E. coli strain which
overproduces SecA could restore the translocation activity, as could purified SecA
(Cunningham et al., 1989). ProOmapA was shown to bind to the membrane vesicles by
itself, but translocation would only proceed if SecA had bound to the membrane first.

SecA has been shown to contain an ATPase activity which is required for protein
export (Lill et al., 1989). Using a photoreactive analogue of ATP it has been shown that
SecA is selectively released from inner membrane vesicles upon UV-irradiation. The
cross-linked SecA is unable to bind back to membranes to restore the translocation activity
suggesting that release of the nucleotide plays an important role in SecA function.
Breukink et al. (1992) found that binding to ATP also causes a conformational change in
SecA which results in the insertion of SecA into the bilayer. SecA dissociates from the
bilayer upon hydrolysis of the ATP and is able tb repeat this cycle with the release of ADP
(Breukink et al., 1992). This demonstrated that the ATPase activity is linked to the
translocation activity of SecA. These studies, as well as site-directed mutagenesis studies
of SecA, have identified both a high and low affinity ATP-binding domain (Mitchell and
Oliver, 1993).

Cunningham and Wickner (1989) found that signal peptides can compete with

proOmpaA for binding sites on SecA, leading to speculation that SecA interacts with the
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signal sequence. This inhibition by signal peptide competition has been found to occur
early in the translocation process, and is not seen at later stages of export. Cross-linking
studies revealed that OmpF which contained an uncleavable leader peptide would cross-link
with SecA whereas mature OmpF would not (Akita et al., 1990). The interaction was
enhanced as the number of basic residues in the leader sequence was increased, suggesting
that the positively charged residues in the signal sequence were required for recognition and
interaction with SecA. Cross-linking of different regions of SecA with proOmpF also
identified an area close to, but distinct from the ATP binding site, which bound to
proOmpF (Kimura et al., 1991). While signal peptides alone were unable to stabilize a
membrane bound SecA complex, Lill et al. (1990) demonstrated that addition of mature
OmpaA along with the signal peptides did. This suggested that regions within the mature
region of secreted proteins could stabilize the interaction between SecA and the membrane.

The ATPase activity of SecA has also been found to be stimulated by the acidic
phospholipids PG and cardiolipin and by the integral membrane protein SecY (Lill et al.,
1990). Liposomes which lacked PG were unable to bind with SecA, but fusion with
liposomes containing PG restored the translocation competency (Hendrick and Wickner,
1991). Reduced efficiency of translocation due to decreased amounts of negatively charged
phospholipids in the membrane could be reversed by the addition of elevated amounts of
cytosolic SecA (Kusters et al., 1992). Insertion of SecA into the inner membrane has been
shown to be the step which requires acidic phospholipids (Ulbrandt et al., 1992). This
appears to be the cause of the effect noted earlier, which had led to the conclusion that
signal peptides required acidic phospholipids for their insertion into the membrane as the
first step of protein export (see above; de Vrije et al., 1988). Interaction with PG or
cardiolipin, as well as with signal peptides, causes a change in the conformation of SecA,
as it becomes more sensitive to proteolytic digestion in their presence but not in the

presence of phosphatidylethanloamine (Shinkai et al., 1991).
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It has been postulated that after dissociation, SecA may reassociate with the
presecretory preprotein further along its C-terminus upon binding of another ATP molecule
(Breukink et al., 1992). This cycle of events could repeat until the protein has completely
moved across the inner membrane. Arkowitz and Wickner (1994) have shown that
saturating concentrations of ATP in in vitro translocation assays allow for the complete
SecA dependent translocation of proOmpA across membrane vesicles. Inactivation of
SecA after the proOmpA protein has partially translocated across the membrane leads to
reversal of the translocation process. Addition of SecA and ATP halted reversal but it was
not inhibited by the addition of excess signal peptides (Schiebel et al., 1991). This
indicated that SecA is able to promote export at later stages of the translocation process by

binding to sites other than the signal sequence.

ii) SecY and SecE

As mentioned above, an interaction of SecA with SecY regulates its ATPase activity
(Lill et al., 1990). The secY gene was mapped to the original prlA export mutation (Emr et
al., 1980). SecY is a 30 kDa integral membrane protein which has been shown to contain
10 transmembrane segments, with 6 cytoplasmically exposed and 5 periplasmically
exposed regions (Akiyama and Ito, 1987). Both the N- and C-termini of the protein were
predicted to be exposed on the cytoplasmic side of the membrane. Antibodies made to
SecY were used to disrupt the translocation of LamB and MBP. Neither of the preproteins
was able to bind to the membrane when plasma membrane vesicles were first treated with
a-SecY antibodies (Watanabe and Blobel, 1989). Antibodies specific to both the N- and
C-termini of SecY were found to disrupt in vitro translocation of OmpF across
proteoliposomes, confirming that both termini are exposed to the cytoplasm (Tokuda et al.,
1990). SecY was found to interact with a second integral membrane protein, SecE (Bieker

and Silhavy, 1990). SecE is a 13.6 kDa protein which crosses the membrane 3 times
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(Schatz et al., 1989). The overproduction of SecE using a plasmid-encoded promoter
results in the overproduction of SecY, suggesting the two are closely regulated together
(Matsuyama et al., 1990).

Genetic studies using mutants of secE indicate that SecE interacts with SecY in the
membrane to form a stable translocator complex (Bieker and Silhavy, 1990). Both SecY
and SecE were found to be required for reconstitution of SecA ATPase-dependent
translocation in vitro (Brundage et al., 1990). These two components were shown to form
a complex in the inner membrane with a third component cailed band 1 (Brundage et al.,
1992). All three of these proteins were co-precipitated from translocation-active
membranes using a-SecY antibodies. These antibodies could also prevent the binding of
SecA to inner membrane vesicles, suggesting that a SecY/SecE complex acts as a receptor
for SecA (Hartl et al., 1990). Further evidence for this interaction came from the
observation that addition of SecA protects the cytoplasmic domains of SecY from proteases
(Hartl et al., 1990). SecA alone provides 60% protection against trypsin cleavage of SecY
while SecA together with a SecB-proOmpA complex and ATP provides complete
protection. Recent reports indicate that SecY is unstable and is rapidly degraded if
uncomplexed with SecE (Taura, et al., 1993). This does not agree with the earlier
observation that SecE and SecY remain unassociated in the inner membrane until SecE is
bound by a SecA-preprotein complex (Bieker-Brady and Silhavy, 1992).

Protein-conducting channels which are similar in size to the ones observed in the
rough ER membrane have now been found in the inner membrane of E. coli (Simon and
Blobel, 1992). This indicates that a universal mechanism of protein translocation through
membranes likely exists. It had been suggested earlier that SecY might play a role in
forming a channel (Watanabe and Blobel, 1989). It has been found that SecY and SecE
share homology with Sec61p (Gorlich et al., 1992b) and Sec61-y (Hartmann et al., 1994)

respectively, two of the putative channel forming proteins in the ER membrane. Using a
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photoreactable cross-linking reagent incorporated into the mature regions of proOmpaA, it
was shown that proOmpA could cross-link to SecY and SecA but not to SecE, band 1 or to
any phospholipids (Joly and Wickner, 1993). This suggested that proOmpA was shielded
from the phospholipid bilayer by SecY, further evidence that SecY does take part in
forming protein-conducting channels. One difference from the ER system that has been
found is that binding of signal peptides, and not ribosomes, can open the E. coli channels
(Simon and Blobel, 1992).

While a protein conducting channel can explain protein export, there must also be
an explanation as to how inner membrane proteins are directed into the bilayer. If the
observation by Bieker-Brady and Silhavy (1992) that SecY and S=ck remain unassociated
until SecA inserts into the membrane is true, then the translocation channel may be able to
dissociate to allow the inner membrane proteins to enter the bilayer (Simon and Blobel,
1991). Simon and Blobel have suggested that the hydrophobic "stop transfer" signal found
in inner membrane protcins may trigger this dissociation (See section on "Export of integral
membrane proteins” below). Alternatively, the channels may contain gaps through which

the proteins can be directed (Simon and Blobel, 1991).

iii) SecD and SecF

A fourth locus which affects export was located by using fusion proteins made
between the signal sequence of PhoA and LacZ (Gardel et al., 1987). As was found in the
earlier experiments of Bassford and Beckwith (1979) and Michaelis et al. (1983), these
fusions became trapped in the inner membrane, resulting in an inactive LacZ moiety, unless
a spontaneous mutation affected the signal sequence or one of thé sec genes. Gardel et al.
(1987) were able to identify two new genes, secF and secD, in a region of the E. coli
chromosome separate “rom the other sec genes. These two genes were associated together

as part of an operon (Gardel et al., 1990). Sequence analysis suggested that they encode
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integral membrane proteins with large regions at the C-termini located in the periplasm
(Gardel et al., 1990). The inability to produce secD or secF mutants by looking for
suppressors of signal sequence defects in the earlier experiments (Emz et al., 1980)
suggests that the proteins may act at a stage in the export process after the signal peptide
has been cleaved off. This may also explain why large portions of the proteins are iocated
in the periplasm. Addition of SecD or SecF did not affect the translocation activity of
proteoliposomes composed of SecY, SecE and phospholipius, further suggesting that
neither plays a role in the initial steps of translocation (Matsuyama et al., 1992). However,
transposon mutagenesis of the secD and secF genes did prevent post-translational
modification of E. coli prolipoprotein, resulting in accumulation in the inner membrane
(Sugai and Wu, 1992). In addition,Pogliano and Beckwith (1994b) have shown that
overexpression of SecD and SecF stimulated translocation in vive and improved
translocation of proteins with mutant signal sequences. These results support the view that
both SecD and SecF play some role in export.

Matsuyama et al. (1993) demonstrated that anti-secD antibodies are able to inhibit
export of OmpA and MBP across spheroplasts. Since a trypsin-sensitive form of MBP
was exposed on the surface of these spheroplasts, it was proposed that SecD played a role

in protein release from the export machinery, possibly by assisting in folding the exported

proteins into their mature conformations (Matsuyama et al., 1993). This does not support !
the earlier findings of Brundage et al. (1990) who had found that neither SecD nor SecF
was required for reconstituting OmpA export activity in vitro. Arkowitz and Wickner
(1994) believe that this discrepancy can be explained by an effect that the proton motive
force (PMF) has on protein ex.port. They found that the in vitro export of preMBP and
proOmpA did not require SecD or SecF if saturating concentrations of ATP were used.
However, if subsaturating concentrations were used, proOmpA export required SecD,

SecF and a PMF while preMBP export required a PMF and was stimulated 5-fold in the
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presence of SecD and SecF. They suggested then that SecD and SecF interact with the
PMF to stimulate export when concentrations of ATP are low (See section on energy
requirements for export below).

The number of SecD molecules per E. coli cell has been estimated to be between 50
(Pogliano and Beckwith, 1994a) and 500 (Matsuyama et al., 1992). The latter corresponds
to the estimates for SecY and SecE, suggesting that SecD might form a stoichiometric
complex with SecY and SecE. It hus been estimated that only 50 molecules of SecF exists

per cell (Matsuyama et al., 1992; Pogliano and Beckwith, 1994a).

3. Export in Gram-positive bacteria

There do not appear to be major differences between the export of proteins by
Gram-negative and by Gram-positive bacteria. Expon by the latter also requires signal
sequences which are similar to, and even interchangeable with, those for Gram-negative
bacteria (Simonen and Palva, 1993; Wang et al., 1993a). Many components of the sec
system have homologues in Gram-positive species. For example, the product of the
Bacillus subtilis divA gene is homologous to E. coli SecA (Sadaie et al., 1991). Although
it has not yet been shown that DivA plays a role in protein export, the N-terminal half of the
DivA protein contains an ATP binding region similar to that found in SecA. In addition,
the protein coded by a gene within the B. subtilis spc operon is homologous to SecY (Suh
et al., 1990). In fact, the SecY homologue is able to complement an export defect in an E.
coli secY mutant (Nakamura et al, 1990). An RNA molecule similar to the eukaryotic 7S
SRP RNA and E. coli 4.5S RNA has also been found in B. subtilis (Struck et al., 1988).
While its role in export has yet to be identified, deletion of the RNA gene resulted in defects

in the expression of a-amylase and f-lactamase, which could be complimented by either

the 7S SRP RNA or the 4.5S E. coli RNA (Nakamura et al., 1992).
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One difference from E. coli is that B. subtilis requires a 33 kDa protein, encoded by
the prsA gene, for export of a number of proteins (Kontinen et al., 1991). This protein

shares no homology with any of the known sec gene products, but it appears to be

homologous with the PrtM protein of Lactococcus lactis. Since PrtM is located on the cell
wall side of the L. lactis cell membrane, it has been proposed that PrsA may have a similar
location in B. subtilis and may play a role late in export (Simonen and Palva, 1993). There
also seems to be a role for metal ions in the secretion of some B. subtilis proteins. Both
Fe3* and Ca?* have been shown to increase the efficiency of export of the protein
levansucrase (Chambert et al., 1990; Petit-Glatron et al., 1993). It appears that the metal
ions catalyze the folding of the enzyme as it crosses the cell membrane. In the general
export scheme suggested by Simon et al. (1992) it is proposed that this folding in part

helps to energize the export process.

4. Export of integral membrane proteins

Most integral membrane proteins, in both eukaryotes and prokaryotes, are
synthesized with typical signal peptides. As well, bacterial inner membrane proteins and
ER proteins have been found to have transmembrane spanning a-helical regions (Singer,
1990; Nikaido and Saier, 1992). Such proteins utilize the sec machinery to cross into the
inner membrane. However, it is not clear how they are released from the translocation
channels. A stretch of 20 or more hydrophobic amino acids appears to be the signal
required to release them into the ER (Vemer and Schatz, 1988) or inner membrane (Singer,
1990). Simon and Blobel (1991) have suggested that the components of the translocation
channels may dissociate when the hydrophobic region enters the channel. Alternatively,
they suggested that the hydrophobic region may direct the proteins to gaps in the channels

which they can slip through.
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Bacterial outer membrane proteins are predominantly composed of anti-parallel-g-
pleated sheets which can assemble into a B-barrel conformation in the outer membrane
(Nikaido, 1992). They utilize the sec machinery to cross the inner membrane (Nikaido,
1992) but are not retained because they lack hydrophobic stretches of 20 or more amino
acids (Nikaido and Saier, 1992). Most outer membrane proteins contain a Phe residue at
the C-terminus which appears to be required for their insertion into the outer membrane
(Struyve et al., 1991). OmpA has a Phe residue in the middle of the protein which is
located at the end of the last membrane spanning region of the protein (Klose et al., 1988b)
and is in a region that is homologous to the C-termini of other outer membrane proteins
(Struyve et al., 1991). Klose et al. (19882) found that deletion of this region results in the
periplasmic accumulation of the deletion mutants. This suggests that the Phe residue and
the last membrane spanning region are required for the correct localization of outer
membrane proteins.

Mutations to the N-terminus of mature OmpA also result in the accumulation of the
protein in the periplasm, suggesting that it is normally released there before incorporation
into the outer membrane (Klose et al., 1988). Outer membrane proteins need not be
directed to specific components in the periplasm for their insertion into the outer membrane
as numerous studies have shown that they can spontaneously enter into lipid bilayers in an
unfolded conformation (Eisele and Rosenbusch, 1990; Dornmair et al., 1990). On the
other hand, there have been reports that lipopolysaccharide (LPS) is required to direct these
porins into the outer membrane (Sen and Nikaido, 1991). The x-ray crystal structures of
the E. coli OmpF, PhoE (Cowan et al., 1992) and Rhodobacter capsulatus (Weiss et al.,
1991) outer membrane porins indicate that a number of charged acidic residues may be at
the outer surface of the bilayer and it has been proposed that these regions could interact

with the negatively charged groups on LPS through divalent cation bridges (Nikaido,
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1994). It is not yet known if these proteins must fold into their final conformations before

entering the membrane or if folding plays a role in the insertion process.

5. The energy requirements for protein export
As described earlier, export of proteins across the ER membrane requires the
hydrolysis of GTP. This appears to be necessary for the binding and release of the SRP
complex to the SRa and SR receptors. The driving force behind the movement of protein
through the putative protein conducting channels has yet to be determined. It has been
suggested that protein unfolding through the channel may power the translocation by way |
of "biased random thermal motion" (Simon et ai., 1992). Factors such as chaperonins l‘
binding to translocating peptides, disulphide bond formation, coiling induced by pH or
ionic gradients and glycosylations may play a role in the translocation process, but no
evidence yet exists that any of these are involved.
Two energy sources play a role in the translocation process. Both ATP and the
PMF across t... iniier membrane are used at different stages of protein export. Originally it
was thought that the PMF alone was required for translocating proteins across the inner
membrane (Bakker and Randall, 1984). Chen and Tai (1985) were later able to reconstitute

export of OmpA and PhoA in E. coli inner membrane vesicles in the absence of a PMF.

Translocation activity only required ATP. However, as first suggested by Geller et al. 1

(1986) it now appears that both are important in the export of proteins.

A) The role of ATP in protein export

ATP is required in the early stages of translocation across the inner membrane (Lill
et al,, 1989). ATP binding td SecA is followed by insertion of the signal sequence and
early portions ur the protein through the secretion complex. Hydrolysis of the ATP leads

to the dissociation of SecA from the SecY/SecE membrane complex followed by the release
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of ADP (Schiebel et al., 1991). Chen and Tai (1985) a= well as Geller and Green (1589)
demonstrated that the subsequent steps in translocation could proceed using only ATP. In
both cases, no PMF was required in reconstituting export activity in vitro. It was noted
though that a PMF could enhance the translocation activity by up to five-fold (Geller et al.,
1986). This enhancement could be diminished by increasing the levels of SecA in the
reconstituted export system (Yamada et al., 1989). This suggests that SecA and ATP are
utilized in the later stages of translocation and supports the theory described earlier (see
section on SecA) that SecA sequentially binds to regions down the exported protein as the

N-terminal regions cross the inner membrane (Breukink et al., 1992).

B) The role of the proton motive force in protein export

The role that the PMF plays in protein export is less clearly defiricd than for ATP.
Initially it was believed that the charge difference across the inner membrane set up by the
PMF could be used to move proteins by electropnoresis. However, model secretory
proteins that lack any charged residues in their mature domain are exported like other
proteins, discounting this possibility (Kato et al., 1992). Although the PMF does not
appear to affect the initial insertion of exported proteins into the translocation complex, it
may have a role in the dissociation of SecA from the complex. Shiozuka et al. (1990)
found that the rate of translocation of an OmpF fusion protein in vitro was inhibited by the
addition of ADP, but only in the absence of a PMF. The presence of a PMF lowered the
level of ATP required for export. They speculated that the PMF helps to remove ADP from
~ the translocation complex, causing SecA to dissociate and allowing the protein to proceed
through the complex.

Following the initial steps of translocation, the PMF does not appear to be required,
but it can increase the efficiency of the export process. In the absence of a PMF,

translocation intermediates can be identified (Tani et al., 1989). These intermediates enter
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the translocation complex in an ATP-dependent manner, then move slowly across the inner
membrane in the absence of a PMF. They can be identified due ¢o their increased
susceptibility to proteases (Tani et al., 1989). Re-establishing a PMF allows the
intermediates to move quickly across the membrane. Both the membrane potential (Ay)
and the pH gradient (ApH) are able to increase the translocation rate (Driessen and
Wickner, 1991). Since SecD and SecF stimulate the rate of translocation in the presence of
a PMF (Arkowitz and Wickner, 1994) and are found on the periplasmic side of the inner
membrane, it is possible that they play an important role in the PMF-associated mechanism
of the later stages of protein export.

It has also been noted that if proOmpA contains an internal disulphide bond it will
only be exported in the presence of a PMF. Under reducing conditions, ATP alone is
sufficient to translocate the precursor (Tani et al., 1990). This would seem to indicate that
it is the bulkiness of the molecule which determines the need for a PMF. This led to
speculation that the PMF may regulate the size of the protein conducting channel, allowing
larger molecules to be exported across the inner membrane (Geller, 1991; Pugsley, 1993a).
The piesence of a proline residue located near the signal sequence cleavage site of
proOmpF lowers. the PMF required for export (Lu et al., 1991). It was suggested that the
proline increases the flexibility of the protein, diminishing the size of the channel required
to allow the protein across the membrane.

The PMF has also been shown to prevent intermediates from moving backwards
into the cytoplasm after the first ATP-dependent step (Schiebel et al., 1991). This
backwards movement could also be prevented by the addition of ATP alone, but the
greatest effect was observed in the presence of a PMF. Movement of proOmpA into
proteoliposomes containing a PMF (inside acid and positively charged) could be supported

by both ApH or Ay, and the direction could be reversed by reversing the polarity of the
PMF (inside alkaline and negatively charged; Driessen, 1992). These results suggest that
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the PMF is responsible for the direction of export across the inner membrane. However,
none of these results are conclusive evidence that either ATP or the PMF is directly
responsible for the translocation event. While ATP may help to initiate fhe process, and the
PMF enhances the later stages by preventing any reverse translocation, the folding of the
precursor to the mature protein may still power the movement of the protein through a
channel, as has been suggested for ER proteins (Pugsley, 1993a; see above). However, it
is possible that the translocatic:n process is responsible for the unfolding of preprotein
domains (Arkowitz et al., 1993). If this is the case, then other mechanisms will have to be
suggested. The idea described earlier (see SecA section above; Schiebel et al., 1991), that
SecA can bind sequentially to different regions of preproteins and push them through the
export machinery by ATP hydrolysis, could fit this model. Since the PMF-associated
enhancement of translocation seems to be mediated by SecD and SecF (Arkowitz and
Wickner, 1994), it may be that SecD and SecF utilize the PMF to regulate the size of the

opening in the translocation channel.

Translocation across the outer membrane of Gram-negative bacteria

While the mechanism of export across the ER membrane is similar to the export of
proteins across the bacterial inner membrane, no such similarity appears to exist between
the secretion of proteins across the eukaryotic cell membrane and the bacterial outer
membrane. Eukaryotic proteins must cross through the Golgi apparatus before passing
through the cell membrane. This is accomplished by successive blebbings of the ER and
Golgi organelles, creating transport vesicles which contain the secreted protein. Fusion of
the vesicles to the next organelle in line eventually delivers the proteins to the cell
membrane, where their contents are released into the extracellular milieu by endocytosis.
Much work on this process has shown that secreted eukaryotic proteins apparently have no

secretion signals inherent in their primary or tertiary structures. Rather, secreted proteins
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are allowed to pass through the-different organelles because they lack a signal which would
cause them to be retained. This has been described as the bulk flow default pathway (See
Rothman and Orci, 1992 and Rothman, 1987 for reviews on this topic). While the ER
retention signal has been well characterized (Munro and Pelham, 1987), only recently have
transmembrane domains been identified as potential Golgi retention signals (Masibay et al.,
1993; Nothwehr et al., 1993).

To be secreted by Gram-negative bacteria, proteins must cross the outer membrane
after export across the inner membrane. The outer membrane is an asymmetric lipid bilayer
composed of phospholipids in the inner leaf and LPS in the outer leaf (Nikaido and Vaara,
1985). The LPS is anchored to the outer membrane by the lipid A moiety, composed of a
glucosamine disaccharide linked to 6 to 7 saturated fatty acid chains. Extending away from
the outer membrane are polysaccharide chains linked to the lipid A. Due to the presence of
negatively charged sugar residues, including KDO (2-keto-3-deoxyoctonic acid), these
chains give the cell a hydrophilic surface which prevents hydrophobic compounds from
entering. Small hydrophilic molecules are able to enter the cell through specific porin
_ channels in the membrane while larger molecules are excluded. Thus the outer membrane
acts as a protective layer as well as a selective permeability barrier (Hancock, 1991).

To date, there has been no evidence that proteins are transported from the inner to
outer membrane in transport vesicles. Early electron microscopy studies of prokaryotic
cells revealed areas ("Bayer bridges") in which the inner and outer membranes made
contact with each other (Bayer, 1979). It was proposed at the time that these may be areas
at which secreted proteins could cross both membranes in a single step. It has been
possible to isolate membrane fractions on sucrose density gradients which are more dense
than inner membrane fractions but less dense than outer membrane fractions (Ishidate et al.,
1986). It was thought that these fractions demonstrated the existence of Bayer bridges.

However, other studies suggest that Bayer bridges may be artifacts resulting from the
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preparation of cells for the electron microscope and that they may not exist in vivo (Hobot
et al., 1984; Kellenberger, 1990).

While there are some proteins which appear to cross both membranes in a single
step (see section on E. coli a-hemolysin below) most secreted preteins appear to pass into
a compartment between the two membranes before crossing the outer membrane. This
compartment is called the periplasmic space. The width of this space has been a topic of
controversy, with different techniques used in preparing samples for electron microscopy
resulting in different values. However, the accepted range appears to be within 10-25 nm
(Graham and Beveridge, 1991). The periplasm contains a number of proteins used for
binding molecules as well as the peptide cross-linked carbohydrate polymer peptidoglycan.
This polymer layer is linked to the outer membrane by lipoproteins and is responsible for
maintaining the shape of the cells (Oliver, 1987). Peptidoglycan polymers which are not
cross-linked are also found in the periplasmic space. It was proposed that these unlinked
polymers could increase the viscosity of the periplasm, creating a gel which could maintain
a regular distance between the inner and outer membranes (Hobot et al., 1984). Such a gel
should be viscous, resulting in the slow diffusion of proteins within the periplasm. This
was demonstrated by Brass et al. (1986) who used fluorescently labelled MBP to measure
the rate of diffusion in the periplasm. By irreversibly photobleaching a small area of E. coli
cells containing the labelled MBP with a laser, they were able to measure the diffusion of
MBP back into the area by measuring the fluorescence. They found that the rate of
diffusion was 1000-fold slower than that expected for diffusion in a non-viscous aqueous
environment.

A number of different proteins have now been found to be actively secreted by a
variety of Gram-negative bacteria (for reviews see Hirst and Welch, 1985; Pugsley,
1993a). However, there is no single secretion pathway common to all Gram-negative

bacteria. Different Gram-negative organisms use a number of different pathways for
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secreting their extracellular proteins. In the first of these pathways, it appears that all of the
machinery required for secretion is contained within a single gene product. A signal
sequence directs the secreted protein into the periplasm via the sec system while the C-
terminal domain of the protein helps to transport it across the outer membrane. The IgA
protease of Neisseria gonorrhoeae is the best characterized protein which utilizes this
pathway. Another family of proteins has no typical signal sequence and appears to cross
both the inner and outer membranes in a single step with the help of a pair of integral
membrane proteins. The a-hemolysin of E. coli has been the most extensively studied
protein from this group. The majority of the remaining secreted proteins use the general
secretion pathway (GSP). In this pathway, proteins use the sec system for export into the
periplasm, but then depend on a series of 13-15 proteins in the inner and outer membranes
to facilitate their translocation across the outer membrane. The Klebsiella oxytoca GSP
was the first for which the complete secretion machinery was identified. Finally, the

secretion of pertussis toxin has recently been found to utilize a novel pathway.

1. The secretion of Neisseria gonorrhoeae IgA protease

The IgA protease of N. gonorrhoeae was the first protein identified which
apparently contains all that is needed for its own secretion. It is synthesized as a 169 kDa
protein, while the mature active form located in the extracellular milieu has a molecular
mass of 106 kDa (Pohlner et al., 1987). Sequencing the iga gene confirmed that a 169 kDa
protein should be expressed. Four different domains were identified in this larger species:
i) A signal sequence containing N-terminus, ii) the protease, (IgAp) located next to the
signal sequence and which corresponds to the 106 kDa species observed outside the cell,
iii) a region at the C-terminus containing a high degree of p-sheet structure (the f-domain),

and iv) a linker region (the a-domazin) between the protease and C-terminal domains.
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The protease contains a typical N-terminal 27 amino acid signal sequence which
directs the precursor across the inner membrane using the sec system. Once the signal has
been cleaved off, a 1505 precursor can be found in the periplasm (Pohlner et al., 1987).
Deletion of the C-terminal portions of this protein results in accumulation of the mutant
proteins in the periplasm. This was evidence that the f-domain is necessary for secretion
across the outer membrane (Pohlner et al., 1987). When iga was cloned into E. coli , the
protease was successfully secreted. This suggested that the iga gene product contains
everything that is required for IgA protease secretion. It appears that the -domain
integrates into the outer membrane from the periplasm, followed by exposure of IgAp and
the a-domain on the surface, and finally separation from the f-domain by autoproteolysis
(Klauser et al., 1992). The autoproteolytic event occurs after IgAp has folded into its
mature conformation, producing an active protease. Finally, autoproteolytic separation of
IgAp and the a-domain occurs in the extracellular milieu to produce the mature protease.
Consensus IgA protease cleavage sites are found at both ends of the a-domain (Klauser et
al., 1993b).

The region of the B-domain required for outer membrane insertion has been
localized to the 274 amino acids at the C-terminus. This core region is predicted to form a
p-barrel conformation like those found in many outer membrane proteins (Klauser et al.,
1993a). Like outer membrane proteins, the B-domain core of IgA protease has a
hydrophobic consensus sequence at its C-terminus which ends with a Phe residue (Struyve
etal., 1991). This led Klauser et al. (1993b) to propose a model in which the f-domain
inserts into the outer membrane, making a channel through which the IgAp can pass.
Support for this model has been obtained by using hybrid proteins in which ihe -domain
is linked to the B subunit of cholera toxin (CtxB). Expression in Salmonella typhimurium
results in exposure of the hybrid protein on the cell surface (Klauser et al., 1990). The B

subunit can be released from the f-domain, and into the culture supernatant by the addition
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of trypsin or purified IgA protease. Expression of the hybrid proteins in E. coli results in
release of the B subunit into the supernatant without the need for added proteases (Klauser
et al.,, 1992). This has been shown to be due to proteolytic cleavage by the E. coli outer
membrane protease OmpT.

The IgA protease system only transports unfolded proteins through the outer
membrane. Thus translocation of the CtxB moiety of the fusion product described above
only occurs in the presence of a reducing agent such as f-mercaptoethanol (Klauser et al.,
1990, 1992) or in E. coli cells lacking the DsbA protein (required for disulphide bond
formation in the periplasm; Klauser et al., 1993b). Secretion of the IgA protease itself is
unaffected by DsbA and does not require f-mercaptoethanol, but this protein only contains
2 cysteines which are in close proximity to each other and which may not form a disulphide
bridge (Pohlner et al., 1987). If a loop does form, it may be small enough to allow the
protein to pass through the pore (Klauser et al., 1993b).

Other proteins have been identified that use an identical secretion mechanism. The
IgA protease of Haemophilus influenzae (Poulsen et al., 1989), a cytotoxin of Helicobacter
pylori (Klauser et al., 1993b) and the Serratia marcescens serine protease (Miyazaki et al.,
1989) all contain C-terminal domains capable of inserting into the outer membrane and
making potential channels for secretion.

Several other proteins are secreted by systems that share some properties with the
IgA protease system. The hemolysin of S. marcescens is synthesized as a 165 kDa
precursor (ShiA*; Poole et al., 1988). Secretion of ShIA* and activation to the mature
ShlA form have been shown to require a 62 kDa outer membrane protein, ShiB (Schiebel et
al., 1989). Both ShIB and ShlA* are synthesized with typical signal sequences which
presumably allow their export across the inner membrane. It was found that Sh1A* and
ShlA had the same mobilities on SDS polyacrylamide gels, but ShIA* was sensitive to

trypsin digestion while ShlA was resistant (Schiebel and Braun, 1989). It is not yet known
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what the change is that differentiates ShlA from ShlA®*, but it has been suggested that ShiB
causes a conformational change or a chemical modification in ShlA. It is known that ShiB
does not proteolytically cleave ShlA at the N-terminuz, as the N-terminal sequence of both
ShlA and ShlA* are identical (Schiebel et al., 1989). It is also not clear whether the change
in ShlA* is required for the secretion of the hemolysin across the outer membrane.

The N-terminal 238 amino acids of ShlA* are required for secretion, as deletion
mutagenesis of this region prevented ShIA* translocation across the outer membrane
(Schonherr et al., 1993). As well, site-directed mutagenesis of two Asn residues in this
region prevented the secretion of ShIA* (Schonherr et al., 1993). There may be a signal in
this region which allows ShIA* to interact with ShiB. It has been suggested that ShIB
could play a role similar to that of the -domain of the IgA protease. Since secondary
structure analysis predicts a high degree of amphipathic B-pleated sheet structure, ShIB
may form a secretion channel in the outer membrane similar to the one made by the IgA
protease f-domain (Schiebel et al., 1989). The hemolysin from Proteus mirabilis (HpmA;
Uphoff and Welch, 1990) and the B. pertussis Fim/Fha hemagglutinin and fimbriae
(Willems et al., 1994) also utilize a single outer membrane protein homologous to ShiB for
their secretion. In fact, ShiB was able to activate the P. mirabilis HpmA hemolysin in viiro
(Ondraczek et al., 1992). However, no studies have yet been done to see if ShiB can |

promote secretion of these heterologous proteins.

2. The secretion of Escherichia coli u.-hemolysin

A number of strains of Escherichia coli secrete an o-hemolysin (HiyA). It has been
shown that non-hemolytic E. coli strains are avirulem for rats, suggesting that HlyA. is an
important virulence factor. In agreement with this idea are results obtained by Welch et al.
(1981) who feund that E. coli could be transformed into a virulent strain by introducing the

hlyA gene (and the genes required for HlyA transport) from a virulent E. coli isolated from
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a human subject. Insertion of a transposon into the hlyA plasmid returned the strain to its
avirulent phenotype.

It was originally found that all the determinants necessary for HlyA synthesis and
secretion are located on a single transmissible plasmid (Noegel et al., 1979). Using
transposon mutagenesis and restriction mapping, three different regions were identified
which affected HlyA production and secretion (Noegel et al., 1981). The largest region,
called cistron A, and a smaller upstream region called cistron C, are both required for
hemolytic activity (now called hlyA and hlyC respectively). HlyC has beer shown to assist
in the acylation of HlyA, causing the activation of the inactive proHlyA in viiro and in vivo
(Hardie et al., 1991; Issartel et al., 1991). The third region, cistron B, is required for the
secretion of HlyA into the culture supernatant. Cistron B was found to contain two genes,
originally called hlyB, and hlyB, (Wégner et. al., 1983; now termed hlyB and hlyD
respectively). A fourth component, TolC, which is not part of the Hly operon, is also

involved in hemolysin secretion. The role of each of the gene products is discussed below.

A) The HlyA protein

The hlyA gene isolated from a plasmid source was originally found to produce a
protein estimated to be 107 kDa in size (Goebel and Hedgpeth, 1982). Early evidence
suggested that this protein was proteolytically cleaved in the periplasm to an active 58 kDa
product which crossed the outer membrane in E. coli minicells. It was later found that the
107 kDa species was the secreted form of HlyA (Mackman and Holland, 1984a; 1984b;
Gonzalez-Carrero et al., 1985). A chromosomally encoded HlyA was sequenced and the
predicted mass of the protein was determined to be 110 kDa (Felmlee et al., 1985a). The
hlyA gene isolated from the plasmid also encodes a protein of 110 kDa, with 97.7%
homology with the chromosomal HlyA (Hess et al., 1986).
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Examination of the determined HlyA amino acid sequence reveals that it does not
contain a typical signal sequence. As well, HlyA is released from the cell with its N-
terminus unprocessed (Felmlee et al., 1985a). This shows that HlyA does not use the sec
pathway to cross the inner membrane. Surprisingly then, fusions of the HlyA N-terminus
to PhoA resulted in an active PhoA fusion protein. However, these fusions did not require
HlyB or HlyD for this to occur. This indicated that a portion of PhoA had crossed the
inner membrane but it did not use the normal hemolysin secretion machinery (Erb et al.,
1987). Thus a region of the HlyA N-terminus was proposed to be able to enter into the
lipid bilayer without assistance from HlyB or HlyD (Erb et al., 1987). However, only the
C-terminus has been shown to be required for secretion of HlyA (see below).

Once it was clear that no identifiable signal sequences were located in the N-
terminal regions of HlyA, other regions of the protein were examined for possible signals.
The first evidence for a secretion signal was found by fusing the C-terminal 23 kD= region
of HlyA in frame with the fac promoter. The resulting C-terminal peptide was secreted into
the extracellular milieu, but only if HlyB and HlyD were also present (Nicaud et al., 1986).
This identified the final 218 amino acids as containing the secretion signal. This region
was shown to be necessary for secretion by studying OmpF-HlyA fusion proieins. These
constructs lacked an OmpF signal sequence, but contained the B-galactosidase promoter
and its firct 8 amino acids, as well as varying portions of the HlyA C-terminus (Mackman
et al,, 1987). The presence of the 23 kDa C-terminal region enabled secretion of the |
chimeric protein into the culture supernatant, and none of the protein was detected
intracellularly. Both the chimeric protein and the 23 kDa fragment alone could only be
detected in the cell if HlyB and HlyD were not present. When the C-terminal 25 amino
acids of PhoA were replaced with the final 60 amino acids of the HlyA C-terminal
sequence, PhoA was also secreted into the culture supernatant in the presence of HlyB and

HlyD (Gentschev et. al, 1990). Even though these fusions contained the native PhoA
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signal sequence, no PhoA activity was observed without HlyB and HlyD. This suggested
that the C-terminus of PhoA also contained information required for export by the sec
system, possibly a recognition site for a chaperone protein.

Two other hemolysins, from Proteus vulgaris and Morganella morganii, are closely
related to HlyA and both can be secreted by the E. coli hlyB and hlyD genes (Koronakis et
al,, 1987). Comparison of the C-terminal sequences of all three proteins revealed a high
degree of divergence in primary structure. However, there appear to be 3 conserved
features at the C-terminus of each: a hydrophobic sequence rich in hydroxylated residues
(the 27 amino acids at the C-terminus; region III); a cluster of charged residues (29-34
amino acids from the C-terminus; region II); and a potential amphiphilic a-helix (34-52
amino acids from the C-terminus; region I). Deletion mutagenesis in any of these regions
of E. coli hlyA results in complete elimination of Hly A secretion (Koronakis et al., 1989).
In each case, HlyA is located intracellularly, but not in the periplasm. In another study
using the previously described PhoA-HIlyA fusions, deletions were made in regions I, II
and III of HlyA (Hess et al., 1990). While deletion of region I caused a dramatic decrease
in secretion of the fusion protein, replacement of this region by a non-amphiphilic, nine
amino acid peptide containing two prolines resulted in almost complete restoration of
secretion. This could mean that the amphiphilic nature of region I may not be important,
and this region may only act to separate the C-terminal signal sequence frem the rest of the
protein, exposing it to the HlyB/HlyD secretion complex. Deletion of regions II and III
also resulted in the loss of secretion ability. Fusion of either region II or Il to PhoA
resulted in low levels of secretion, indicating that these two regions are able to interact with
the secretion machinery. However, the translocation activity of the individual regions
appeared to be weak and it was proposed that there might be a cooperative interaction

between the two.
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A series of othier HlyA fusions was made to N-terminal regions of the E. coli
cytoplasmic proteins chloramphenicol acetyltransferase (CAT) and LacZ, as well as to the
eukaryotic protein prochymosin (PCM; Kenny et al., 1991). Fusions containing either the
N-terminal half of PCM or the full length PCM molecule were secreted in an HlyB and
HlyD-dependent manner. However, it was noted that the full length PCM fusion was
secreted at a lower efficiency. In addition, fusion of PCM to longer HlyA C-terminal
sequences resulted in up to a 5-fold increase in secretion efficiency. Equivalent results
were observed for the HlyA-CAT fusions. HlyA-LacZ fusions were only secreted when
expressed at low levels. These results suggest that if cytoplasmic proteins are fused to the
C-terminus of HlyA, secretion niay be inhibited if enough of the cytoplasmic protein
remains to allow folding into non-secretory conformations. It was also noted that the
secretion signal may not be recognized efficiently if it is not separated from the passenger
protein, as placement of linker regions between the C-terminus of HlyA and the PCM
resulted in increased secretion efficiency. The passenger protein may interfere with
presentation of the signal sequence to the HlyB/HlyD complex if it is too close to the signal
(Kenny et al., 1991).

The C-terminus signal was further dissected by making several mutants using site-
directed mutagenesis. In one study, it was concluded that the three regions identified
earlier are the most important determinants in secretion of HlyA (Stanley et al., 1991). The
final 48 amino acids were shown to be critical, but the proposed amphipathic helix (amino
acids 973-990) was found to be unnecessary, as mutations which disrupted the helix did
not prevent secretion. Two charged residues, E979 and K982, were found to be necessary
for secretion, and it was proposed that the two might form a salt bridge which help to
stabilize a critical helical structure. Replacement of any of the six hydroxylated amino acids
at the very C-terminal region results in a decreased secretion efficiency (Stanley et al.,

1991). When more than one of these residues is changed, a further decrease in secretion
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efficiency is observed (69% decrease when 2 were changed; up to 100% decrease when all
6 were changed). It was proposed that this region would form two short f-sheets,
separated by a B-turn. This motif was later shown to be critical by replacing the HlyA C-
terminus with the Pasteurella hemolytica ieukotoxin (LktA) C-terminus (Zhang et al.,
1993). This protein could be secreted with the help of HlyB and HlyD, but examination of
the C-terminal sequence revealed no homology with HlyA. Secondary structure analysis of
the sequence did predict the B-sheet-p-turn-f-sheet motif at the extreme C-terminus, as
well as the helix-turn-helix motif seen earlier for regions I and Ii. A second study, again
using oligonucleotide-directed mutagenesis, identified four amino acids within the 46
residue C-terminus that are essential for maximal HlyA secretion (Kenny et al., 1992). It
was postulated that these four residues (E-978, F-989, D-990 and D-1009) make contact
with specific points on the HlyB/HlyD translocator complex and that they act co-
operatively, since mutations to single residues resuited in only slight decreases in secretion.
It was argued that the translocator complex may be able to recognize these specific residues
and not a higher order structural motif as had been suggested by other groups. This point

still remains to be clarified by further studies.

B) The hemolysin translocation machinery, HlyB, HlyD and TolC

It was known early on that HlyB and HlyD were required for HlyA secretion and
likely interacted to form some kind of translocation complex (Wagner et al., 1983). Early
reports that intracellkular pools of hemolysin could be detected in wild type cells and in hlyB
mutants suggested that hemolysin crossed the inner and outer membranes in two distinct
steps. Deletion mutants of hlyB were originally found to accumulate in the periplasm
while hlyD deletion mutants had a large amount of HlyA associaied with the outer
membrane (Wagner et al., 1983). This led to the theory that HlyB acted after HlyA had

crossed the inner membrane and that HlyD was required for release of HlyA from the outer
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membrane. However, it now appears that these two proteins act together to bridge both
membranes.

Sequence analysis of HlyB predicted 8 membrane spanning regions in the N-
terminal region and a cytoplasmic tail at the C-terminal end of the protein. This was
confirmed using fusions between HlyB and the proteins PhoA, LacZ and B-lactamase
(Wang et al., 1991; Gentschev and Goebel, 1992). An interesting feature of HlyB is that
its C-terminus is homologous with the eukaryotic plasma membrane protein, P-
glycoprotein (Gerlach et al., 1986) which has been implicated in multidrug resistance in
tumor cells. It contains a nucleotide-binding domain, similar to those found in many other
transporter proteins (Gerlach et al., 1986; Fath and Kolter, 1993). This suggests that HlyB
is able to couple energy from ATP to the secretion of HlyA. A proton motive force had
also been implicated in the initial steps of the secretion process, as the proton ionophore
carbonylcyanide m-chlorophenylhydrazone (CCCP) and potassium ionophore valinomycin
both inhibit secretion at a step before HlyA associates with the inner membrane (Koronakis
et al.,, 1991). Later stages of the secretion process are not affected by these inhibitors, but
metabolic inhibitors (KCN; Springer and Goebel, 1980) and specific P-type ATPase
inhibitors (Koronakis et al., 1993) completely inhibit secretion at a later stage.

The C-terminal region of HlyB has been fused to glutathione S-transferase (GST)
in order to examine the possibility that binding of ATP causes a conformational change
(Koronakis et al., 1993). The GST-HlyB fusion alone was completely degraded by
proteinase K over a 60 min period. However, addition of Mg?* and ATP or ADP almost
fully protected the fusion protein from proteinase K digestion. Non-hydrolyzable
analogues of ATP were also able to protect the fusion protein, indicating that nucleotide
binding to HlyB caused a conformational change which protected the protein from

proteolytic degradation (Koronakis et. al., 1993).
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While early cell fractionation studies suggested that HlyD was located in the outer
membrane (Wagner et al., 1983), sequence analysis predicted an integral inner membrane
protein with a single membrane spanning region between amino acids 60-80 (Schulein et
al., 1992). Fusions to LacZ and PhoA were located in the inner membrane, confirming the
predictions (Schuleir et al., 1992). The N-terminus was found to be in the cytoplasm
while the remaining 400 amino acids were located in the periplasm. The C-terminus is
thought to span the periplasm, possibly interacting with TolC.

While the translocation machinery was first thought to consist of only the 54.6 kDa
HlyD and the HlyB protein (believed to be 79.9 kDa from sequence data), a third
component, the outer membraned protein TolC, was later shown to be involved in HlyA
secretion. It was identified by its sequence homology with one of the Erwinia
chrysanthemi protease secretion components. In this operon, prtD and priE encode
proteins that are hamologous to HlyB and HlyD respectively. A third component of the
operon, prtF, which is necessary for secretion of three proteases (PrtA, PrtB and PrtC),
was shown to resemble E. coli TolC (Wandersman and Delepelaire, 1990). When t0lC
was mutated in E. coli cells containing the HlyA secretion machinery, release of HlyA was
blocked and only an intracellular pool of hemolysin could be detected. E. coli mutants
which are defective in synthesizing LPS were shown to secrete HlyA with decreased
efficiency (Wandersman and Letoffe, 1993). TolC production was decreased in these
mutants, leading to speculation that TolC requires LPS for insertion into the outer
membrane, as has been speculated for the outer membrane porins (See section on integral
membrane proteins above).

To better understand the translocation machinery and how HlyA interacts with it,
the cellular localization of HlyA was identified in HlyB and HlyD mutants (Oropeza-
Wekerle et al., 1990). Fractionation of cells lacking a functional HlyB showed that HilyA

was associated with the inner membrane, whether or not there was a functional HlyD



present. A HlyA construct lacking amino acids 9-37 at the N-terminus was also found
associaicd with the inner membrane. This suggested that any information at the N-terminus
that is required for insertion in the inner membrane is located further along the protein (Erb
et al., 1987). More recent immunological studies have also shown HlyB to be exclusively
in the inner membrane fractions (Juranka et al., 1992). Since similar amounts of HlyA
were found intracellularly in HlyB” HlyD" as in HlyB" HlyD* mutants, it was concluded that
HlyA must first interact with HlyB.

A short 34 amino acid hydrophobic stretch from the tetracycline resistance
determinant (TetC) was fused with the C-terminal 240 amino acids of HlyB to determine
the importance of this region of HlyB. Secretion of HlyA still occurred, albeit with
decreased efficiency. It depended on HlyD and TolC, as HlyA accumulated in the
periplasm of HlyD" or TolC™ mutants (Thomas et al., 1992). Since the small 34 amino acid
N-terminal fragment from TetC was only long enough to anchor the fusion protein in the
membrane, it was concluded that the C-terminus of HlyB is sufficient for HlyA secretion,
while the N-terminus is required for optimal secretion levels. The results also suggested
that the C-terminus is sufficient for interaction with other components of the translocation
machinery. Since it appears that TolC and HlyD are required later in the translocation
process, it has been proposed that they may form a pore in the outer membrane through
which HlyA is secreted (Fath and Kolter, 1993). However, no experimental evidence yet

exists which demonstrates an interaction between HlyD and TolC.

C) Other HlyA-like bacterial secretion systems

Outer membrane proteins similar to TolC have been shown to be necessary for the
secretion of the Bordetella pertussis adenylate cyclase (CyaA; Glaser et al., 1988), the
Pseudomonas aeruginosa alkaline protease (AprA; Guzzo et al., 1991) and the P. vulgaris

a-hemolysin (HlyA; Koronakis et al., 1988). The third component of the cyclolysin and
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alkaline protease iranslocators is linked closely to the other secretion genes (CyaE and AprF
respectively) while the P. vulgaris hemolysin uses a TolC homologue which is not linked
to the other translocator genes. An outer membrane protein has not yet been shown to be
required for the secretion of the M. rmorganii a-hemolysin or the P. haemolytica leukotoxin
(LktA). All of these secreted proteins lack a typical N-terminal signal sequence but contain
an HlyA-like signal at the C-terminus. Prot<ins analagous to HlyB and HlyD have been
identified in each of these species as well (Fath and Kolter, 1993). With the close
similarities between these systems it was expected that E. coli containing the HlyA system
would likely be able to secrete the other heterologous proteins. It was found that the
HlyB/HlyD/TolC translocator was able to secrete CyaA (Masure et al., 1990), LktA
(Chang et al., 1989) and the two a-hemolysins from M . Morganii and P. vulgaris
(Koronakis et al., 1987) at normal levels. However, AprA was secreted with a decreased
efficiency (Guzzo et al., 1991) while PrtB was only secreted at 2% of HlyA secretion
(Delepelaire and Wandersman, 1990). This indicates that there is some species specificity

in these systems.

3. The general secretion pathway

A) Secretion of Klebsiella oxytoca pullulanase

The Gram-negative bacteria Klebsiella oxytoca (originally Klebsiella pneumoniae)
secretes the 145 kDa fatty acylated protein pullulanase (PulA; Pugsley et al., 1986). This
enzyme catalyzes the hydrolysis of (1= 6) a-linkages in starch. PulA contains a typical 19
amino acid signal sequence which directs it to the sec machinery for export across the inner
membrane (Pugsley et al., 1991a). The amino acid sequence at the signal sequence
cleavage site, Leu-Leu-Ser-Gly-Cys-Asp, is the consensus sequence for cleavage by

lipoprotein signal peptidase (Pugsley and Schwartz, 1985). The lipoprotein signal
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peptidase cleaves on the N-terminal side of the Cys residue after it has been fatty acylated
(Pugsley et al., 1986). The acylation of pullulanase is not absolutely required for secretion
of the protein, as non-acylated pullulanase is also secreted (Kornacker et al., 1989).
Further, PulA mutants in which the Cys*! residue is replaced by Leu (Kornacker et al.,
1991) or Ser (Murooka and Ikeda, 1989) are not acylated but are secreted at reduced rates.
After PulA crosses the outer membrane, it remains anchored to the membrane until it is
proteolytically cleaved and released into the medium. Acylation appears to be necessary for
anchoring of PulA to the membrane. Pronase is able to release PulA from the outer
membrane, but it is not known which protease is used in vivo (Pugsley et al., 1990;

Pugsley, 1993a).

When d'Enfert et al. (1987) cloned the structural gene for pullulanase (pulA) into E.
coli, no secretion was observed and PulA was located inside the cell. However, when they
used an 18.8 kb fragment containing pulA and its surrounding genes, PulA was secreted
by E. coli (d'Enfert et al., 1987). Transposon mutagenesis of this fragment located 15
genes both upstream and downstream of the pulA gene which affected PulA secretion.
Thirteen are located 5' to pulA and are transcribed in the opposite orientation (d'Enfert et
al., 1987). A pair of genes are located at the 3' end of pulA. The pulB gene is located next
to pulA , while pulS is located next to pulB but in the opposite orientation (d'Enfert and
Pugsley, 1989). The outer membrane lipoprotein PulS, but not PulB, is necessary for

PulA secretion in E. coli. (d'Enfert and Pugsley, 1989).

The first two genes characterized were pulC and pulD which are located 5' to pulA
(d'Enfert et al., 1989). The pulC gene was found to encode a 31 kDa gene product, while
the pulD gene product was found to be 70.6 kDa. Fusions of both were made to alkaline
phosphatase and fractionation of cells containing the fusions were used to identify their

locations. PulC fractionated with inner membrane fractions on sucrose density gradients,
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while PulD was associated with outer membrane fractions (d'Enfert et al., 1989). In later
studies, genes pulF, pulK, pulL, pulM and pulN were all found to encode integral inner
membrane proteins ranging in size from 18-44 kDa (Pugsley and Reyss, 1990; Possot et
al., 1992), while pulE encodes a 58 kDa cytopiasmic protein (Possot et al., 1992). PulE
contains two sequences known as "Walker boxes', which are common to proteins that bind
ATP (Walker et al., 1982). They are similar to the ATP-binding motifs found in HlyB, the

E. coli hemolysin transporter protein (see section on E. coli a-hemolysin above).

The gene products of pulG, pulH, pull, and pul] have also been shown to be
integral membrane proteins (Reyss and Pugsley, 1990). These proteins differ from the
other membrane components of the pul system in that they do not contain typical signal
sequences. Instead, they have the consensus prepilin signal peptide sequence first
identified in Pseudomonas aeruginosa (Pugsley and Dupuy, 1992). This species produces
a type IV pilin composed of a protein (PilA) which has a 6 amino acid signal sequence
(Johnson et al., 1986). This signal is positively charged, lacks the hydrophobic region of
typical sequences and is cleaved on the N-terminal side of a Phe or Met in the consensus
sequence Gly-(Phe or Met)-Thr-Leu-X-Glu-X;6.18 (X = a hydrophobic amino acid; Nunn
and Lory, 1991). A prepilin peptidase encoded by the pilD gene in P. aeruginosa
specifically cleaves this signal and not the sec system signal sequence (Nunn and Lory,
1991). Strom et al. (1991) have shown that mutations in pilD not only affect the export of
PilA but also the secretion of other extracellular proteins. Since PulG, PulH, Pull and PulJ
contain type IV signal sequences, it was proposed that K. oxytoca must also have a PilD-
like protein. In fact, the final gene in the pul operon, pulO, was found to encode such a
proiein. PulO is able to cleave the type IV prepilin signal sequence of the four pul operon
proteins (Pugsley and Dupuy, 1992) and the signal peptide of a gonococcal type IV prepilin

protein (Dupuy et al., 1992). As well, it can methylate the Phe residue at +1 of the mature
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PulG protein (Pugsley, 1993b) in the same way PilD can methylate its pilin proteins (Strom
et al.,, 1993). Thus PulO is required in the GSP for the correct processing and localization

of four other Pul proteins.

The discovery that the GSP utilizes type IV pilin-like proteins led to speculation that
a pilin-like structure may be involved in the secretion mechanism. Since pilin proteins
oligomerize in the periplasm before being translocated outside the cell, Pugsley and Possot
(1993) proposed that one of the type IV pilin-like Pul proteins may oligomerize into a
structure which crosses tiie periplasm and plays a role in secretion. They tried cross-
linking experiments in E. coli containing the pul operon to see if any PulG oligomers could
be located. However, only homodimers of PulG were found, with no evidence for larger

multiprotein complexes.

B) The general secretion pathway in other bacteria

A pul-like operon encoding the machinery for a GSP has now been found in a
number of different bacteria. These include P. aeruginosa, Erwinia carotovora, Erwinia
chrysanthemi, Xanthomonas campestris, Aeromonas hydrophila and Vibrio cholerae.
While all contain many of the elements found in the pul system, each differs from this

system to varying degrees.

P. aeruginosa contains secretion genes (called the xcp genes) which are
homologous to the pul secretion genes (Bally et al., 1992). Genes xcpR-Z are related to
PulE-M of K. oxytoca, but no homologues to pulC, pulD (the first two genes in the pul
operon), pulN and pulO (the last two genes in the pul operon) are located in the xcp operon

(Filloux et al., 1990; Bally et al., 1992). Homologues to pulC and pulD (xcpP and xcpQ)
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have been found close to, but not in, the xcp operon (Akrim et al., 1993). As described
above, the pulO homologue (originally identified as xcpA but now known as pilD; Nunn et
al., 1990) was found to reside in an operon required for type IV pilin biogenesis. As with
PulO, PilD functions to properly process the P. aeruginosa proteins XcpT-XcpW for their
proper localization in the inner membrane and functioning in the GSP (Nunn and Lory,
1992, 1993). This explains why mutations to pilD result in pleiotropic secretion mutants
(Bally et al., 1989, 1991). Other P. aeruginosa pil proteins also have similarities to various
Pul proteins. PilB, located within the pil operon, was found to be homologous to the
XcpR/PUlE proteins and it contains the expected ATP-binding motif (Turner et al., 1993).
PilQ, which is located outside the pil operon, shows homology to the outer membrane
protein PulD (Martin et al., 1993). While both PilB and PilQ are required for pilin
biogenesis, neither has been shown to have any role in the secretion of pilin or other

proteins. No homologues to PulS or PulB have yet been found for P. aeruginosa.

To date, only E. carotovora has been found to contain homologues to all 15 of the
pul secretion proteins (Reeves et al., 1993). The outB-O genes and outS gene of E.
carotovora operon are homologous to the pulB-O and pulS genes. As well, outO is located
at the end of the out operon. One difference in the E. carotovora out system is that OutB is
required for extracellular secretion in E. coli (Condemine et al., 1992). It has been
speculated that E. coli may contain a PulB homologue which can interact with the pul
system but not the E. carotovora outB system (Pugsley, 1993a). As with P. aeruginosa,
homologues to all the pul proteins except PulS, PulB and PulN have been identified in the
E. chrysanthemi (Lindeberg and Collmer, 1992). However, the E. chrysanthemi outC-O
genes are located within a single operon, with outO located next to outM. E. chrysanthemi
and E. carotovora are the only two species found to date which contain a PulO-like prepilin

peptidase gene at the end of their operons.
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In A. /iydrophila (Jiang and Howard, 1992; Howard et al., 1993) and X.
campestris (Dums et al., 1991) the GSP operons have been partially characterized, with the
pulD-N homologues (the exe genes) and pulD-J homologues (the xps genes) identified
respectively. Howard et al. (1993) found no further open reading frames past exeN and
speculate that the pulO homologue is located outside the exe operon. as was found with P.
aeruginosa pilD. The V. cholerae PulE homologue has been identified (EpsE) and shown
to contain the expected ATP-binding motif (Sandkvist et al., 1993).

Yersinia enterocolitica secretes a number of plasmid-encoded proteins known as
Yops (Michiels and Cornelis, 1991). The genes required for secretion are in a locus
known as virC, also located on these plasmids (Michiels et al., 1991). There are 13 open
reading frames located in virC, and the gene product of one, YscC, shares significant
homology with PulD. Based on this homology, Michiels et al. (1991) speculated that
YscC has a role in the secretion of Yops, but this has yet to be proven. A protein
hdmologous to YscC, MxiD, has also been found in a Shigella flexneri operon which is
necessary for the secretion of invasin proteins (Allaoui et al., 1993). The only members of
the virC operon which have been found to be involved in extracellular protein secretion are
yscD, yscJ and yscL, although none shares any homology with any Pul protein (Michiels
etal., 1991). Two proteins, YscN (Woestyn et al., 1994) and SycE (Wattiau and
Cornelis, 1993), located outside the virC operon are also required for secretion. Because
YscN contains two ATP-binding sites, Woestyn et al. (1994) believe it may have a role in
energizing the secretion process in the same way that has been suggested for PulE.
However, no homology has been found between YscN and PulE. SycE is believed to be a
cytoplasmic chaperone specific for Yop proteins and does not appear to have a function
homologous with any of the Pul proteins (Wattiau and Cornelis, 1993). As well, Yop

proteins do not have typical signal sequences to direct them across the inner membrane
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(Michiels and Comelis, 1991). However, there appears to be a secretion signal located at |

the N-terminus of the YopH protein as fusion of its N-terminal 65 amino acids to either

LacZ or PhoA results in secretion of the fusion proteins by Y. enterocolitica (Michiels and
Cornelis, 1991). It would appear then that, in spite of the similarities of some of the
components between the two systems, Yops are secreted by a system different from the

GSP.

The fact that proteins secreted via the GSP by other Gram-negative bacteria :
accumulate in the periplasm when cloned into E. coli is not surprising since this species ]
does not normally secrete proteins and it does not appear to contain a pul-like operon ;
(Lindeberg and Collmer, 1992). When either the pul secretion operon or the E. |
chrysanthemi out operon are cloned into E. coli, secretion of PulA and PelE respectively
are enabled (d'Enfert et al., 1987; He et al., 1991b). However, attempts to reconstitute the
Out secretion system of E. carotovora in E. coli have been unsuccessful (Reeves et al.,
1993). This may indicate that factors outside the pul-like operons are necessary for
secretion. The E. coli homologue(s) of these factors may be able to interact with the pul

and E. chrysanthemi out GSP systems but not with the E. carotovora out system.

The presence of a pul-like operon does not necessarily mean that a bacterium can
secrete any protein requiring the GSP machinery. There appears to be some species-
specificity involved in the recognition of secreted proteins by different GSP systems. K.
oxytoca is unable to secrete the PelE protein of E. chrysanthemi (He et al., 1991b) while P.
aeruginosa cannot secrete PulA (de Groot et al., 1991). Even more closely related bacteria
are also unable to secreie heterologous proteins. Thus E. chrysanthemi cannot secrete the
E. carotovora PelE (He et al., 1991b) or cellulase (EGZ; Py et al., 1991) while E.
carotovora cannot secrete E. chrysanthemi cellulase (CelV; Py et al., 1991). Similarly,

Pseudomonas fluorescens is unable to secrete the P. aeruginosa elastase protein (de Groot
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etal., 1991). It is interesting to note that the xcp operon of P. aeruginosa can restore
protein secretion in an X. campestris secretion mutant while the xps operon of X.
campestris can only partially restore secretion in P. aeruginosa secretion mutants (de Groot
et al,, 1991). These results indicate that different components of each system might
recognize signals specific for each organism. With homologies between the different
species GSP genes varying fron: 30-80%, it is not surprising to find that the GSP system

from one organism cannot comp/cment a defect in another organism (Pugsley, 1993a).

C) The periplasm and ithe GSP

The identification of different components of the GSP machinery has not yet led to
an explanation of how secreted proteins are translocated across the outer membrane. Much
of the evidence points to a two-step mechanism in which crossing the inner membrane by
the sec system occurs first. Both the E. chrysanthemi pectate lyase isozyme PelE and K.
oxytoca PulA have been shown to require the sec export machinery for translocation across
the inner membrane (He et al., 1991a; Pugsley et al., 1991a). Since other proteins secreted
by the GSP also contain typical signal sequences, it is likely they all cross the inner
membrane in a sec-dependent manner (Pugsley, 1993a). A number of observations have
indicated that these profcins enter the periplasm at the end of the first step, before being

translocated across the outer membrane.

The first evidence that the periplasm was part of the general secretion pathway was
found by Howard and Buckley (1985a) who demonstrated that the precursor of an A.
hydrophila toxin, preproaerolysin, could be trapped in the inner membrane by collapsing
the "MF. Under these conditions, an intracellular pool of the leaderless proaerolysin was

also found. While both forms of aerolysin were protected from proteolytic degradation




54

when protease was added to the culture supernatant, the proaerolysin alone was digested

when protease was added to cells that had undergone osmotic shock. This showed that

aerolysin did not cross the inner and outer membranes simultaneously. Pleiotropic
secretion mutants of A. hydrophila were found to accumulate proaerolysin in the periplasm,
further suggesting that this was the location of the intracellular pool in the wild type cells
(Howard and Buckley, 1983, 1985a). Similar results were observed when mutations were
made to the GSP of E. chrysanthemi (Andro et al., 1984). Expression of a V. cholerae
haemolysin (Mercurio and Manning, 1985) and deoxyribonuclease (Focareta and Manning,
1987), the P. aeruginosa exotoxin A (Douglas et al., 1987; Lory et al., 1988), E.
chrysanthemi PelE (Collmer et al., 1985) and A. hydrophila aerolysin (Howard and

Buckley, 1986) in E. coli all resulted in the accumulation of the proteins in the E. coli
periplasm, indirect evidence that they normally pass through this space in their native
bacteria. A fusion protein made between PulA and MalE also accumulated in the periplasm
of E. coli provided that the pul secretion genes were not expressed (Poquet et al., 1993a).
When the pul secretion operon was cloned into this strain on a separate, inducible plasmid,
the accumulated fusion protein was released into the culture supernatant when the secretion
operon was expressed. As had been shown by Wong and Buckley (1989; see Results) this
showed that GSP proteins directed to the periplasm are still able to cross the outer
membrane. Pulse-chase experiments with the V. cholerae heat-labile enterotoxin (LT)
revealed that the LT subunits quickly entered into the periplasm before slowly being
released into the culture medium (Hirst and Holmgren, 1987a). Overproduction of PelE in
E. chrysanthemi resulted in the accumulation of PelE in the bacterial periplasm (He et al.,
1991a), while mutants of P. aeruginosa accumulated exotoxin A in the periplasm before it
was slowly moved across the outer membrane (Lu et al., 1993). Originally it had been |
reported that exotoxin A did not enter the periplasm but rather, crossed the inner and outer

membranes together in a single step (Lory et al., 1983). It may be that the efficiency of
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translocation of wild .ype exotoxin A from the periplasm across the outer membrane is so
great that no periplasmic intermediate could be observed in the earlicr experiments (Lu et

al., 1993).

D) The role of signals and proteix folding in the GSP

Several groups have searched for signals within secreted proteins which could be
recognized by the GSP machinery. While each group has located regions within their
protein that are necessary for secretion, none of these regions has yet been found to be
required in any other protein. Kornacker and Pugsley (1989) initially showed by deletion
mutagenesis that the first 656 amino-terminal residues of PulA contain enough information
for secretion of the protein across the outer membrane. Removal of more residues from the
C-terminus results in the accumulation of the mutants in the periplasm. Further, fusion of
the N-terminal 834 amino acids of PulA to p-lactamase leads to the release of the normally
periplasmic protein from E. coli containing the pul secretion operon (Kornacker and
Pugsley, 1990). A similar fusion protein made with PhoA is not secreted. However, the
PhoA fusions are proteolytically degraded in the cells, and it is not clear if the inability to

secrete the fusion proteins is due to this (Kornacker and Pugsley, 1990).

Deletion mutagenesis of the P. aeruginosa exotoxin A identified an even smaller
region required for secretion, as the first 30 residues of the mature protein were found to
contain enough information to cause secretion of the protein (Hamood et al., 1989).
However, no other secreted proteins have been found which contain a similar 30 residue
sequence, suggesting it is unlikely that a universal primary structural motif acts as the
secretion signal. Site-directed mutagenesis of the Asp residue at position +2 of the mature

PulA protein resulted in a secretion defect (Pugsley and Kornacker, 1991), but this does
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not appear to affect the interaction between PulA and the GSP. Rather, it prevents the

release of PulA from the outer membrane surface (Poquet et al., 1993b).

Deletion of the C-terminal cellulose-binding domain or the internal catalytic domain
of the E. chrysanthemi EGZ cellulase prevents secretion of the protein (Py et al., 1993).
Insertion of 8-18 residues between these two domains also results in a secretion defect,
indicating that tertiary structure may play an important role in secretion signalling.

However, no structures have yet been found which would confirm this theory.

Experiments have also been performed to look at the degree of folding of secreted
proteins. The secretion of the B subunit of V. cholerae heat-labile enterotoxin was
examined in these studies. While V. cholerae secretes this protein, E. coli does not. As
well, E. coli does not secrete its own, similar enterotoxin (Neill et al., 1983). However,
Neill et al. (1983) found that V. cholerae could secrete the E. coli toxin, likely because V.
cholerae has the GSP machinery whiie E. coli does not. Hirst and Holmgren (1987b)
performed pulse-chase experiments of the B subunit in V. cholerae to find out if the final
pentamer is formed before or after secretion across the outer membrane. They found that
monomeric B subunits were initially located in the periplasm, but pentamers were quickly
assembled shortly after. These pentamers were identical to the pentamers isolated in the
culture supernatant in their resistance to SDS, leading to the conclusion that the holotoxin
was secreted across the outer membrane in its final folded form. A V. cholerae homologue
of the E. coli DsbA protein (a periplasmic protein required for disulphide bond formation;
Bardwell et al., 1991) was found to be required for the formation of both the A and B
subunits of the enterotoxin. It was also required for the secretion of the enterotoxin
complex and a V. cholerae protease (Yu et al., 1992; Peek and Taylor, 1992). A mutation
in the E. coli dsbA gene dec:cased the rate of disulphide bond formation in PulA and also

slowed the rate of its secretion (Pugsley, 1992). Site-directed mutagenesis of two cysteine
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residues in E. chrysanthemi EGZ prevented formation of a disulphide bond and subsequent
secretion of the protein (Bortoli-German et al., 1994). It is not clear though if EGZ
secretion was prevented because of the lack of the disulphide bond or as a result of its
increased susceptibility to proteolytic digestion. While not showing that proteins are
secreted across the outer membrane in their final conformations, these observations indicate
that some folding can be tolerated by the GSP machinery. This contrasts with the sec
system, which requires proteins to be in an unfolded state for export across the inner
membrane (see above) as well as the IgA protease secretion system, which does not
translocate proteins with a high degree of tertiary structure across the outer membrane (see

section on IgA protease secretion above).

4. The secretion of pertussis toxin by Bordetella pertussis

The secretion of pertussis toxin by Bordetella pertussis requires at least one gene
product (PtIC) located downstream of the toxin (Covacci and Rappuoli, 1993). Six other
genes are linked with the p#IC gene in an operon and their products are similar to the VirB
protein of Agrobacterium tumefaciens, a protein believed to make a transmembrane
structure which mediates transport of T-DNA to plant cells (Weiss et al., 1993). No
homology has yet been found between these gene products and the pul operon proteins.
However, this system has only recently been identified and the details involved in the

secretion process remain to be determined.
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S. The Aeromonas hydrophila toxin aerolysin

A. hydrophila is a facultatively anaercbic Gram-negative bacteria. It secretes a
number of different proteins, including proteases (Rivero et al., 1990; Leung and
Stevenson, 1988a, 1988b), amylases (Gobius and Pemberton, 1988; Chang et al., 1993),
a glycerophospholipid:cholesterol acyltransferase (GCAT; Maclntyre and Buckley, 1978)
and a number of hemolysins (Hirono and Aoki, 1991; Howard and Buckley, 1985a). A.
hydrophila can cause diarrheal disease and wound infections in humans and fatal septicemia
in fish and mice, and some of the secreted proteins play a role in the pathogenicity of the
organism (Leung and Stevenson, 1988b; Chakraborty et al., 1987; Kindschuh et al.,
1987).

The hemolytic toxin aerolysin is produced by a number of different Aeromonas
species (Hirono and Aoki, 1991; Husslein et al., 1988). Aerolysin is synthesized as a 54
kDa precursor containing a typical 23 amino acid signal sequence (Howard et al., 1987;
van der Goot et al., 1992). This form of the toxin is known as preproaerolysin. The
signal sequence is removed after export acress the inner membrane, which presumably
occurs via the sec system (Howard and Buckley, 1985a). The resulting protoxin, known
as proaerolysin, is composed of 470 amino acids (Figure 1). It is secreted into the
extracellular milieu, where it is proteolytically converted to active aerolysin (Howard and
Buckley, 1985b). Many proteases, including trypsin, chymotrypsin and an extracellular
protease of A. hydrophila, can activate proaerolysin by removing approximately 40 amino
acids at the C-terminal of the protoxin (Howard and Buckley, 1985b; van der Goot et al.,
1992; see Figurc 1). The active toxin is able to disrupt membranes by inserting intc them
and forming channels (Wilmsen et al., 1990; Chakraborty et al., 1990). Aerolysin must

oligomerize before it can enter into the membranes (Garland and Buckley, 1988; van der
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Figure 1. Amino acid sequence of proaerolysin. The four different domains are indicated in different colors. Protease

and chemical cleavage sites are shown by arrows. Disulfide bonds are indicated by lines joining cysteine residues.
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Goot et al.; 1993). The X-ray crystallographic structure of proaerolysin has recently
identified a region which may be involved in this process (Parker et al., 1994; see Figure
1). Proaerolysin is unable to oligomerize and therefore is inactive. A similar pattern of
activation and aggregation has been observed with the Clostridium septicum alpha toxin

(Ballard et al., 1993).

As described above, proaerolysin is secreted from A. hydrophila by means of a
general secretion pathway analogous to the Pul system found in K. oxyfoca (exe system;
Jiang and Howard, 1991; Howard et al., 1993). However, identification of 11 of the Exe
components has not led to an increased understanding of the secretion process. The
experiments described in this thesis represent an attempt to reveal how aerolysin interacts
with the GSP. A number of different approaches have been used. Aerolysin was initially
cloned into 3 different heterologous hosts to see if the GSP of other Gram-negative bacteria
could direct its secretion. Site-directed mutagencsis and the generation of AerA'-"PhoA
fusion proteins were used to try to find signals within AerA which might direct the protein
to the GSP. In order to determine the energy requirements for secretion, the effects of a
proton ionophore and the pH of the growth medium on the secretion of a periplasmic pool
of proaerolysin in A. salmonicida were studied. Finally, the importance in secretion of a
periplasmic-spanning, energy-transducing protein that is required for macromolecule
import (TonB), was investigated by creating mutants which are resistant to the antibiotic

pirazmonam and potentially lack this protein.
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MATERIALS AND METHODS

Bacterial strains

The genotypes and sources of the strains used in these studies are listed in Table 1.
The strains Rif-1 and AH65-Rif" were isolated by plating 100 ul of an overnight culture of
AS440 and AH65 cultures respectively onto human blood agar (HBA) plates containing 40
ug ml™! rifampicin. Plates were incubated at 30°C and individual colonies were picked and
tested for their ability to secrete protease, glycerophospholipid:cholesterol acyltransferase
(GCAT; see below) and aerolysin (for AH65; see below). The whole cell protein profiles
of these resistant strains were also examined on sodium dodecyl sulphate-polyacrylamide
gels. Colonies which maintained the same phenotype as wild type controls were kept and
used in these studies. The pirazmonam resistant mutants SHJ2, SHJ17 and 2H" were
isolated by N. Gletsu and S. Hemming-Julseth by plating 1:100 dilutions of overnight
cultures of AHGS onto HBA plates containing 0.05 uM pirazmonam (Nikaido and
Rosenberg, 1990). The two strains SHJ2 and 2H" produced non-hemolytic colonies while

SHJ17 gave hemolytic colonies.

Media and reagents

Luria-Bertani (LB) medium was made as described by Sambrook et al. (1989),
except that the pH was adjusted to 7.5. LB-Davis medium was made by mixing 9 parts LB
medium with 1 part of 10 x modified Davis buffer (Ashton et al., 1980). Glucose was
added to a final concentration of 0.2% when it was required in the medium. Riddle's
medium was made essentially as described by Riddle et al. (1981), with 0.1% histidine and
0.1 % glutamic acid but no CoCly-6H,0, CuSO4-:5H,0 or MnCl-4H,0 added to the
medium. Low-phosphate Riddle's medium was made in the same way except that it

contained 0.2 mM KH;PO4. Also, the K;HPO4 was omitted and 4-(2-hydroxyethyl)
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Genotype
Strain or Source
description
Aeromonas hydrophila ;
AHG65 Wild-type This laboratory |
AHG65-Rif" Rif" strain of AHGS This laboratory
S9 Pleiotropic secretion mutant of Howard and
AHG6S5 Buckley, 1983 |
L1.97 AHG65 strain with mutation in exeE  Jiang and Howard, |
1991
SHJ2 Pirazmonam resistant, non- This study
hemolytic strain of AHGS
2H Pirazmonam resistant, non- This study
hemolytic strain of AHG65
SHJ17 Pirazmonam resistant, hemolytic This study
strain of AHG65
Aeromonas salmonicida
AS440 Wild-type; ATCC 14174 ATCC
Rif-1 Rif" strain of AS440 This laboratory
CB3 Rif-1::Tn5; deficient in secreted Buckley, 1990
protease; Km" and Rif"
Escherichia coli
HB101 supE4ahsdS20(rg mg)recAl3ara-  E. E. Ishiguro
14proA2lacY1galK2rpsL20xyl-
Smil-1
CC118 araD139A(ara lew) 7697 Alacx74 ~ C- Manoil
phoAA20galEgalKthi rpsE rpoB
arglywrecAl
LE392 supE44supF58hsdR514galK2galT- C. Manoil
22metB1(rpR55lacY1
IM105 supEendAsbcB15hsdRArpsLthin ~ Amersham
(lac-proAB)
TG1 supE hsdAS thi A(lac-proAB) F' Amersham
[traD36 proAB*lacl® lacZAM15]
Vibrio sp.
MVT606 wild-type marine Vibrio sp. strain  S. Mizushima ;
60); str-606 ,
MVT1064 MVTG606 epr-1064 S. Mizushima
MVT1181 MVTG06 epr-1181 S. Mizushima
MVT1192 MVTG06 epr-1192 S. Mizushima
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piperazine-N'-ethanesulfonic acid (HEPES) was added in its place to a final concentration
of 0.05 M. The pH of the low-phosphute Riddle's medium was adjusted to 7.4. YT
medium was made as described by Sambrook et. al. (1989). Pulse labeling experiments
were performed in Met- media, which was composed of M9 minimal media (Miller, 1972)
containing 1 mM MgSO,, 1 mg ml! thiamine, 0.2% glucose (w/v) and 0.3% methionine
assay medium (Difco). Blood plates were prepared using tryptic soy agar (TSA; Difco)
and 5% human blood (v/v) warmed to 50°C. When required, 5-bromo-4-chloro-3-indolyl-
phosphate (XP) or 5-bromg-4-chloro-3-indolyl-f-D-galactopyranoside (X-gal; Boehringer
Mannheim), dissolved in dimethyl formamide, were added to plates at a final concentration
of 40 ug ml'! in order to detect alkaline phosphatase or 3-galactosidase activity
respectively. When necessary, antibiotics (Sigma) were added to plates and media at the
following concentrations: kanamycin and rifampicin, 40 ug mI''; ampicillin, 100 174 ml};
chloramphenicol, 25 ug m!l™'; streptomycin, 400 ug ml'; pirazmonam (a kind gift from

Bristol-Myers Squibb), 0.05 uM.

Growth of bacterial cultures

All Escherichia coli cultures were grown in a New Brunswick Scientific Gyrotary
Water Bath Shaker (Model G-76) at 37°C and 250 rpm. All other bacterial cultures were
grown at 27°C and 250 rpm in a New Brunswick Scientific Controlled Environmental
Incubator Shaker (Model G-25). Growth was followed by measurement of the optical
density at 600 nm (ODgqp) using a Gilford RESPONSE UV-VIS spectrophotometer.
Cultures of cells containing plasmids with tac promoters were normally grown to an ODggo

of 0.5 before adding isopropyl-p~D-thiogalactopyranoside (IPTG) to a final concentration

of 1 mM.
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Cell fractionation

Culture supernatants were obtained by centrifuging cells in either a Beckman JA 20
or JA 14 rotor at approx. 9000 x g, or in a Fisher microcentrifuge for 10 min. Shock
fluids were usually obtained by the sucrose-EDTA method of Willis et al. (1974). When
shocking marine Vibrio sp. strain 60, the NaCl method described by Ichige et al. (1988)
was used.

To prepare outer membranes, shocked cells were resuspended in a minimum of 5
ml of either 20% sucrose, 10 mM HEPES, pH 7.4 or 10 mM Tris(hydroxymethyl)-
aminomethane (Tris)-HCIl, pH 7.4. Ribonuclease A (RNase A) and deoxyribonuclease I
(DNase I) from Sigma were added to the resuspended cells at final concentrations of 10 pug
mi™). Cells were passed through a pre-chilled French Pressure cell three times at a pressure
of 1100 kg cm2. Debris and unbroken cells were spun down at 3000 x g for 10 min at
4°C. For the samples resuspended in the sucrose/HEPES solution, EDTA was added to
the supernatant to a final concentration of 5 mM. These samples were then layered onto a
two-step discontinuous sucrose gradient previously described as the SGO gradient by
Ishidate et al. (1986). Samples were centrifuged in a Beckman SW55 rotor for 3 h at 4°C
and 40 000 rpm. Bands were removed by puncturing the tubes from the side using a
number 18 needle attached to a syringe. Samples were diluted to approx. 25% sucrose
with 10 mM HEPES, layered onto a second discontinuous sucrose density gradient
(previously described as SG1 by Ishidate et al.; 1986), and spun in a Beckman SW41 rotor
for 16 h at 4°C and 39 000 rpm. Fractions (0.7 ml) were collected from the top of the
gradient using a Pasteur pipette and the absorbance at 280 nm (Azg) was measured. In
some cases, samples were floated by adding sucrose to 60% (w/w) and centrifuging in an
SW41 rotor as above after overlaying with sucrose solutions of lower density (SG1).

Samples were run on sodium dodecyl sulphate (SDS)-polyacrylamide gels (See below).
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In order to prepare outer membranes according to the method of Filip et al. (1973),
French pressed cells suspended in 10 mM Tris-HCI, pH 7.4 were spun at 3000 x g for 10
min at 4°C to remove debris, before being centrifuged at 48 000 x g and 4°C for 45 min.
Pellets were resuspended in 20 mM Tris-HCI, pH 7.4, 0.5% (w/v) sodium lauryl
sarcosinate (SLS) to give an approx. protein concentration of 1 mg/ml. The suspensions
were incubated at 23°C for 25 min before being diluted 3.5-fold with Tris-SLS buffer and
spun at 48 000 x g and 23°C for 30 min. Pellets were washed once with 20 mM Tris-HCl,
pH 7.4 and resuspended in 100 ul of 20 mM Tris-HCI, pH 7.4. Lipopolysaccharide was
removed by treating them with an equal volume of buffer saturated phenol at 70°C for 10
min. The aqueous layer was removed and an equal volume of buffer was added to the
phenol layer to repeat the extraction. The phenol layer was then treated twice with 2
volumes of acetone and once with 2 volumes of ether. The final pellet was dried,
resuspended in 2% SDS, 5% B-mercaptoethanol, 10 % glycerol, 27 mM H;S0y4, 55 mM
Tris-HCl, pH 6.1 (1 x protein sample buffer) and boiled for 3 min before being loaded
onto an SDS-polyacrylamide gel. Whole cell fractions used in enzyme assays were
obtained by resuspending cell pellets in 20 mM Tris-HCI, pH 7.4 and freeze/thawing the

samples three times using an ethanol/dry ice bath and a 37°C water bath.

Protein electrophoresis and immunoblotting

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in 12% slabs
with 3% stacking gels by the method of Neville (1971) using a Bio-Rad mini-PROTEAN II
system. Samples were prepared in 1 x protein sumple buffer and boiled for 3 min before
being loaded. Gels were run at 16 mA constant current through the stacking gel and 40
mA through the separating gel. Proteins were then either stair{ed with Coomasie Blue or
transferred to nitrocellulose by the miethod of Towbin et al. (1979) using a Bio-Rad mini

Trans-blot electrophoretic transfer cell. Nitrocellulose was blocked in 1% bovine serum
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albumin (BSA; fraction V, Sigma), 1 % fetal calf serum (HyClone), 0.5%
polyoxyethylenesorbitan monolaurate (Tween 20) in 0.85% NaCl, 10 mM NaH,PO4, pH
7.4 (PBS) at 37°C for 1 h. The blocking solution was removed and 30 ml of PBS

containing 1 M glucose, 10% glycerol, 10% fetal calf serum, 0.05% Tween 20 was poured

over the nitrocellulose. An anti-aerolysin monoclonal or polyclonal antibody, made in this

laboratory, was usually used as the primary antibody in the next step. Also used were
polyclonal antibodies made against alkaline phosphatase (made by R. Beecroft) and the E. !
coli TonB (a gift from K. Postle). A 1:4000 dilution of the primary antibody was added to
the solution and the blot was incubated overnight at 4°C on a shaking table. The primary
antibody was removed and the nitrocellulose was washed 5 x 5 min with PBS containing
0.5% Tween 20. The nitrocellulose was then covered in a solution of PBS containing 1%
BSA, 1% fetal calf serum and 0.5% Tween 20 and a 1:4000 dilution of either goat a-
mouse IgG (Caltag; for monoclonals) or goat a-rabbit IgG (Caltag; for polyclonals)
antibodies linked to either alkaline phosphatase or horseradish peroxidase. Blots were
incubated for 1 h at room temperature on a shaking table before being washed 3 x 5§ min
with PBS containing 0.5% Tween 20. When alkaline phosphatase antibodies were used,
they were washed an extra 3 x 5 min in 100 mM NaCl, 50 mM MgCl,, 100 mM Tris-HCI,
pH 9.8, while horseradish peroxidase antibody blots were washed 3 x 5 min with 10 mM
Tris-HCI, pH 7.4. Blots were stained as described by Sambrook et al. (1989) or they were

developed using the Amersham ECL system as described by the manufacturer.

Plasmid construction and purification
A list of plasmids used in these studies is given in Table 2. Restriction digests of
plasmids were performed at 37°C for 90 min with restriction enzymes from Pharmacia or

Boehringer Mannheim. Digestions were stopped by the addition of 40% sucrose, 60 mM




Table 2: Plasmids and phage used in this study
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Plasmid or Phage Description _ Source _
PMMB66EH RSF1010 A (PsA-Pvull, 2.8 kb) @  Furste etal., 1986
(lacl? tacP rrnB bla Nrul-Ahalll,
3.0 kb) Ap'
pMMB66HE Same as pMMBG66EH, with orienta- Furste et al., 1986
tion of multi-cloning site reversed
pMMB208 IncQ, lacl%, caf(Cm"), Ptac, rrnB Morales et al., 1991
with polylinker from M13mp19
pCH2 phoA::bla promoter and signal S. Lory
sequence of pKT287
pHI.1 E. coli phoA in pBR322 S. Lory
PAP208 pMMB208 Q (pHI.1, HindlIl This study
Xhol, 2.5 kb) Cm' .
pFUS208 pMMB208 Q (pCH2, Hindlll- This study
Xhel, 2.9 kb) Cm"
pPH501 aerA in pBR322; Tc' S. P. Howard
pPKW2 pMMB66EH  (pPH501, EcoRI-  This study
Pstl, 3.4 kb) Ap° _ .
PNB5 pMMB66HE Q (pPHS501, Nsil- ~ This laboratory
Bcll, 1.7 kb) Ap’ .
PNK1 pNB5::Tn10; Ap’, Km' This study
pKM2 pKW2::Tn10; Ap', Km" This study
PRK2013 Conjugative helper plasmid: Km*  E. W. Nester
pIT2 pMMB66EHQ(pIT-1, EcoRI- 'lfggglm“ etal., i
HindIIl, 1.2 kb) Ap' . ;
pUWI64 pRK2013 kan::Tn7xyz::Tn5; Km" Weiss et al., 1983 3
AT::.PhoA-i ATnS::phoA C. Manoil
A1105 Aptac-transposase mini kan Way et al., 1984
mp18/mp19 M13 sequencing phage Pharmacia
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EDTA, 0.25% bromophenol blue. Ligations were performed by mixing 100-200 ng of
vector DNA with at least an equimolar amount of insert DNA, 2 units of T4 DNA ligase
(Pharmacia or BRL) and 1 x ligation buffer supplied by the companies. Ligations were
incubated overnight at 16°C before being used to transiorm competent cells (See below).
The wide-host-range vectors pMMB66HE and EH (Furste et al., 1986) were used to move
aerA into A. salmonicida and Vibrio spp. strain 60. The wide-host-range plasmid
pMMB208 (Morales et al., 1991) was used to move different constructs into A.
hydrophila. Plasmid pPH501 (Howard and Buckley, 1986) was the source of the aerA
gene. Digestion of pPH501 with EcoRI and PstI released a 3.4 kb fragment composed of
the 1.5 kb aerA gene, a 0.5 kb upstream region which contains the aerA promoter, and a
1.4 kb region downstream. This was ligated into pMMBG66EH to make plasmid pKW2.
Plasmid pPH501 was also digested with Nsil and Bcll by M. Green (Wong et al., 1989),
to release a 1.6 kb fragment which lacked the aerA promoter and contained only 180 bp
downstream of aerA. This v 1s ligated into pMMB66HE to make plasmid pNBS.

It was found that the marine Vibrio spp. strain 60 and its pleiotropic mutants were
all resistant to ampicillin, making it difficult to select for clones containing any of the
pMMB66 constructs. To solve this problem, the modified Tn10kan from A1105 was
inserted into pPKW2 and pNBS by D. McLean (Wong et al., 1990) to give pKM2 and
pNK1 respectively. Insertion of the transposon did net affect aerA or B-lactamase
expression.

Plasmids pHI.1 (Inouye et al., 1981) and pCH2 (Hoffman and Wright, 1985) were
used as sources of phoA containing the native signal sequence and a bla signal sequence
respectively. These plasmids were digested with HindIII and Xhol to release the phoA
inserts. They were ligated into pMMB208 to give pAP2(8 and pFUS208 (bla signal

sequence).
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Mini plasmid preparations followed the alkali lysis method described by Sambrook
et al. (1989). The plasmid preparations were always extracted with phenol:chloroform.
Minipreparations supplied enough DNA for most cloning experiments, but when larger
plasmid preparations were required, the method of Birnboim and Doly (1979) was used.
E. coli strains containing the desired plasmid were always used for plasmid preparations.
All DNA preparations, restriction digests and ligations were checked by agarose gel
electrophoresis using 0.8-1.5% agarose gels in 100 mM boric acid, 100 mM Tris, 2 mM
EDTA. Submerged miniature electrophoresis tanks (Fotodyne) were used, normally at a

constant voltage between 80-100 V.

Plasmid transformation and mobilization techniques

Plasmids and ligation mixtures were transformed into E. coli strains HB101 or
CC118 using the CaCl; methad described by Sambrook et al. (1989) with the following
changes: 50 mM CaCl, was used; cell pellets were resuspended in 50 ml of CaCl; per 100
ml culture after the first centrifugation and 8 ml per 100 ml culture after the second
centrifugation; LB medium and TSA plates were used instead of SOC medium and SOB
agar containing MgSO, respectively. Plasmids were mobiiized into Aeromonas spp. and
Vibrio spp. using > modification of the filter mating technique of Haryama et al. (1980).
Both donor and recipient cultures were grown in LB medium with shaking at 250 rpm and
optimum temperatures for each culture. The E. coli helper strain MM297-pRK2013
(Figurski and Helinski, 1979) was grown under the same conditions. All cultures were
grown to an ODggg of 0.5 before being transferred in the ratio of 2:1:1 (recipient:helper:
donor) onto sterile 0.45 pm Millipore filters placed on a vacuum filter flask. Culture
supernatants were removed by applying a vacuum to the filter funnel flask. Filters were
incubated on TSA plates containing no antibiotics at 30°C (when A. salmonicida or Vibrio

spp. were used as recipients) or 37°C (when A. hydrophila was used as the recipient) for at
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least 3 h. Filters were then suspended in 5 ml of LB medium and vortexed to remove cells.
Dilutions of the mating mixes were plated onto antibiotic-selective HBA plates to select for

transconjugates.

Preparation of phage stocks, replicative form DNA and single stranded
template DNA

The HindlIl-EcoRI fragment of pNBS containing the aerA gene was cloned into
M13mp19 and transformed into E. coli strain TG1 as described above. After heat shocking
the cells at 42°C for 1.5 min, 1 x YT melted top agar cooled to 50°C was added along with
X-gal, IPTG and TG1 cells grown to log phase, and the mixture was poured over 2 x YT
agar plates. White plaques were picked with sterile toothpicks and placed into 2 ml cultures
of TG1 grown in 2 x YT medium to an ODggg of 0.2. Cultures were incubaiz=d at 37°C
and 250 rpm for 5 h before being centrifuged at 4°C for 15 min at 6 000 x g. Supernatants
were collected and stored at 4°C as phage stocks. Preparations of replicative form (RF)
DNA were made from the remaining cells by resuspending them in 200 pl of 50 mM
glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0, and continuing the miniplasmid
procedure as described under "Plasmid construction and purification". Restriction;
digestions were carried out on the resulting RF DNA preparations to confirm the presence
of the aerA insert.

Single stranded template DNA was prepared by adding 100 pl of phage stocks to
10 ml samples of TG1 culture grown to an ODgg of 0.5. Cultures were grown at 37°C
and 250 rpm for S h before being spun down at 2500 rpm at room temperature in an
International clinical centrifuge (model CL) for 15 min. The supernatants were carefully
transferred to a second tube and a second centrifugation done. A total of 7.5 ml of each
supernatant was transferred to a third tube, which was chilled on ice and contained 2 ml of

20% polyethylene glycol (PEG) and 2.5 M ammonium acetate. Samples were left on ice
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overnight before being spun down at room temperature and 2800 rpm for 15 min in the
clinical centrifuge. As much of the supernatant was aspirated off as possible, and a second
centrifugation done to remove the remaining PEG solution. Pellets were resuspended in
700 wl of 1 mM EDTA, 10 mM Tris-HCl, pH 7.4 (low TE buffer), and extracted twice
with buffer-saturated phenol (BRL), followed by a 1:1 mixture:of phenol: CHCl3/ isoamyi
alcohol (24/1) and finally with CHCl3/ isoamyl alcohol (24/1).. An equal volume of reagent
to sample was used in all extractions. The template DNA was precipitated with 2 volumes
of 95% ethanol containing 125 mM ammonium acetate. The samples were left at -20°C for
1 h, then spun in a microfuge for 15 'min. The ethanol was aspirated off, and the pellets
were washed in 70% ethanol before being dried in a vacuum desiccator. They were then

resuspended in 25 pl of sterile distilled water.

Site-directed mutagenesis

The oligonucleotides used to replace amino acids in aerA and the changes that were
made are listed in Table 3. All oligonucleotides were synthesized by the Regional DNA
Synthesis Laboratory at the University of Calgary. Oligonucleotides were 5'-phosphoryl-
ated using 2 umts of T4 polynucleotide kinase per 50 pmole of DNA. Phosphorylated
oligonucleotides were annealed to single stranded templates derived from M13mp19
containing the aerA insert from pNBS (see above) using reagents contained in the
Amersham oligonucleotide-directed in vitro mutagenesis system, version 2.1. The
‘mutagenesis reactions used followed the methods of Eckstein (Taylor et al., 1985;
Nakamaye <t al., 1986; Sayers et al., 1988) with materials from Amersham. The mutant
oligonucleotide was extended using the Klenow polymerase and T4 DNA ligase to form a
mutant heteroduplex. The use of thionucleotide dCTPasS in the extension reaction
prevented the mutant strand from being nicked by the restriction endonuclease Ncil. The

template DNA could be nicked by Ncil, allowing the digestion of this strand by exo-




Table 3. Primers used in the site-directed mutagenesis of aerolysin

Oligonucleotide? DNA codon change Amino acid change

CACC AAC GGG TCCAAG A TGG to GGG Trp227 to Gly
CACCAACTIGTCCAAGA TGG to TTG Trp227 to Leu
CACCAACTICTCCAAGA TTG to TTCP Trp227 to Phe
T GAA GTG CAG TGG TGG G AAG to CAG Lys369 to Gln
G AAG TGG TTG GAC TGG A TGG to TTG Trp371 to Leu
G TGG TGG AACTGG AACT GACto AAC Asp372 to Asn
G TGG GACTTG AACTGG A TGG to TTG Trp373 to Leu
C CGT GGC GAC AATGACG AACto GAC Asnl154 to Asp
AC AAT GAC GCC GGC TGT GGC 1o GCC Gly157 to Ala
CGGC GGC AGT GACGGCT TGT to AGT Cys159 to Ser

aSequences are written 5' to 3'.  The codon that is changed is underlined.

bThis codon change was made in two steps, TGG to TTG followed by TTG to

TTC.
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nuclease III. The exonuclease was allowed to digest past the mutation site before the strand
was repolymerized using DNA polymerase I and T4 DNA ligase. The final reaction
mixture was used to transform competent TG1 cells which were plated onto 2 x YT plates
to obtain plaques as described above for making phage stocks. White colonies were
picked, inoculated into TG1 cells in log phase and template preparations were made for use
in hybridization and sequencing experiments. Cells were resuspended in 200 pl of 50 mM
glucose, 10 mM EDTA, 25 mM Tris-HCl, pH 8.0 and RF preparations were made.
Restriction digests of RF preparations identified potential mutants for sequencing. The
completé aerA gene of these mutants was sequenced to ensure that only the desired change
had occurred during the mutagenesis reactions. Once a clone had been identified in this
way, the mutant ¢erA insert was ligated into pMMBG66HE, transformed into HB101 and
filter mated into CB3. Since all mutants were derived from the aerA insert from pNBS,
none contained the aerA promoter and all were under the control of the fac promoter.
Purification of the Leu227 and Phe227 mutants required concentrating 250 ml of
culture to approx. 20 ml using a Sartorius Mini Sartocon concentrator (Model SM17521)
and a cellulose triacetate membrane with a nominal molecular weight cutoff of 30 000. The
concentrated mutant protoxins were then purified by N. Gletsu as previously described

(Wong and Buckley, 1991).

DNA hybridization and sequencing techniques

A piece of GeneScreen Plus (GS+; New England Nuclear) was soaked in 0.9 M
NaCl, 0.09 M sodium citrate (6 x SSC) and placed in a Bio-Dot apparatus (Bio-Rad). The
wells were washed twice with 6 x SSC before 100 pl of phage preparations were placed in
the sample wells. The samples were drawn down by applying a vacuum and then washed

with 100 pl of 6 x SSC. The GS+ was dried at room temperature, baked at 67°C for 2 h,

and then prehybridized in 6 x SSC containing 0.2% SDS and 10 x Denhardt's solution
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(0.2% Ficoll [type 40; Pharmacia], 0.2% polyvinylpyrrolidone, 0.2% BSA [fraction V]) at
room temperature for 1 h. The mutant oligonucleotides were end-labeled by mixing 20
pmol of DNA with 2 units of T4 polynucleotide kinase and 15 uCi y-3*P ATP in 10 mM
MgCl,, 7 mM dithiothreitol, 100 mM Tris-HCI, pH 8.0 and incubating for 30 min at 37°C.
The GS+ was washed 3 times in 6 x SSC buffer before being placed in 10 ml of 6 x SSC,
10 x Denhardt's solution. The labeled oligonucleotides were placed on top of the GS+ and
left to incubate at 67°C for 15 min. This was followed by a 1 h incubation at room
temperature. The GS+ was washed 3 x 5 min in 6 x SSC, blotted dry, and exposed to
Kodak XAR-5 X-ray film for 2.5 h at - 70°C. The film was developed and the GS+
subsequently washed with 6 x SSC at higher temperatures until the probe was washed
from the control, wild type phage preparation. Samples giving positive results were
sequenced by the dideoxy termination method of Sanger et al. (1977) using [a->°S]-dATP
(10 uCi ul'l; Amersham) and the modified T7 DNA polymerase (Tabor and Richardson,
1989) supplied in the Sequenase version 2.0 sequencing kit (United States Biochemical).
Primers used were 16-18 base oligonucleotides which were complementary to portions of

the aerolysin DNA near the region to be sequenced.

TnpheA insertions

Stocks of the phage ATnphoA (Gutierrez et al., 1987) were propagated as described
above. Cultures of CC118 containing pNBS were grown to an ODggg of 0.5 The cultures
were spun down in 1 ml aliquots, and each aliquot was resuspended in 400 pl of ice cold
10 mM MgSO0y and 100 pl of NTnphoA phage stock (4.0 x 10° pfu mi™!). Samples were
initially incubated at 30°C for 3.5 h with no shaking before adding 1 ml of LB medium.
They were then incubated for a further 4 h at 30°C and 250 rpm. Aliquots of 100 ul were
spread onto LB agar containing 100 pg inl’! ampicillin, 300 ug ml"! kanamycin and XP.

More than 1000 colonies grew on each pla’te. A volume of 2.5 ml of LB media was added
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and a sterile glass rod was used to scrape all the colonies from each plate. The resuspended
cells were spun down in a microfuge and used for miniplasmid preparations. The plasmids
were used to transform CC118 cells and fusions were selected on HBA plates containing
ampicillin, kanamycin and XP. Blue colonies were picked, regrown, and plasmids
isolated. Restriction digests were used to determine the approximate location of the fused
phoA. Fusions which appeared to be in the aerA gene were cloned into M13mp19 to

produce templates which were sequenced to locate the fusion sites.

Pulse labelling and immunoprecipitation experiments

Cuiltures of CB3 containing mutant aerolysin constructs or phoA fusions were
grown to an CDggg of 0.5 and then induced by adding IPTG to 1 mM. After a further 15
min incubation, 300 ul samples were spun down in a microfuge, washed once in Met”
medium and resuspended in 300 ul of the same medium containing 54 uCi [>S]-
methionine (612 Ci mmol™!; New England Nuclear). The samples were incubated for 5,
10, 15 or 30 min at 30°C before being fractionated as described above. Shocked cells were
resuspended in 300 pl of Met” medium. All fractions were precipitated by adding 0.25
volumes of 1 mg ml™! BSA, followed by 1 volume of ice cold 20% trichloroacetic acid.
After centrifugation, pellets were washed with acetone, air dried and resuspended in 1/5 the
original volume of 1% SDS, 50 mM Tris-HCI, pH 8.0, 1 mM EDTA, 0.1 mM
phenylmethylsulfonyl fluoride and boiled for 2 min. Triton buffer (1.25% ¢-
octylphenoxypolyethoxyethanol [Triton X-100}, 190 mM NaCl, 6 mM EDTA, 60 mM
Tris-HCI, pH 7.4) was added to make up to the original volume, followed by 20 il of cold
10% Staphylococcus aureus cells (SAC; Calbiochem). After 2 h on ice, samples were
centrifuged and the supernatants were transferred into tubes contaitiing 3.25 pl of
monoclonal aerolysin antibody, alkaline phosphatase antiseriii or GCAT antiserum. They

were left overnight on ice. Antibody coniplexes were recovered by incubating the samples
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with 20 pl of 10% SAC (washed in 100 mg ml! BSA) for 1 h on ice and centrifuging.
Pellets were washed twice in Triton buffer and once in 10 mM Tris-HCI, pH 7.4. They
were resuspended in 1/10 the original volume of 1 x protein sample buffer and
electrophoresed as described above. Gels were fixed in 7% acetic acid, 30 % methanol for
30 min, then soaked in AMPLIFY (Amersham) for 30 min. The gels were finally dried
and exposed to Kodak X-Omatic X-ray film for 24-48 h at -70°C.

Detection of hemolytic activity

Hemolytic titres were used to measure the activity of aerolysin. Samples were
made up to 200 pl with PBS, and unless otherwise noted, 1 pg of trypsin was added to
each. After incubating for 5 min at room temperature, the samples were serially diluted 1:2
with PBS in microtitre plates. Human erythrocytes that had been washed in PBS were
added to a final concentration of 0.4% (v/v) and the plates were incubated at 37°C for 1 h.
Hemolytic activity is expressed as the inverse of the largest dilution with which complete
lysis occurred.

To quantitate amounts of aerolysin, samples (normally 20 ul) were diluted to 85 pl
with PBS containing 1 ug of trypsin. Supernatant samples which had been buffered below
pH 7 had 5 ul of 1 M Tris-HCI, pH 8 added to raise the pH. After incubating 5 min at
room temperature, 90 pl of PBS containing 0.1% BSA was added to each sample before
serially diluting 1:2 as above in microtitre plates with V-shaped bottoms. Each well had 90
ul of 0.8% (v/v) human erythrocytes in PBS added to it and the plates were incubated at
37°C for 1 h. The plates were centrifuged and 135 ul of the supernatants were removed
from the wells containing partially hemolyzed cells. The supernatants were diluted with
850 pl of PBS and the absorbance at 413 nm read. The amount of aerolysin in each

original sample was determined from a standard curve prepared in the same microtitre plate
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with known amounts of aerolysin. Neither CCCP nor any of the buffers used in any of the

media interfered with this assay system.

Enzyme assays

Alkaline phosphatase activity was measured essentially as described by Brickman
and Beckwith (1975). Samples were made up to 1 ml with distilled water and 100 pl of a
0.4% solution of nitrophenyl phosphate (Boehringer Mannheim) in 1 M Tris-HCI, pH 8.0
was added to each. The mixtures were incubated at 37°C for 5-20 min, until a yellow color
had developed. The absorbance at 420 nm (A ;) was measured and the activity reported
as AA,o min'! mi”! of sample.

GCAT activity was measured using a modified version of the procedure described
by Buckley et al. (1982). Small unilamellar vesicles were formed from mixtures of 1 mM
cholesterol, [4-14C] cholesterol (50 mCi mmol™'; Amersham) and 1 mM egg
phosphatidylcholine (Sigma) dispersed in 0.4 ml of 0.25% Triton X-100, 20 mM Tris-
HCI, pH 7.4, 33 mM KCI. Enzyme samples were made up 100 pl with distilled water,
added to the vesicle mixture and incubated at 37°C for 15 min. Reactions were stopped by
the addition of 2.5 ml of CHCl3:methanol (2:1). After the samples had been centrifuged, 1
ml portions of the lower organic phase were transferred to new tubes and the organic
solvent was evaporated with nitrogen. Residues were redissolved in a minimum volume of
CHCl3:methanol (4:1) and applied to silica gel 60 thin layer plates (Merck) which were
developed in chromatography tanks containing petroleum ether:ether:acetic acid (70:30:1).
They were air dried and placed in an iodine tank until bands could be observed. The bands
corresponding to cholesterol ester and cholesterol were cut from the plate, placed in
siintillation vials containing 2 ml of scintillation cocktail, and counted in a Beckman LS

8100 scintillation counter.
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Protease activities were determined essentially as described by Young and
Broadbent (1982). A solution of 17 mg ml"! Hide powder azure (Sigma) in 20 mM Tris-
HCI, pH 7.4 was homogenized to get a homogeneous suspension. The samples (10-100
ul) and Hide powder mixture (950 ul) were prewarmed to 37°C before mixing. After
incubating at 37°C for 15 min, they were centrifuged for 5 min and the Asgs of the
supernatants was read.

pB-lactamase was assayed using the chromogenic substrate {7-(thienyl -2-
acetamido)-3-[2-(4-N,N-dimethylaminophenylazo)pyridinium methyl]-3-cephem-4
carboxylic acid} (PADAC; Calbiochem). Samples of 1-20 ul were added to cuvettes
containing 900 pl of 20 mM Tris-HCI, pH 8.0, followed by 100 ul of 200 uM PADAC
dissolved in 20 mM Tris-HCI, pH 8.0. The AAs7; was then measured in a Giiford
recording spectrophotometer for 5 min.

A modified protocol of the a-ketoglutarate reductive amination method of Halpern
and Lupo (1965) was used to measure the cytoplasmic marker glutamate dehydrogenase.
Samples (5-20 pul) were added to 835 pl of 0.1 M imidazole-HCI, pH 7.9, 70 ul 0.2 M a-
ketoglutarate, 35 ul of 26 mM EDTA, 50 ul of 6.4 M ammonium acetate, 15 ul of 0.1 M
adenosine diphosphate and 10 pl of 12 mM NADH. The AA34 was measured over a 10

min period in a Gilford spectrophotometer.
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RESULTS

Cloning of aerA into a wide-host-range vector and expression in E. coli

A number of groups have expressed proteins requiring a GSP in heterologous
hosts, but none have been successful in demonstrating secretion (for a review, see
Pugsley, 1993a). In order to see if aerolysin could be secreted by cther Gram-negative
bacteria, aerA first had to be inserted into a wide-host-range vector (pMMB66; Furste et
al., 1986), so that it could be transferred into other Gram-negative bacteria using a
triparental conjugation technique (see Materials and Methods). Two aerA constructs were
made: i) pKW2, which contains the aerA promoter and 1.4 kb of DNA downstream from
aerA and ii) pNBS, which contains no promoter and only 180 bp downstream (see
Materials and Methods). in both constructs, aerA was inserted downstream of a tac
promoter, allowing induction by the addition of IPTG.

Both constructs were first transformed into E. coli HB101 to produce suitable
plasmid donors for the transconjugations. Induction of both pKW2 and pNBS in HB101
resulted in the production of aerolysin. As shown in Figure 2A, the protein was located in
the cells early after induction. However, within 5 h, hemolytic activity began to appear
outside the cells. As shown in Figure 2C, this occurred at the same time as the periplasmic
marker f-lactamase was released into the culture supernatant and corresponded to a
decrease in growth of the cultures (Figure 2B). These observations led to the same
conclusion made earlier by Howard and Buckley (1986), namely that aerolysin produced in
HB101 disrupts the cells because they can't secrete the protein across the outer membrane.
Since proaerolysin, but not preproaerolysin, was found in HB101-pKW2 cell shockates
run on immunoblots (not shown here), it is likely that the protoxin was exported across the

inner membrane via the sec system, but became trapped in the periplasm due to the lack of a
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Figure 2. Production of aerolysin by E. coli containing pKW2. Cultures were grown in
LB medium containing 0.2% glucose and induced at an ODggg of 0.5 by the addition of
IPTG to a final concentration of 1 mM. (A) Hemolytic activity in cells (W) and culture
supernatants (@) of induced cells. All samples were initially treated with 0.5 ug/ml trypsin
for 5 min to activate any protoxin. No aerolysin was detected in uninduced cells or culture
supernatants (0). (B) Growth of induced (®) and uninduced (O) cultures. (C) p-lactamase !
in culture supernatants of induced (@) and uninduced (O) cultures. B-lactamase activity is

expressed in arbitrary units.
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GSP. Eventually, proteases within the periplasm presumably activated the protoxin to

aerolysin, which caused cell lysis.

Release of aerolysin by A. salmonicida

The inability of E. col: to secrete aerolysin is not surprising. All previous attempts
to clone GSP proteins in E. coli without also cloning in the pul-like operon genes have
resulted in the periplasmic accumulation of the proteins (Howard and Buckley, 1986;
d'Enfert et al., 1987). As well, E. coli se~retes very few of its native proteins (Oropeza-
Wekerle et al., 1990). However, A. salmonicida secretes a number of different proteins
including hemolysins, proteases and GCAT (Hirono and Acki, 1993; Maclntyre et al.,

.1979). For this reason, and since it is closely related (o A. hydrophila, A. salmonicida was
chosen to receive the aerA constructs.

In contrast to the results seen for E. coli, aerolysin induced in A. salmoricida was
secreted into the extracellular medium. When pKW2 and pNBS were transferred to Rif-1,
and the transconjugates were grown up in LB media containing 0.2% glucose, hemolytic
activity began to appear in the culture supernatants of both strains shortly after induction
and there was no cell-associated aerolysin detected in either until late in growth (Figure 3).
The production of the toxin did not result in ceil lysis as there was no effect on the growth
of the induced cells (Figure 4), and less than 20% of the total §-lactamase activity was
extracellular (Figure 5). Proaerolysin was the major protein observed in induced
supernatant samples run on SDS-polyacrylamide gels (Figure 6). There was no evidence
of a larger protein corresponding to the preprotoxin, indicating that the signal sequence had
been correctly removed by A. saimonicida. Thus the results suggest that aerolysin is first
exported across the inner membrane of A. salmenicida in a sec-dependent fashion before it

is translocated across the outer membrane.
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Figure 3. Production of aerolysin by A. salmonicida. The hemolytic activity of culture
supernatant samples from Rif-1 strains containing pNBS (M,0) and pK W2 (@,0), and cell
samples from strains contzining pNBS (A,A) and pKW2 (@) are shown. Cultures were
grown up and induced as described in Figure 2. Solid symbols refer to induced cultures;
open éymbols to uninduced cells.
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Figure 4. Effect of aerolysin production on the growth of A. salmonicida. This is the
same experiment as the one described in Figure 3. Shown are Rif-1 str2ins containing
pNBS5 (@,0) and pKW2 (B,00). Solid symbols refer to induced cultures; open symbols to
uninduced cultures.
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Figure S, Effect of aerolysin production on f3-lactamase release by A. salmonicida. Only
the results for pPKW2 are shown. A similar pattern was observed with pNBS plasmid-
bearing strains. This is the same experiment as described in Figures 3 and 4. Shown are
activities in the induced cells (M), uninduced cells (O), induced culture supernatants (@)
and uninduced culture supernatants (O). Enzyme activity is expressed in arbitrary units.
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Figure 6. SDS-polyacrylamide gel electrophoresis of A. salmonicida culture supernatants
before and after induction of plasmid-coded aerolysin. Culture supernatants were obtained
from cells grown to an ODgqp of approx. 2.5, after being induced with IPTG at an ODggg
of 0.5. After the addition of appropriate volumes of 4 x sample buffer, 20-ul samples were
applied to the gel. Lanes 1 and 2, induced and uninduced Rif-1-pNBS :espectively; lanes 3
and 4, induced and uninduced Rif-1-pKW?2 respectively; lane 5, purified aerolysin.
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It can also be seen in Figure 3 and Figure 6 thaf proaerolysin was synthesized and
secreted in uninduced cultures of Rif-1-pKW?2. This indicates that the aerA promoter can
be recognized by A. salmonicida. HB101 is not able to recognize this promoter, as no
aerolysin was produced in uninduced cultures of HB101-pKW?2 (Figure 2A).

A. salmonicida does not appear to produce aerolysin itself, as subcellular fractions
of Rif-1 did not cross-react with monoclonal a-aerolysin antibodies on Western blots (data
not shown). This made it suitable to use as an aerA” host to study the secretion of mutant

aerA gene products by the Aeremonas spp. GSP.

Production and secretion of GCAT by E. coli and A. salmonicida

A. hydrophila also secretes the lipase GCAT (Maclntyre and Buckley, 1978). To
see if it could also be secreted by a heterologous host, experiments similar to those
described above were performed with HB101 and Rif-1 strains containing the cioned A.
hydrophila GCAT gene. As with aerolysin, in E. coli, GCAT was found in the periplasm
up until there was evidence of cell lysis, 3-5 h after induction (Figure 7A). Thus there was
a decrease in viable cell count 2-3 h after induction with IPTG (Figure 7B) and an increase
in B-lactamase activity in the culture supernatants. f-lactamase remained in the periplasm
of uninduced cells (data not shown). In Rif-1 though, GCAT activity quickly appeared in
the culture supernatant (Figure 8B). As was observed with aerolysin, neither an increase in
f-lactamase activity in the culture supernatant nor a decrease in the viable cells was found at
any time after induction (Figures 8C and 8A). These results show that at least two very

different A. hydrophila proteins can be secreted by A. salmonicida, but not by E. coli.
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Figure 7. Expression of GCAT in HB101. HB101 was grown in LB medium containing
0.2% glucose and induced at an ODgqg of .5. (A) GCAT activity measured in 50 ul of
culture supernatant samples () and 10 ul of periplasmic shockates (@) of induced HB101-
pJT22. (B) Viable cells in cultures of induced (@) HB101-pJT22 and uninduced (O)
HB101-pJT22. '
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Figure 8. Production of GCAT by A. salmonicida containing pJT2. Cultures of Rif-1-
pJT2 were grown and induced as described in Figure 2. (A) Growth of induced (A) and
uninduced (A) cultures. (B) GCAT activity in the culture supernatants (W) and whole cells
(A) of induced cultures. Little activity was detected in uninduced cells (A) or culture
supernatants (3). (C) B-lactamase in culture supernatants of induced (@) and uninduced
(O) cultures and in the cells of induced (M) and uninduced (0J) cultures.
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Effect of aerolysin expression on the extracellular secretion of protease and
GCAT by A. salmonicida

In order to determiane if plasmid-encoded aerolysin could compete with endogenous
A. salmonicida proteins for components of the GSP, protease and GCAT assays were
performed on Rif-1-pNBS culture supernatant samples to see if they were secreted at
normal levels when aerolysin was overexpressed. As shown in Figure 9, the induction of
aerolysin synthesis by pNBS had no effect on the secretion of the A. salmonicida protease.
A small decrease in the GCAT activity was found in induced culture supernatant samples,
however the extent of the reduction varied in a number of different experiments.

It is possible that neither the GCAT nor the protease of A. salmonicida is secreted
by the GSP. Previous experiments demonstrated that secretion mutants of A. hydrophila
could not secrete aerolysin or protease (Howard and Buckley, 1983). We have also found
that GCAT activity in A. hydrophila pleiotropic mutants S9 and L1.97, the latter}
containing a lesion in the exeE GSP gene, was found primarily in the periplasm (data not
shown). This is evidence that the A. I1ydrophi1a GCAT is secreted by the GS?. It seems
likely then, that the A. salmonicida GCAT and protease may also use tae GSP. If this is
the case, then it would appear that the GSP is an extremely efficiei.t systemn as neither

protease nor GCAT secretion was greatly affected by the overexpression of aerolysin.

Location of the intracellular pool of proaerolysin in A. salmonicida

Figure 3 shows that a small amount of proaerolysin could be detected in the whole
cells of Rif-1-pKW2 and Rif-1-pNBS5. To determine its location, the cells were
osmotically shocked. The resulting shockates contained most of the recovered hemolytic

activity. Little or no activity remained with the shocked cells (data not shown). The
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Figure 9. Influence of aerolysin production on the export of chromosomal GCAT and
protease by A. salmonicida. Rif-1-pNBS cells were grown in LB medium. Shown are

protease activities in the culture supernatants of aninduced (O) and induced (@) cultures
and GCAT activities in culture supernatants of uninduced (O) and induced (M) cultures.

Activities are in arbitrary units.

90




91

shockates were run on an SDS-polyacrylamide gel along with a culture supernatant sample,
transferred to nitrocellulose and screened for aerolysin with anti-aerolysin monoclonal
antibodies. The resulting Western blot (Figure 10) shows that proaerolysin was present in
the shockable fraction while processed aerolysin was found in the culture supernatant.

This is evidence that proaerolysin normally passes through the periplasm before being
secreted across the outer membrane. However, it is possible thai overexpression result. in
more proaerolysin than the secretion machinery can handle and that the excess protein could
be diverted to the periplasm as a result. This would appear to be unlikely though as the
overexpression of aerolysin did not affect the secretion of protease and only a small
decrease in GCAT secretion was observed (see above).

In order to see if proaerolysin detected in the periplasm could still be translocated
across the outer membrane, experiments were set up to follow this pool of proaerolysin. If
the protoxin was diverted to the periplasm it might be expected that it could no longer enter
the GSP. Rif-1-pKW?2 cells were grown up and induced to a point where proaerolysin
was detected in the periplasm. The cells were transferred into LB media containing
chloramphenicol, thereby preventing the synthesis of de novo aerolysin. The results
shown in Figure 11 show that the shockable proaerolysin poo! decreased with time while
the amount of proaerolysin in the culture supernatant increased. No p-lactamase was
located in the culture supernatant, indicating that the toxin was not released by cell lysis.
Thus the periplasmic poc! of proaerolysin is available for secretion. Since the pleiotropic
secretion mutants S9 and L1.97 are unable to secreie their periplasmic pools of protoxin, it
would appear that secretion from the periplasm proceeds via the GSP. This is also further
evidence that aerolysin normally passes through the periplasm as it is secreted out of the

cell.
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Figure 10. Presence of proacrolysin in the periplasm of A. salmonicida. Rif-1 containing
pKW2 was grown overnight in LB medium with no glucose. Equivalent amounts of
culture supernatant and shock fluid were separated by SDS-polyacrylamide gel
electrophoresis and immunoblotted using an a-aerolysin monoclonal antibody. Lane 1,

purified aerolysin; lane 2, cuiture supernatant; lane 3, shock fluid.




i
P

93

TITER

T
0 10 20
MINUTES

Figure 11. Release of proaerolysin from the periplasm of A. salmonicida. Cells were
grown as described in the legend to Figure 10, washed, and transferred to fresh medium
containing 100 pg m1™! of chloramphenicol. Presented are titers of 100 pl volumes of
supernatant (@) and equivalent volumes of shock fluids ().




94

Secretion of aerolysin by a marine Vibrio spp.

The results obtained with aerolysin in A. salmonicida were the first to demonstrate
that a GSP protein could be secreted by a heterologous host. In order to see if aerolysir
could be secreted by a more distantly related Gram-negative organism, aerA was moved
into the marine Vibrio spp. strain MVT606, which Ichige et al. (1988) have described.
This strain secretes a number of different proteins, including a metalloprotease. While
MVT606 was not hemolytic on HBA plates, transconjugates containing either pPKM2 or
pNK1 produced zones of clearing around individual colonies. As shown in Figure 12A,
induction of aerolysin expression did not affect the growth of MVT606. High levels of
hemolytic activity were detected in the culture supernatants of induced c'ultures, with
approx. 60-fcld more activity located extracellularly compared to in the periplasm (Figure
12B). Release was not due to cell lysis as f-lactamase activity remained intracellular (data
not shown here) and cell growth was unaffected by expression of aerolysin (Figure 12A).
Thus MVT606, like the Aeromonas spp., is able to secrete aerolysin.

As shown in Table 4, both induced and uninduced cultures of MVT606-pKM2
produced aerolysin, while only induced cultures of MVT606-pNK1 synthesized aerolysin.
This indicates that this Vibrio spp., like A. salmonicida, is capable of utilizing the aerA

promoter and that aerA is completely under the control of the fac promoter in pNK1.
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Figure 12. Cell growth and aerolysin production vby MVT606 containing

pKM2 or pNK1 grown in LB medium. (A) Growth of MVT606 (), MVT606-pKM2

(A), and MVT606-pNK1 (®). (B) Aerolysin produced in culture supernatants (A) and in

shockates (A) by MVT606-pKM2 and MVT606-pNK1 (@,0). Cultures were induced with

IPTG after reaching an ODggg of 0.5.
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Table 4. Production of aerolysin by the parent Vibrio strain MVT606.

Strain and growth medium®  Optical density at 600 nm Titer
MVT606-pKM2
LB 5.2 7.5
LB + IPTG 5.9 9.0
MVT606-pNK1
LB ' 5.3 0.0
LB + IPTG 5.5 7.0

3 Bacteria were grown overnight in LB medium, with or without 1 mM IPTG.
® Titers of the culture supernatants were measured as described in Materials and Methods.
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Secretion of proaerolysin from pleiotropic secretion mutants of MVT606

Ichige et al. (1988) produced several pieiotropic secretory mutants of MVT606 by
random transposon mutagenesis of the chromosomal DNA. Plasmid pKM2 was
transferred to three of them, MVT1064, MVT1181 and MVT1192, to see if they were also
unable to secrete aerolysin. Growth of all the mutant Vibrio strains containing the plasmid
was slower than the growth of MVT606-pKM2, with MVT1181-pKM2 demonstrating the
most pronounced reduction (Figure 13). While culture supernatants of all the mutant,
strains containing pKM2 exhibited some hemolytic activity, there was 4-30 fold less than
in the culture supernatant of the MVT606-pKM2 at each time point (Figure 14A). More
importantly, all the mutant strains containing pKM2 accumulated large amounts of
aerolysin in the periplasm (Figure 14B), as had been found for the pleiotropic secretion
mutants of A. hydrophila (Howard and Buckley, 1983; Jiang and Howard, 1991). The
amounts in the mutant periplasms were at least 100-fold higher than that observed in the
periplasm of MVT606-pKM2 3 h after induction. The similarity between these results and
those found with the pleiotropic secretion mutants of A. hydrophila suggests that

Aeromonas spp. and the marine Vibrio spp. use a similar secretion pathway.

Molecular size of the aerolysin produced in the marine Vibrio spp.

To further exaniine the similarities between the Aeromonas spp. and Vibrio spp.
secretion pathways, samples of culture supernatants of the different Vibrio strains
containing pKM2 were run on Western blots to determine if the secreted toxin had been
processed. Figure 15 shows that MVT606-pKM2 (lane 1) processed the protokin into
active aerolysin. In contrast, small amounts of proaerolysin were detected in the culture

supernatant of MVT1181-pKM2 (lane 4). As shown in Figure 14A, culture supernatants
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Figure 13. Growth of MVT606 and the pleiotropic secretion mutants containing pKM2.
Cultures of the marine Vibiio spp. were grown in LB medium and induced with IPTG at an
ODggy of 0.5. Growth was followed by measuring the ODggg of the cultures over the next
11 h. Shown are MVT606 (&), MVT606-pKM2 (A), MVT1064-pKM2 (), MVT1181-
pKM2 (W), and MVT1192-pKM2 (@).
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Figure 14. Distribution of aerolysin in the culture supernatants (A) and shockates (B) of
the Vibrio strains containing pKM2. Cultures were grown as described in Figure 11.
Shown are MVT606-pKM2 (4), MVT1064-pKM2 (#), MVT1181-pKM2 (8B), and
MVT1192-pKM2 (®).
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Figure 15. Characterization of aerolysin in the culture supernatants of the Vibrio strains
containing pKM2 by immunoblotting. Lane 1, MVT606-pKM2; lane 2, MVT1192-pKM2;
lane 3, MVT1064-pKM2; lane 4, MVT1181-pKM2; lane 5, MVT606; lane 6, purified
proaerolysin. |
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of this strain have the highest titers. Jiang and Howard (1991) have found that some

* mutations to the GSP secretion opcron also affect the biogenesis of the outer membrane.

The results with MVT1181-pKM2 may indicate that a similar mutation has occurred,
resulting in a "leaky" outer membrane.

Another surprising observation made with MVT1181-pKM2 and MVT1192-pKM2
was that active aerolysin was released‘by osmotic shock (data not shown). This incicated
that the proaerolysin was being proteolytically processed in these mutants. Additionally,
processed toxin was observed on immunoblots of periplasmic shockates of these two
Vibrio mutants (Figure 16, lanes 3 and 1). Onfy proaerolysin was located in the periplasm
of MVT1064-pKM2 (lane 5) while neither was observed in MVT606-pKM?2 shocks (lane
6). When o-phenanthroline, an inhibitor of the MVT606 protease (Ichig- et al., 1988),
was present during the shocking procedure, onlv proaerolysin was recovered from the

periplasm of MVT1181-pKM2 (lane 4) and MVT1192-pKM2 (lane 2). This demonstrated

- that proaerolysin is not activated in the periplasm of the mutants. Apparently, in the

absence of a protease inhibitor, the shockate procedure releases the periplasmic pools of
both proaerolysin and the Vibrio metalloprotease, resulting in activation of the toxin. It
would then appear that proaerolysin and the metal protease can apparently remain in the
periplasm together without causing the activation of the proaerolysin. This could mean that
the protease is inactive in the periplasm or that the two proteins pass through different

compartments in the periplasm to prevent activation of the proaerolysin.

Secretion of Trp227 aerolysin mutants
It has been speculated that there are signals within secreted proteins which direct
them to the secretion machinery (Kornacker and Pugsley, 1990; Hamood et al., 1989).

However, none have yet been found in any of the proteins known to use the GSP. In an
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Figure 16. Characterization of aerolysin in the shockates of the Vibrio strains containing
pKM2 by immunoblotting: inhibition of activation during shocking of MVT1181-pKM2
and MVT1192-pKM2 by o-phenanthroline. Cells from the experiment described in Figure
11 were fractionated by osmotic shock as described in Materials and Methods. Lane 1,
MVT1192-pKM2; lane 2, MVT1192-pKM2 plus o-phenanthroline; lane 3, MVT1181-
pKM2; lane 4, MVT1181-pk’” *? plus o-phenanthroline; lane 5, MVT1064-pKM2; lane 6,
MVT606-pKM2; lane 7, MVT606; lane 8, purified proaerolysin. ‘
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attempt to locate such a signal within aerolysin, site-directed mutagenesis was used to
change specific amino acids in the toxin (see Table 3).

Howard et al. (1987) had previously found a 10 amino acid region in aerolysin
which is similar to a 10 amino acid sequence in Staphylococcal aureus o-toxin. A Trp
residue is found in this sequence at position 227. Because of the similarity of this region to
a-toxin, and bccause Trp residues have been postulated to play a role in membrane
interaction of other toxins (de Kruijff, 1990), Trp227 was chosen as the first amino acid to
change by site-directed mutagenesis. It was changed to three different amino acids, Gly,
Leu and Phe, and the resulting mutant aerA genes were inserted into pMMB6S. As with
wild type proaerolysin, each of the three mutant protoxins was expressed in E. coli and
could be deteéted in the periplasmic shockates (data not shown). When the constructs were
transferred to CB3, different amounts of each of the mutant protoxins were found in the
culture supernatants of the indiiced cultures (Figure 17). Only a small amount of Leu227
(lane 4) or Gly227 (lane 5) was observed in the culture supernatant samples run on an
SDS-polyacrylamide gel. Even the Phe227 mutant showed a decreased amount of
supernatant protoxin as compared to wild type (lane 3 vs lane 2). This demonstrated that
even the relatively conservative change from a Trp to a Phe at this position of aerolysin

results in a decreased secretion efficiency by CB3.

Intracellular accumulations of Trp227 aerolysin mutants in CB3

While the mutant aerolyéins were greatly reduced in the culture supernatants, they
could be detected in the whole cells of CB3 by Western blotting (data not shown). This
suggested that they might be getting stuck at some point in the secretion pathway. In order
to closely follow the proteins as they passed through the cells, CB3 cultures containing |

either wild type proaerolysin or one of the Trp227 mutants were induced with IPTG,
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Figure 17. SDS-polyacrylamide gel electrophoresis of Trp227 mutants in A. salmonicida
culture supernatants. Cultures were induced at an optical density at 600 nm of 0.5. Culture
supernatants were obtained from cells grown to an optical density of approximately 6.0 in
LB-Davis medium containing 0.2% glucose and concentrated 25-fold as described under
Materials and Methods. Amounts corresponding to approximately 50 ul of original culture
supernatants were applied. Lane 1, molecular mass standards (97, 66, 43, 31, 21.5, 14.4
kDa); lane 2, wild type (Trp227); lane 3, Phe227; lane 4, Leu227; lane 5, Gly227.




105

pulsed with [33S}-methionine, and immunoprecipitated with a-aerolysin monoclonal
antibodies. The results presented in Figure 18 show that wild type proaerolysin appeared
in the culture supernatant of CB3-pNBS less than 15 min after pulse labelling with [358]-
methionine (lane 16), while none was observed in the periplasmic shockate or shocked cell
fractions. Howard and Buckley (1985a) found similar results for aerolysin secretion in A.
hydrophiia, although they did detect small amounts of proaerolysin in the periplasmic
shockates. However, their AH65 cells had been treated with CCCP which prevented the
periplasmic pool of proaerolysin from being secreted. In contrast, the Gly227 (lane 2),
Leu227 (lane 8) and Phe227 (lane 14) proaerclysins initially appeared in the periplasmic
shockate fractions. While a small amount of Phe227 appeared in the culture supernatant
(lane 13) none of the Gly227 (lane 1) or Leu227 (lane7) was detected outside the cells.
After a further 15 min, the Leu227 (lane 12) and Gly227 (lane 6) began to accumulate in
the shocked cell fractions, although their concentrations in the shocks were still higher.
There was still none in the culture supernatants.

These results indicate that the mutations did not affect export across the inner
membrane into the periplasm, or processing by signal peptidase, as all the aerolysin seen in
the autoradiograph corresponded in size to proaerolysin. Thus the intracellular
accumulations of the mutant proteins which were observed must have resulted from a block
in secretion at a later step. It appears that the mutant proteins are unable to associate with a
component of the GSP because of the changes at position 227. The observed accumulation
of Gly227 and Leu227 in the shocked cell fractions suggest that the proteins are associated
with either *hi¢ inner or outer membrane, or in the cytoplasm. Howeve;, the latter is

unlikely since no preproaerolysin was observed.
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Figure 18. Subcellular distribution of mutant proaerolysins. Cells were induced with IPTG, then pulsed with [>>S]-
methionine, and fractions were isolated and immunoprecipitated as described under Materials and Methods. Lanes 1-3,
Gly227 pulsed 15 min; lanes 4-6, Gly227 pulsed 45 min; lanes 7-9, Leu227 pulsed 15 min; lanes 10-12, Leu227 pulsed 45
min; lanes 13-15, Phe227 pulsed 15 min; lanes 16-18, wild type Trp227 pulsed 15 min. Lanes 1, 4, 7, 10, 13, and 16, culture
supernatants; lanes 2, 5,‘ 8, 11, 14, and 17, shockates; lanes 3, 6, 9, 12, 15, and 18, shocked cells.

901
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Subcellular localization of the Trp227 aerolysin mutants

To determine where the Leu227 and Gly227 mutant proteins were getting stuck in
the cell, cultures of CB3 containing the mutant genes in LB medium containing Davis
buffer and glucose were induced and grown overnight. The membrane fractions were
isolated on sucrose density gradients as described in Materials and Methods. Fractions of
0.7 ml were taken from the top of the.gradients and screened at 280 nm. Peak fractions
were mixed with sample buffer, boiled for 3 min and loaded onto SDS-polyacrylamide
gels. As shown in Figure 19, most of the cell-associated Gly227 (lane 9) and Leu227 (lane
6) were detected on Western blots in the fractions containing outer membranes. In
contrast, none of the wild type proaerolysin was found in either the inner or outer
membrane fractions (lanes 2 and 3). In order to determine if these results were due to an
artifact which resulted from unlysed cells, ruembrane preparations of Leu227 were floated
from the bottom of a sucrose density gradient (Figure 20). Again, the Leu227 protein was
only detected in the outer mgmbrane fractions. It is possible that the mutant proteins enter
the membrane but are then unable to interact with one of the secretion components.
Alternatively, they could be diverted into the outer membrane because they are unable to

interact with the secretion machinery.

Effect of expression of mutant aerolysins on the secretion of chromosomal
extracellular protease

If the Leu227 and Gly227 mutants are getting stuck in the outer membrane, it
would not be surprising to find that they could block the secretion of other A. salmonicida
proteins which require the GSP. The mutant proteins may be stuck in a position which 1
prevents other secreted proteins from interacting with components of the secretion
pathway. As mentioned earlier, we have assumed that the A. salmonicida protease, like the

A. hydrophila and MVTG606 proteases, utilizes the GSP. When Leu227 was expressed in
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Figure 19. Association of mutant proaerolysins with A. salmonicida membrane fractions.
Cultures of CB3 containing the different mutants were grown up in LB-Davis medium
containing 0.2% glucose. Cells were harvested 16 h after induction with IPTG and
fractionated as described under Materials and Methods. After separation on sucrose density
gradients, inner and outer membrane fractions were electrophorescd in an SDS-
polyacrylamide gel and immunoblotted with a-aerolysin monoclonal antibodies. Lanes 1-3,
wild type; lanes 4-6, Gly227; lanes 7-9, Leu227; lane 10 proaerolysin standard. Lanes 1,4,
and 7, samples applied to sucrose density gradients; lanes 2, 5, and 8, inner membrane
fractions; lanes 3, 6, and 9, outer membrane fractions. '

' .
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Figure 20. Isolation of Leu227 proaerolysin with the outer membrane of A. salmonicida.
Outer membranes obtained as in Figure 17 were made to 60% (w/w) sucrose and
recentrifuged after overlaying as described under Materials and Methods. Fractions
containing outer membranes were electrophoresed and immunoblotted as in Figure 17.
Lane 1, proaerolysin standard; lanes 2, 4, and 6, membranes from uninduced cells; lanes 3,
5, and 7, membranes from induced cells. Lanes 2 and 3 contain cell erivelopes before
separation; lanes 4 and 5, outer membrane fractions after the first sucrose density gradient;
lanes 6 and 7, outer membrane fractions after the second sucrose gradient.
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Rif-1, no effect was observed in the amount of protease found on the culture supernatant
compared to uninduced cultures (Figure 21). It would appear then that there are either a
large number of sites able to transport proteins across the outer membrane by the GSP, or
that the mutant proteins are diverted into the outer membrane because they are unable to
associate with certain components of the secreticn machinery. It may also be possible tnat
proteins using the GSP share components of the secretion machinery at an early stage in the
translocation process, but use different components at later stages of secretion. If this is
the case, thei: the mutant protoxins may be getting stuck at one of the components required

for the later stages of aerolysin secretion, but not for secretion of the protease.

Proteolytic digestion of purified Trp227 aerblysin mutants

Proaerolysin can be activated by trypsin to the active toxin. The C-terminal 43
amino acids are proteolytically removed by trypsin to form active aerolysin (Howard and
Buckley, 1985b). Aerolysin is quite resistant to further proteolysis and forms oligomers
(Garland and Buckley, 1988). We wished to see if the mutant proteins behaved in a similar
way. As shown in Figure 22, both Phe227 (lane 2) and Leu227 (lane 3) were correctly
processed by trypsin to a species similar in size to aeroiysin. This indicates that the
changes made do not drastically alter the conformation of the protein. These mutants also
form high molecular weight oligomers, seen at the top of each lane, in the same way as
wild type. However, neither of the processed mutant proteins was as active as wild type.
Table 5 shows that Phe227 had approx. 12-25% of wild type activity while the leucine
mutant had about 1%. Neither of the mutants was active before treatment with trypsin.
Thus the mutations to Trp227 affected both the secretion and the hemolytic activity of the

proteins, but did not greatly change their conformation.
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Figure 21. Influence of Leu227 proaerolysin production on the secretion of the
extracellular A. salmonicida chromosomal protease. Protease activity was measured in the
culture supernatants of induced (O) and uninduced (@) cells. The results are the means of
duplicate determinations.
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Figure 22. Effect of trypsin treatment on purified Leu227 and Phe227 proaerolysins.
Samples were digested with 10 ug mi™! trypsin for 30 min before sepsration. Lane 1,
proaerolysin; lane 2, Phe227; lane 3, Leu227. The arrow marks the gosition of all three
proteins before trypsin treatment.
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Table 5. Hemolytic activity of the Trp227 mutant proteins.

Amino acid at position 227 Titer before trypsin Titer after trypsin
Trp 0 10
Phe 0 7
Leu _ 0 3

Wild-type (Trp227), Phe 227 and Leu227 proacrolysin (10 pg) were titered before and
after incubation with trypsin (0.1 pg) for 10 min.
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Proteolytic degradation of outer membrane-associated Leu227 proaerolysin
- The results presented in Figure 22 show that purified Leu227 is as resistant to
trypsin as wild type aerolysin. It is possible though, that the protein trapped in the outer
membrane is in a different trypsin-sensitive conformation. To check this possibility, outer
membrane fractions containing the Leu227 protoxin were digested with different
concentrations of trypsin and run on a Western blot. The results show a different pattern
from that seen with purified Leu227. At 10 ug/ml trypsin, the Leu227 in the outer
membrane fractions began to disappear, and there were no signs of oligomers forming
(lane 4, Figure 23). At 1 mg/ml, all the Leu227 in the outer membrane had disappeared
after a 30 min incubation (lane 5). In contrast, 1 mg/ml of trypsin converted purified
proaerolysin to the active toxin but did not degrade it further (lane 6). The degradation of
the membrane associated Leu227 required trypsin, as outer membrane associated Leu227
was not degraded if it was incubated alone for 30 min (lane 3). These results suggest that
the membrane associated form of Leu227 is in a different conformation than wild type
proaerolysin or Leu227 in solution. This lcads to the intriguing possibility that
proaerolysin may have to undergo a conformational shift during its transport across the
outer membrane. Trypsin added to intact CB3 cells containing Leu227 did not result in a
decrease in outer membrane associated Leu227 (data not shown), indicating that the
trypsin-sensitive region of the proaerolysin is not exposed to the exterior. The addition of
trypsin to cultures of induced CB3-pNBS also did not result in a decrease in the amount of
aerolysin found in the culture supernatant. If the protein crosses the outer membrane in an
unfolded conformation, it might have been expected that it would be more sensitive to
trypsin as it initially became exposed to the surface of the cell. However, these results
indicate that it crosses into the supernatant in a trypsin resistant conformation, or that

folding into its native conformation occurs very quickly.
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Figure 23. Effect of trypsin digestion on Leu227 proaerolysin in outer membranes. Outer
membranes obtained from sucrose density gradients as in Figure 17 were incubated for 30
min with 10 ug ml™! or 1 mg mi! trypsin. They were then electrophoresed and
immunoblotted. Lane 1, proaerolysin; lane 2, proaerolysin and 10 ug ml™! trypsin; lane 3,
Leu227 proaerolysin in outer membranes; lane 4, Leu227 outer membranes and 10 pg ml!
trypsin; lane 5, Leu227 outer membranes and 1 mg ml! trypsin; lane 6, proaerolysin and 1
mg ml'! trypsin. o )
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Site-directed mutagenesis of a tryptophan rich region and a cysteine residue
in aerolysin

Since inhibition of aerolysin secretion was successfully accomplished by changing
a single tryptophan residue, we wished to see if changing other tryptophan residues would
have the same effect. One region in aerolysin contains three Trp residues within a 5 amino
acid sequence. This sequence (**’Lys-Trp-Trp-Asp-Trp) is similar to one found in the
oxygen-labile toxins that has been proposed to play a role in membrane penetration (de
Kruijff, 1990). Two of the Trp residues (371 and 373) were changed to Leu while the Lys
and Asp were changed to Gln and Asn respectively. In contrast to the reduction in
secretion that occurred when Trp227 was changed to Leu, no reduction was observed
when either Trp371 or Trp373 was changed in a similar manner (lanes 3 and 5, Figure 24).
These residues have now been shown to play a role in the oligomerization of the active
toxin (van der Goot et al., 1993b). Both the GIn369 and Asn373 mutants were also
secreted as efficiently as wild type protoxin in CB3 (lanes 2 and 4).

Aecrolysin contains 4 cysteine residues. The Cys at amino acid 159 was changed to
a serine to see if disrupting a disulfide bond and producing a free cysteine would affect the
conformation of the protein, and thus disrupt secretion. Two amino acids near Cys159,
Asn154 and Gly157, were also changed, to an aspartic acid and alanine respectively. All
three of these mutants were secreted as efficiently as wild type protoxin (data not shown).
It had previously been shown that mutating any of the six histidine residues in aerolysin
had no effect on their secretion (Green and Buckley, 1990). ‘ As well, approx. 15 other
individual amino acid changes have now been made to aerclysin and only the Trp227
changes have resulted in reduced secretion (unpublished results, this lab). They are also
the only single amino acid changes found to date for any GSP protein which affect
translocation across the outer membrane. It is possible ‘tha’u this Trp directly interacts with

one of the secretion components. However, proaerolysin is a dimer in solution (van der
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Figure 24. Secretion of Leu371, Leu373, Asn372 and GIn369 by A. salmonicida. CB3
containing the cloned modified aerA structural genes was grown in LB-Davis media
containing 0.2% glucose and induced with IPTG at an ODggp of 0.5. Equivalent volumes
of culture supernatar: from cells grown to an ODggo of approx. 4.5 were concentrated 40-
fold by membrane filtration, boiled in 1 x sample buffer and applied directly to a 12% SDS-

polyacrylamide gel. Lane 1, wild type proaerolysin; lane 2, GIn369; lane 3, Leu371; lane

4, Asn372; lane 5, Leu373.
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Goot et al., 1993a) and the X-ray crystal structure of proaerolysin predicts that Trp227 is
not exposed on the surface of the dimer (Parker et al., 1994). Since the purified Trp
mutants are as resistant to trypsin as wild type, it is unlikely that the Trp plays a large role
in the dimer conformation. However, since the membrane-associated mutants are sensitive
to trypsin, Trp227 may play a role in a conformational shift as the protoxin crosses the

outer membrane.

Location of AerA'-'PhoA fusion proteins
A technique which has been used in the past to locate translocation domains in
exported proteins has been to fuse portions of the proteins to a leaderless PhoA (Hoffman

and Wright, 1985). PhoA is a periplasmic protein in E. coli which can be detected once it

has crossed the inner membrane. Thus fusion of leaderless PhoA to appropriate signals

allows the detection of correctly exported fusion proteins. To see if there are any domains
in aerolysin which can direct PhoA across the inner and outer membranes, fusions of
varying lengths of AerA were made to PhoA. This was done by introducing ATnPhoA into
E. coli containing pNBS. Plasmids containing the PhoA transposon Were obtained and
used to transform CC118. Of the 1200 transformants that grew on each plate, about 15-20
were blue colonies. Sequencing of the plasmids obtained from these identified three
containing genes for fusion proteins which were used in subsequent experiments (Figure
25). The largest fusion, in plasmid pAB2, has nearly all of the proaerolysin structural
gene, coding for 435 of the 470 amino acids of proaerolysin. The intermediate fusion,
PAA2, contains approximately half of the aerA gene, coding for 234 amino acids of
proaerolysin. The smallest fusion, pAD3, contains only the sequence of aerA which codes

for the signal peptide and the first two amino acids of the protoxin molecule.
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position 76 775 1378
in aerA o ~
fusion T , ' T
site aerA- AGACC CTGAC- phoA aerA- TQQC CTGAC- phoA aerA- QGAQG CTGAC- phoA
"m" 46.5 kDa 72.0 kDa 54.6 kDa
plasmid pAD3

pAA2 pAB2

Figure 24. Location of the aerA'-'phoA fusion sites. Nucleotides in aerA are numbered from the beginning of the

structural gene of preprozerolysin. Molecular masses of the predicted fusion proteins (in kDa) are calculated with the
assumption that the signal sequence is correctly removed. '
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Size of the AerA'-'PhoA fusion proteins expressed in E. coli

The calculated molecular masses of the fusion proteins pAD3, pAA2, and pAB2
were calculated from their nucleotide sequences to be 46.5, 72.0 and 94.6 kDa respectively
(Figure 25). To see if CC118 containing the fusion plasmids produced fusion proteins of
this size, induced cell samples were run on Western blots and screened with o-AerA and
a-PhoA antibodies. Proteins of the correct sizes were identified in E. coli shocked cells
(Figure 26) but not in culture supernatant fractions (data not shown). The smallest, pAD3,
was nearly identical in size to PhoA itself and was only detected by the a-PhoA polyclonal
antibody. Not surprisingly, this fusion protein was not detected by the a-aerolysin
monoclonal antibody, as not enough of the aerolysin protein was present to cross-react.
However, the two larger fusion proteins were detected by both antibodies. A number of
smaller sized bands were detected by the a-PhoA polyclonal in the pAA2 and pAB2 cells,
indicating that the fusion proteins may be dcgraded by an intracellular protease. Since these
bands were only observed using the a-PhoA antibody, and bands similar in size to PhcA
were observed as degradation products, it would appear that the aerolysin portion of the

fusion proteins was degraded.

Size and cellular location of the AerA'-'PhoA fusion proteins expressed in
A. saimonicide

While it was not surprising to find that the fusion proteins were not secreted by E.
coli because it lacks a GSP, it was hoped that enough information was contained in the
portions of AerA to direct the fusion proteins across the outer membrane in A. salmonicida.

The twn larger fusion proteins were not detected in CB3 grown up in LB/0.2% glucose

medium using immunoblots with either an a-PhoA or «-AerA antibodies (data not shown).

In all three cases, only a band the size of PhoA itself could be detected in the intracellular

fractions using the a-PhoA polyclonal antibody. This suggested that the fusion proteins
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Figure 26. Immunoblot of fusion proteins expressed by plasmids in E. coli. Cultures
were grown in LB medium containing 0.2% glucose, and induced with IPTG at an ODggo
of 0.5. Proteins detected with PhoA antiserum are shown in the left panel. Proteins
detected with the aerolysin antiserum are shown in the right panel. The apparent molecular
masses, obtained by comparison with the positions of standard proteins, were 45.2, 74.1,
and 97.5 kDa for the products of pAD3, pAA2, and pAB2 respectively. The lanes marked
PhoA and AerA contained purified alkaline phosphatase and aerolysin respectively.
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were being degraded in the CB3 cells as well. To try to detect the fusion proteins in the A. |
salmonicida cells before they were degraded, cultures of CB3 containing the fusions were
pulse labelied with [358]-methionine for short time periods and immunoprecipitated with a-
PhoA antiserum (Figure 27). All three fusions were predominantly located in the shocked
cell and periplasmic fractions. Only in the case of pAD3 was any of the fusion protein seen
in the culture supernatant (Figure 27). For both pAA?2 and pAB2, smaller sized bands
were located in both intracellular fractions, indicating that the fusion proteins were being
degraded intracellularly. Therefore, under these conditions, the fusion proteins did not
appear to be secreted by A. salmonicida.

The distribution of alkaline phosphatase activities in cells grown in LB medium
containing glucose paralleled the distribution of fusion nroteins observed in the pulse
labelling experiment (Figure 28A). The highest level of PhoA activity was found in the
peripiasm of CB3-pAD3, with over 60% of the activity found in the shocks and 30% in the
shocked cells. This was reversed for the two larger fusion proteins, with higher amounts
located in the shocked cells. Little or no enzyme activity was observed in any of the culture
supernatant fractions. Under these same condilions, aerolysin was secreted by A.

salmonicida (Figure 2A).

Effect of growth media on the distribution of alkaline phosphatase in A.
salmonicida

A drastic change in the distribution of alkaline phosphatase activities was observed
in all the strains when the composition of the growth media was changed. When glucose
was not added to the growth media, the culture supernatant of CB3-pAD3 had most of the
PhoA activity after 8 h growth (Figure 28B). This was also found for CB3-pAA2 and
CB3-pAB2. In no case was there evidence of non-selective leakage through the outer

membrane, as two marker enzymes, B-lactamase and RNase, remained associated with the
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Figure 27. Autoradiograph of PhoA fusion proteins expressed in A. salmonicide.
Proteins were labelled with [358]-methionine and precipitated with PhoA antiserum as
described in the text. Lanes 1, 6, and 9, supernatants; lanes 2, 5, and 8, shockates; and
lanes 3, 4, and 7, shocked cells. Lanes 1-3, CB3-pAD3; lanes 4-6, CB3-pAB2; lanes 7-9,
CB3-pAA2.
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Figure 28. Distribution of alkaline phosphatase activity in fusion strains of A.
salmonicida. Cells were induced at an ODgqg of 0.5 and fractionated after 7.75 h. (A) Cells
grown in LB medium containing 0.2% glucose; (B) cells grown in LB medium. Values are
percentage of recovered alkaline phosphatase activity. Uninduced cells with phoA fusions
produced less than 5% of the enzyme activity of induced cells. Inall cases, most of the
RNase and f-lactamase were recovered in the shockates.
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cells (data not shown). The total recovered PhoA activity was 10-50% greater in the LB-
glucos;a samples. The results in Figure 29A show that 2 h after induction, a culture of
CB3-pAD3 grown in LB medium alone contained twice as much PhoA in the culture
supernatant as the cells grown in LB medium containing glucose. This increased to a 4-5
fold difference at 6-8 h after induction. Measurement of the cell free culture supernatants
over time showed that the pH of those containing glucose dropped to 5.5 during the 8 h
period, while the pH of the supernatants containing no glucose rose to 8.5 over the same
time period (Figure 29B). Similar results were found with CB3-pAA2 and CB3-pAB2
(data not shown). These results indicate that FhoA can be secreted by A. salmonicida at
high pH. Itis possible that the complete fusion proteins were secreted under these
conditions. However, it is also possible that the fusions were still degraded in the CB3
cells and that it was PhoA alone that was secreted.

To see if any of the fusion proteins could be detected in the culture supernatants of
cultures grown in the absence of glucose, samples were taken at mid-log phase and run on
SDS-polyacrylamide gels. As shown in Figure 30, the only band that was observed for
any of the fusions corresponded in size to PhoA itself. The N-terminal sequence of the
extracellular pAD3 protein was determined to be Thr-Glu-Pro-Phe-Pro-Phe. This
sequence corresponds to the C-terminal portion of the linker region in TnphoA (Manoil and
Beckwith, 1985) which connects the first two amino acids of AerA to PhoA in the D3
fusion protein. Thus the AerA portion of the fusion protein had been removed. While N-
terminal sequences were not determined for pAA2 and pAB2 fusion proteins, because all
three strains .sccreted similar sized proteins, it was assumed that they were also degraded to
‘a similar PhoA species. Figure 30 also shows that the amount of PhoA released into the
culture supema,fams is substantial, reaching levels similar to those observed for
proaerolysin secreted by A. salmbnicida (Figure 6) Few if any other proteiis were seen in

the culture supernatants (Figure 30), a sign that cell lysis had not occurred.
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Figure 29. Effect of the change in medium pH on the distribution of alkaline phosphatase
activity. Cultures of CB3-pAD3 were grown up in either LB (O) or LB + 0.2% glucose
(W) medium, induced at an ODyy, of (.5 and followed over an 8 h period. PhoA activity
was measured in culture supernatants and shockates and expressed as a percentage of the
total activity recovered. PhoA activity in the supernatant (A) and the pH of the supernatant
(B) are shown. This is one of three similar experiments. Nearly identical results were
obtained with strains containing pAA2 or pAB2.
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Figure 30. Alkaline phosphatase in the culture supernatants of A. salmonicida. Culture
supernatants were obtained from cells grown in LB medium, induced at an ODg¢q of
approx. 0.5 and grown for 16 h to an ODgq of approx. 7.0. Sample buffer was added and
10 pl aliquots were applied to the gel. Lane 1, molecular mass standards (97, 66, 43, 31,
21.5, and 14. 4 kDa); lane 2, E. coli alkaline phosphatase; lane 3, uninduced pAD3; lanes
4-6, induced pAD3, pAA2, and pAB2 respectively.
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Distribution of aikaline phosphatase produced by wild type A. hydrophila
and by pleiotropic export mutants containing cloned pAD3

The large amounts of alkaline phosphatase released by A. salmonicida containing
the fusion plasmids suggested the possibility that when the pH is high, PhoA may follow
the same secretion pathway as aerolysin out of the cell. To check this, the pAD3 fusion
waus transferred into plasmid pMMB208 (pAD3.1) to allow its transconjugation into wild
type A. hydrophila, AHS65, and the two A. hydrophila pleiotropic secretion mutants, L1.97
and S9. Table 6 shows that wild type AH65 grown in LB medium was able to release the
pAD3.1-encoded PhoA activity into the culture supernatant as did CB3. The release of
PhoA was not a result of non-specific leakage due to cell lysis, as the periplasmic marker
B-lactamase remained in the shockate fractiohs. Intercstingly, unlike CB3, AH65 was able
to secrete PhoA in both LB and LB-glucose media (data not shown). This was apparently
duetoa differeﬁce in metabolism between the two species. While the pH of the culture
supernatant dropped initially when AH65-pAD3.1 was grown in LB-glucose media, it
evéntually rose to the same level as cultures grown in LB media alone. Neither of the two
pleiotropic mutants were able to secrete PhoA in LB medium (Table 6). Instead, both
L1.97 and S9 accumnulated PhoA activity in their periplasms along with aerolysin. This
indicates that the E. coli periplasmic protein PhoA is able to use the Aeromonas spp. GSP

to be secreted into the extracellular milieu.

Distribution of cloned E. coli alkaline phosphatase expressedv in A,

hydrophila and A. salmonicida

While the earlier results suggest that PhoA itself was secreted by Aeromonas spp.

after removal of the aerolysin portion of the fusion protein, it was still possible that the

complete fusion proteins were being translocated across the outer membrane and then
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Table 6. Distribution of alkaline phosphatase in A. hydrophila and in pleiotropic secretion

mutant strains containing pAD3.1%

Alkaline Phosphatase pB-lactamase Aerolysin
Strain SN shock SC SN shock SC SN shock SC
AH65-pAD3.1 51 9 4() 3 77 20 100 0 0
S9-pAD3.1 3 75 22 0 73 27 0 100 0
0 80 20

L1.97-pAD3.1 3 66 31 0 89 11

2 All strains were induced at an ODggg of 0.5 and grown to an ODggg of 5-7 in LB
medium. Each strain produced approximately the same amounts of the two enzymes and

aerolysin. All values are expressed as percentages of the total recovered activity. SN =

culture supernatants; shock = periplasmic shockates; SC = shocked cells.
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-degraded to PhoA outside the cell, even though the A. salmohicida strain used (CB3) does
not secrete an extracellular protease. An outer membrane protease like E. coli OmpT could
degrade the fusion proteins outside the cell (Baneyx and Georgiou, 1990). However, ii
seems unlikely that a portion of AerA as small as the two N-terminal amino acids, as found
in pAD3, could direct PhoA to the GSP machinery. To rule out this possibility, two
different constructs containing PhoA alone were cloned into both CB3 and AH65. One
encoded E. coli PhoA containing its own signal sequence (pHI.1; Inouye et al., 1981)
while the other contained the B-lactamase signal sequence fused to the E. coli PhoA
structural gene (pCH2; Hoffman and Wright, 1985). The product of the latter construct
has been shown to be located in the E. coli periplasm like wild type PhoA (Hoffman and
Wright, 1985). Both constructs were cloned into pMMB208 (Morales et al., 1991) to
facilitate transfer into the Aeromonas spp. The plasmid containing the PhoA signal
sequence was called pAP208 while the -lactamase signal sequence containing construct
was named pFUS208. CB3 was found to release PhoA produced from the pFUS208
construct in the same way as it released the fusion proteins (data not shown). However,
the CB3-pFUS208 cells aggregated in LB medium and this made it difficult to follow the
growth of these cultures by measuring the ODggg. The results for AH65 were similar, as
the majority of PhoA activity, but not B-lactamase activity, was found in the culture

- supernatant (Figure 31). The same distribution was obtained when pAP208 was

transferred into AH65 (data not shown). However, when pFUS208 was transferred into

the two pleiotropic export mutants 89 and L.1.97, over 75% of the PhoA activity was
located in the periplasm of the mutants and less than 5% was recovered in the culture
supernatants (Figure 31),. The location of PhoA in these strains was confirmed by

immunoblotting (Figure 32). Thus L1.97-pFUS208 (lane 2) and S9-pFUS208 (lané 5)

show accumulations of PhoA in the periplasmic shockates while AH65-
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Figure 31. Distribution of cloned E. coli alkaline phosphatase and B-lactamase expressed
by wild type A. hydrophila and by pleiotropic export mutants. Cells containing pFUS208
were grown in LB medium and induced at an CDgg of 0.5. Samples of each strain were
taken at late-log phase. Similar results were obtained at other times. (A) shows alkaline
phosphatase activity; (B) shows B-lactamase activity. Activity is expressed as percentages
of total recovered activity. ' ‘
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Figure 32. Location of E. coli alkaline phosphatase in A. hydrophila strains determined
by immunoblotting. Supernatant, shockate and shocked cells of S9 (lanes 1-3), L1.97
(lanes 4-6), and wild type (lanes 7-9) are shown. Lane 10 shows the alkaline phosphatase
standard. The samples came from the experiment in Figure 32.
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pFUS208 shows a PhoA band in the culture supernatant (lane 7). This also demonstrated
that the PhoA activities observed were due to a protein corresponding in size to the native
E. coli PhoA. These results show that the £. coli PhoA can be recognized and secreted by

the Aeromonas spp. GSP.

Effect of CCCP on the secretion of proaerolysin across the outer membrane
of A. salmonicida

While export of proteins across the inner membrane has been shown to utilize both
ATP and a PMF as sources of energy (Geller et al., 1986), the energy requirements for
secretion across the outer membrane have yet to be determined. Howard and Buckley
(19852) demonstrated that the proton ionophore CCCP prevented the export of
preproaerolysin across the inner membrane of A. hydrophila. The precursor became
trapped in the inner membrane, where it could be identified by pulse-labelling. This
indicated that a PMF plays a role in aerolysin export across the inner membrane, further
evidence that a sec-like system is involved in this step. It was also noted that the release of
proaerolysin from the periplasm appeared to be affected by the addition of CCCP. To
further investigate this, the fate of the periplasmic pool of proaerolysin in Rif-1-pKW2 was
studied in the presence of CCCP.

Cultures of Rif-1-pKW2 were grown up in LB medium to an ODggp of 2.4 to 2.8.

As shown in Figure 3 and Figure 6, proaerolysin is expressed in Rif-1-pKW2 without
induction by IPTG and some of the protoxin is found in the periplasmic shockates (Figure
10). The cultures were spun down and resuspended in either fresh LB medium or LB
- medium supplemented with 60 uM CCCP. 1n both cases, 100 pg/ml of chloramphenicol
(Cm) was added to prevent the synthesis of ncw protein. The samples were left at 27°C
and subsamples were taken for osmotic shocking over 20 min. The cells transferred to LB

medium released approx. half of their periplasmic proaerolysin into the culture supernatant
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over this time (Figure 33). The addition of CCCP to the medium prevented this release,
and the levels of proaerolysin in the periplasm remained constant over the 20 min
incubation pericd. These results suggest that secretion of proaerolysin across the outer
membrane also requires a proton motive force. It is possible that A. salmonicida utilizes
the PMF across the inner membrane to help power translocation across the oukter
membrane. This would be analogous to the mechanism employed by E. coli for import of
colicins, vitamin By, and iron siderophores. With the help of the inner membrane protein
TonB (see belcw and Postle, 1990) the PMF of the inner membrane is used to power the
translocation of these macromolecules across the outer membrane . Another possibility is
that a proton gradient across the outer membrane helps to power the secretion of proteins.
However, this seems unlikely since the outer membrane porins would be expected to form
holes large enough to allow free passage of protons. Nzvertheless, it has been speculated
that the pHi of the periplasm is significantly lower than that of the supernatant (Stock et al.,
1977). If there were a gradient acicss the outer membrane, then it would be expected that
decreasing it by lowering the pH of the medium would inhibit secretion of proasrolysin.
As shown in Figure 33, this is exactly what happens. When the pH of the media was
lowered to 5.5 with acetate buffer, proaerolysin remained in the periplasm of Rif-1-pKW2
over the 20 min incubation period and did not move into the culture supernatant. This
effect was reversible, as cells incubated in the pH 5.5 medium began to secrete the pool of
periplasmic protoxin when transferred into pH 7.0 medium (Figure 34). The amount of
protoxin released from the cells increased as the pH of the medium rose above 5.5 (Figure
35). This is what would be expected to happen if 2 PMF existed across the outer

meinbrane that drove secretion.
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Figure 33. Time dependence of proaerolysin released by A. salmonicida treated with CCCP or low pH medium. Rif-1-
pKW2 was grown uninduced to an ODgqg of 2.4 to 2.8 in LB medium. Cells were obtained by centrifugation and
resuspended in (@) LB medium containing 20 mM Pipes, pH 7.0; (A) LB medium containing 20 mM sodium acetate, pH 5.5;
(W) LB medium containing 20 mM Pipes and 60 uM CCCP. Chloramphenicol was added to all samples to prevent synthesis
of new protein. Cells were fractionated at the indicated times and the subcellular fractions titered for hemolytic activity. Results
are the means (= SEM) of five experiments. (A) Proaerolysin released into the media. (B) Proaerolysin remaining in the
periplasm.
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Figure 34. Release of proaerolysin from A. salmonicida after transfer from pH 5.5 media
back to pH 7.0. Cells were grown as described in Figure 33 and resuspended in pH 5.5
media as described in Figure 35. They were incubated at 27°C and samples taken at the
time points shown. After 10 min, half the remaining suspension was repelleted and
resuspended in LB media buffered at pH 7.0 with 20 mM Pipes. Release of proaerolysin
was followed for an additional 20 min. This is one of three similar experiments. (@) pH
5.5 throughout; (W) switched to pH 7.0. '
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Figure 35. Dependence of aerolysin release on pH. Cells were grown as in Figure 34.
They were pelleted by centrifugation and rapidiy resuspended in LB medium buffered to
the pH values shown (20 mM acetate for pH 5.5; 20 mM 2-[N-morpholino] ethanesulfonic
acid (MES) for pH 6.0; 20 mM Pipes for pH 6.5 and 7.0). Chloramphenicol (100 pg/ml)
was present in all samples. Proaerolysin was measured as described in Methods and
Materials. Results are the means (= SEM) of six experiments.
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Isolation of pirazmonam resistant A. hydrophila

The previous results demonstrated that an electrochemical gradient is required for
secretion of proaerolysin from the periplasm via the GSP. While they fit a model in which
a PMF across the outer nembrane energizes the translocation process, it is still more likely
that the CCCP affected the inner membrane PMF, and that the pH effect is unrelated.
Thus, changing the pH of the medium could lead to reversible changes to the outer
membrane or to a component of the GSP. To utilize the inner membrane PMF for
secretion, some system would have to exist which transfers this energy to the outer
membrane. As mentioned above, such a system exists in the import of macromolecules in
Gram-negative bacteria. TonB is an inner membrane protein that is necessary to power the
import of macromolecules across the outer membrane. It is anchored in the cytoplasmic
membrane and is believed to span the length of the periplasm, with its C-terminus making
contact with outer m‘embrane receptors (Hannavy et al., 1990). It has been postulated that
it couples the energy from the PMF across the inner membrane to the outer membrane
receptors, with a conformational change in TonB possibly opening gated channels formed
by the receptors (Rutz et al., 1992). It is possible that a similar system exists in
Aeromonas spp. and is responsible for energizing the secretion of proaerolysin.

In an effort to see if proaerolysin secretion involves TonB,’ pirazmonam resistant
muténts of AH65 were isolated. In E. coli, resistance to this antibiotic is due to a mutétion
in tonB, aS pirazmonam mimics the iron siderophores and enters the cells by using the
TonB-dependent outer membrane siderophore receptors (Nikaido and Rosenberg, 1990).
TonB mutants are unable to energize the import of the antibiotic into the cell and thus
survive. It was hoped that pirazmonam-resistant mutants of AH65 would also be TonB
mutants and, if TonB is required for secretion, that they would have pleiotropic secretion

defects.
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Plating of 1:10 dilutions of overnight cultures of AH65 onto HBA plates containing
0.05 uM pirazmonam resulted in the growth of 100-150 colonies per plate. Of ihese, 4-6
were non-hemolytic (approx. 1 in 2 x 10° of the plated bacteria). Two of these colonies
(SHJ2 and 2H"), along with one pirazmonam-resistant hemolytic colony (SHJ17), were
selected for further study. The results in Figure 36 show that the growth of wild type
AHG65 was inhibited by as little as 0.05 uM pirazmonam, while all the pirazmonam resistant
mutants grew in concentrations up to 10 pM.

To screen these mutants for the presence of TonB, whole cell fractions were
separated by SDS-PAGE and immunoblotted with an E. coli a-TonB polyclonal antibody.
Unfortunately the antibody was found to cross-react with a major outer membrane protein
of AH6S that corrésponded to the E. coli OmpF protein (Jeanteur et al., 1992). It was not
clear if this protein masked an AH65 TonB-like protein on the gels (not shown). In any
case, there was no apparent difference between the mutants and wild type. These results
were thus, unable to reveal whether the pirazmonam-resistant mutants lacked, or had an

altered, TonB-like protein.

Expression of secreted proteins by A. hydrophila pirazmonam mutants

As mentioned earlier, we had hoped to find that a TonB-like protein was involved
in secretion. Since the Western blot analysis described above could neither confirm nor
rule out the existence of TonB-like proteins in A. hydrophila wild type and mutant strains,

we proceeded to determine if the mutants could secrete GSP proteins. The non-hemolytic

~ phenotype of the pirazronam resistant mutants suggested that they were either unable to

secrete aerolysin or they did not produce any aerolysin. A third possibility was that the
strains produced an inactive form of aerolysin. To deter‘rhine_ if wild type aerolysin was
expressed but not secreted, culture supernatants, periplasmic shocks and shocked cell -

fractions of the pirazmonam mutants were obtained and titered. While SHJ17 secreted as

[T R
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Figure 36. Effect of pirazmonam concentration on the growth of AH6S and pirazmonam-
resistant mutants. Cultures were grown overnight in LB medium (containing 0.05 pM
pirazmonam for the mutants) and used to inoculate fresh medium containing varying
concentrations of pirazmonam. Growth was determined by measuring the ODggg 7 h later.
Inhibition was expressed as the percentage of growth compared to the culture containing no
pirazmonam. Shown are (B) SHJ2; (O) 2H’; (A) SHI17; () AH65.
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Table 7. Activity of secreted proteins in the culture supernatants of AH65 and the
pirazmonam mutants.

Strain ODgno ~ Aerolysin GCAT® Protease”
AH65 7.1 7 3.50 100
SHI2 7.4 0 4.14 7.0
SHJ17 6.5 7 4.08 ND
2H 4.0° ¢ 2.68 2.8

3 GCAT activity is expressed in nmoles of cholesterol ester formed per ml sample per min.
® Protease activity is expressed as the percentage of the wild type activity.

€2H" had not grown to an equivalent point of growth after 16 h growth
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much aerolysin as wild type AH65, no aerolysin was detected in the culture supernatant
fractions of SHJ2 or 2H™ (Table 7). In fact, no aerolysin was detected in any of the non-
hemolytic mutant subcellular fractions. Immunoblotting of the fractions confirmed the
absence of aerolysin in both SHJ2 and 2H" (data not shown).

To determine whether other secreted proteins were affected in the same way as
aerolysin, the subcellular fractions were also assayed for GCAT and protease activities.
While the mutants secreted amounts of GCAT into the supernatant similar to those seen for
AHG6S, the levels of extracellular protease in the culture supernatants of the non-hemolytic
mutants were reduced by 90-98% compared to wild type (Table 7). Thus the pirazmonam-
resistant mutants do not appear to be producing aerolysin or secreted ptotease, but are
producing and secreting GCAT. The latter observation also indicates that the GSP in the

mutants is still functioning.

The expression of outer membrane proteins in A. hydrophila pirazmonam
mutants

When whole cell samples of the non-hemolytic pirazmonam-resistant mutants were
run on SDS-polyacrylamide gels and compared to wild type AH65, it was observed that the
mutants were missing a 45 kDa protein, with a 43.8 kDa protein taking its place.
Additionally, they had decreased amounts of a 52.4 kDa protein. A similar pattem was
observed in outer membrane preparations of 2H" (Figure 37) and SHJ2 (data not shown),
demonstrating that these were outer membrane proteins. The hemolytic mutant SHI17 on
the other hand, had an outer membrane profile similar to AH65 (data not shown). Jeanteur
et al. (1992) had previously found that the 45 and 52.4 kDa proteins were similar to the .E.
coli OmpF and LamB porin proteins respectively. Thus the mutation in 2H" and SHJ2
also seems to affect the expression of these two porins. Like the secreted proteins though,

not all the outer membrane proteins are similarly affected. A third AH6S porin, a PhoE-like
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Figure 37. Expression of outer membrane proteins by the A. hydrophila pirazmonam
mutants. Cultures were grown overnight in LB medium and pelleted by centrifugation.
Outer membranes were prepared by the SLS-extraction method described in Materials and
Methods. Samples were run on a 12 % SDS-polyacrylamide gel. Lane 1, molecular mass
standards (97, 66, 43, 31, 21.5 and 14.4 kDa); lane 2, wild type AH65; lane 3, 2H'".
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protein of 40 kDa, was produced in both the wild type AH6S and non-hemolytic mutants to
similar levels by growing them in low phosphate Riddle's media (data not shown). These
results suggest that the mutations in SHJ2 and 2H" affect not only the expression of some

secreted proteins but also two outer membrane protzins.

Secretion of cloned aerolysin in non-hemolytic A. hydrophila pirazmonam
mutants

While the earlier results demonstrating GCAT secretion in the pirazmonam-resistant
mutants had suggested that the GSP was still functional in the mutants, it was possible that
the GCAT was non-specifically leaking out of the cells. In order to determine whether or
not the mutant strains were capable of secreting GSP proteins, the aerA-containing plasmid
pNK1 was mated into a rif" strain of SHJ2 (SHJ2-rif"). SHJ2-rif-pNK1 expressed no
aerolysin when grown in LB media until induced with IPTG. The appearance of hemolytic
activity was first seen during late log/early stationary phase. The amount rose from late log
phase through stationary phase and was about 16 times higher than observed in AH65-rif
alone (Table 8). Aerolysin could be detected in the periplasm at the same time, but at
amounts approx. 30-fold lower than seen in the supernatant (Table 8). The periplasmic
marker f-lactamase was found almost exclusively in the periplasmic shockates (more than
90% of the total recovered activity) indicating that the cells had not lysed and were not
allowing the aerolysin to leak out. Glutamate dehydrogenase (GDH) asSays of the
subcellular fractions revealed that less than 5% of the total activity was located in the culture
supernatants, further evidence that the cells were not lysing. These results strongly suggest
that the cloned aerolysin was being released via a functioning GSP and that the non-
hemolytic phenotype of SHI2 is due to a defect in the expres;sion of aerolysin, and not an

inability to secrete the toxin.




145

Table 8. Hemolytic titers of cloned aerolysin secreted by AH65 and SHJ2-rif"-pNK1
grown in LB media.

Hemolytic Titer in Hemolytic Titer in

Strain® ODgu Culture Supernatants Periplasmic Shocks
AH65-rif 9.53 6 0
SHJ2-rif" 8.56 0 -0
SHJ2-rif-pNK1 8.76 10 5

AStrains were grown up to an ODgqq of (.5 - 0.7 and induced with IPTG. Cultures were
grown for a further 10 h before measuring the ODgy, spinning down the cells and
assaying 100 pl of culture supernatants for hemolytic activity. Cells were shocked and 20
ul of the periplasmic shocks were titered.
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The effect of glucose on secretion of cloned aerolysin from SHJ2

While aerolysin was expressed and secreted from SHJ2-rif-pNK1 when grown
and induced in LB medium alone, little was released into the culture supernatants when ‘
glucose was added to the medium (Figure 38). No aerolysin was detected intracellularly
when these cultures were induced with IPTG (data not shown). In contrast, wild type
AH65 expressed and secreted aerolysin normally under these conditions (Figure 38). It
appears that the SHJ2-rif -pNK1 cultures stop growing after 3-4 h in the LB-glucose
medium (Figure 39), whereas the same strains grown in LB medium alone, and wild type
grown in LB-glucose medium, continue to grow past this point. Examination of the pH of
the culture supernatants revealed a drop over a 16 h growth period for the mutant grown in
media containing glucose. While there was an initial drop in pH for the wild type strain
grown in this medium, after 16 h there was a net increase observed. This suggests that the
mutant continues to release acidic metabolites into the growth medium while wild type
AHG65 does not. This was not an effect caused by the plasmid as a drop in pH was also
observed in SHJ2 cultures grown in LB-glucose medium (data not shown). The inability
to express the plasmid encoded aerolysin does not appear to be due to the presence of
glucose in the medium, as SHI2-rif'-pNK1 grown in LB-glucose medium buffered with
Davis buffer was able to express and secrete the toxin (data not shown). In all cases where
aerolysin was found in the culture supernatants, 3-lactamase remained intracellular. Again,
this is evidence that the GSP is functional under these conditions. The results appear to
indicate that the pirazmonam mutants have a lesion in some global ’regulatory gene, as
aerolysin, extracellular protease and selected outer membrane protein synthesis, as well as

some aspect of metabolism in the cells, are all affected.
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Figure 38. Secretion of aerolysin by AH65 and SHJ2-rif"-pNK1 grown in LB medium
and LB medium containing 0.2% glucose. Cultures were grown to an ODggg of 0.5 and
induced. Culture supernatants were titered for hemolytic activity by treating with 0.5 pg/ml
trypsin before incubating with 0.4% human red blood cells. Shown are AH65 grown in LB
(0) and LB-0.2% glucose (M) media; SHI2-rif"-pNK1 grown in LB (O) and LB-0.2%
glucose (@) media.
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Figure 39. Effect of glucose on the growth of SHJ2-rif-pNK1. Cultures of SHJ2-rif'-
pNK1 (O,®) and AH6S5 (O,®) were grown up in LB media with (open symbols) and
without (filled symbols) 0.2% glucose. When the cultures reached an ODgy of 0.5, IPTG
was added to a final concentration of 1 mM. Growth was followed over the next 10 h by
reading the ODgq of the cultuses.
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Isdlation of A. hydrophila pirazmonam-resistant mutants using transposon
mutagenesis

An effort was made to duplicate the phenotype of SHJ2 and 2H" by transposon
mutagenesis. Cultures of AH65 were filter mated with HB101 containing the TnS plasmid
pUW964 (Weiss et al., 1983) and transconjugates were selected on HBA plates containing
40 pug/ml kanamycin and 0.05 uM pirazmonam. Although pirazmonam-resistant
transposon mutants were easy to obtain (generated at a frequency of approx. 1in 2 x 10%
non-hemolytic colonies at approx. 1 in 1 x 10%), none of the non-hemolytic colonies
showed the same outer membrane profile as 2H™ or SHJ2 (data not shown). This could
indicate that the mutations in SHJ2 and 2H" are point mutations or that the affected genes
are part of an operon. If point mutations are responsible for the observed phenotype, it
would be expected that revertants could be found if SHJ2 and 2H™ were grown in medium
lacking pirazmonam. Under such condi'tions though, no revertants of SHI2 or 2H" were
found. |

The results described above suggest that the non-hemolytic pirazmonam-resistant
mutants have a defect in some global regulatory system. While they do not directly answer
the original question as to whether a TonB-like protein is involved in secretion, there is
some evidence that this is not the case. The great majority of pirazmonam-resistant mutants
observed were hemolytic (see above). If it is assumed that pirazmonam will select for
tonB” mutants in A. hydrophila as in E. coli, then many of these hemolytic colonies likely
represent such mutants. The hemolytic phenotype indicates they all produce and secrete

aerolysin, suggesting that TonB does not have a role in the GSP.
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Secretion of GSP proteins by heterologous hosts

Several other groups have expressed GSP proteins in heterologous systems, but
- none of the proteins were secreted. Even in the case of two closely related species, E.
carotovora and E. chrysanthemi, ‘t has been shown that secreted proteins from one cannot
use the GSP system of the other (Reeves et al., 1993). While E. carotovora has a PulN
homologue (OutN), a homolcgous gene has not been identified in E. chrysanthemi. It was
originally proposed that this dii.erence in the GSP systems could account for the inability
of the two species to sccrete each other's proteins. In the studies described in this thesis,
both A. salmonicida and the marine Vibrio spp. were found to be capable of secreting A.
hydrophila aerolysin. This therefore is the first time that it has been demonstrated that a
- GSP protein can be secreted by a heterologous host.

While the PulD-PulN homologues have been identified in A. hydrophila (Howard
etal., 1993‘), none of the GSP components from either A. salmonicida or the marine Vibrio
spp. used in this study have yet been described. Therefore, it remains to be seen how
similar the GSP components of the three bacteria might be. Both the EpsE protein of V.
choierae (Sandkvist et al., 1993) and the A. hydrophila ExeE protein (Jiang and Howard,
1992) have approx. 60% identity with pulE. Additionaily, it has been found that the V.
cholerae epsE gene can complement a defect in the A. hydrophila exeE gene (Howard,
personal communication). This suggests that A. hydrophila and V. cholerae have similar
secretion systems, and supports the view that the marine Vibrio spp. strain MVT606 may
~ contain a GSP similar to both. This would explain the otservation that MVT606 is able to
secrete aerolysin (Figure 12) but pleiotrapic secretion mutants cannot. Instead, the mutants
accizaalate proaerolysin in the periplasm (Figure 16), in the same way as A. hydrophila

pleiotropic secretion mutants (Howard and Buckley, 1983). In agreement with these
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results, Leece and Hirst (1992) have subsequently found that the E. coli enterotoxin B
subunit can be secreted by MVT606, but not by pleiotropic secretion mutants. Now that
the GSP components from a number of different species have been identified and
characterized, it will be possible to start testing whether individual components are
interchangeable. Aside from Howard's studies with epsE, all other attempts at
complementing secretion defects in one species with the GSP genes from another species
have involved the use of the entire pu/-like operon, and not individual genes (de Groot et
al,, 1991). In situations where GSP proteins from one species cannot be secreted by a
heterologous system, as is the case between E. carotovora and E. chrysanthemi (Reeves et
al,, 1993), it seems likely that some of the Pul-like components will be interchangeable,
while those that are not may be responsible for recognizing species-specific secretion

signals.

Entry of GSP proteins into the periplasm

Several observations led to the propcsal that proaerolysin transiently enters the
periplasm before being translocated across the outer membrane. Protoxin is detected in
periplasmic shocks of A. hydrophila cells that have been treated with CCCP and pulse
labeled with 3°S-methionine (Howard and Buckley, 1985a), and pleiotropic secretion
mutants accumulate protoxin in the periplasm (Howard and Buckley, 1983, 19853). Hirst
and Holmgren (1987a) have also shown that heat-labile enterotoxin enters the V. cholerae
periplasm before being released into the extracellular milieu. A number of observations
made in the present studies further support the existence of a periplasmic pool of secreted
proteins. As described earlier, pleiotropic secretion mutants of Vibrio spp. MVT606
accumulate protoxin in the periplasm (Figure 14B). In addition, overexpression of
aerolysin in A. salmonicida results in an éasil y detectable periplasmic pool of protoxin

(Figure 10). It could be that overexpression produces more protein than the secretion
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system can handle, leading to the diversion of protoxin to the periplasm. Such a situation
could lead to a block in the secretion system, preventing the translocation of other normally
secreted proteins. However, overexpression of aerolysin did not affect the secretion of the
endogenous A. salmonicida proteins GCAT and protease (Figure 9). This suggests that the
secretion apparatus is not being overloaded. Evidence that the periplasmic pool of protoxin
represents a poo] of protein that will be secreted was obtained by treating Rif-1-pKW2 cells
wita CCCP. Under these conditions, the periplasmic pool of proaerolysin was prevented
from leaving the periplasm (Figure 33). However, when the CCCP was removed, the
periplasmic pool was released into the culture supernatant. This demonstrates that the
protoxin in the periplasm is still able to enter the secretion pathway, and that it is not simply
shunted there as a result of overproduction. Additional evidence supporting this view
comes from studies with the Trp227 aerolysin mutants. All three mutant proteins were able
to cross the inner membrane, and their signal sequences were removed correctly before
they were released into the periplasm. However, all of the proteins had difficulty leaving
the cell, and large amounts of the Leu227 and Gly227 proaerolysins were recovered bound
to the outer membrane. These results suggest that the mutations affected the second step in

secretion, preventing the periplasmic proaerolysin from crossing the outer membrane.

Secretion of the periplasmic E. coli protein PhoA by the Aeromonas spp.
GSP

Perhaps the most surprising results in this thesis are those showing that normally
periplasmic E. coli PhoA can be secreted by the A. hydrophila GSP. Neil et al. (1983)
found that heat-labile enterotoxin, which is also periplasmic in E. coli, could be secreted by
V. cholerae. Later it was shown that this release required the GSP (Sandkvist et al.,
1993). Perhaps this is less surprising than the result obtained with alkaline phosphatase

because the E. coli enterotoxin is functionally and structurally very similar to cholera toxin
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(Dallas and Falkow, 1980). The fact that some E. coli periplasmic proteins can be secreted
by other Gram-negative bacteria could indicate that E. coli may have had its own GSP at
one time. The observation that there are genes with homology to the P. aeruginosa xcp
genes located on the E. coli chromosome could support this idea (Whitchurch et al., 1991).
The loss of one or more of the secretion components would have resulted in previously
secreted proteins being retained in the periplasm. Expression of such proteins in a host
retaining a functional GSP would result in their secretion.

There have been two other reports of PhoA release from Gram-negative cells.
Cheng et al. (1970) observed that PhoA is released from P. aeruginosa when the pH of the
medium rises above 7.2, but that it is retained in the periplasm at lower pH values (Ingram
et al., 1973). Additionally, Taylor et al. (1989} found that V. cholerae releases PhoA
activity into the culture supernatant when it expresses fusion proteins made oetween PhoA
and the V. cholerae outer membrane protein OmpV. Unfortunately, they did not check to
see if the entire fusion protein was released or only the PhoA portion. Because many
fusion proteins have been found to be proteolytically degraded in the periplasm of their
hosts (Strauch and Beckwith, 1988; Manoil and Beckwith, 1986; Gunter and Braun,
1988), including the AerA'-'PhoA fusions described here, one would predict that only the
PhoA portion of the OmpV'-"PhoA fusion protein would be secreted into the culture
supernatant. Thus the secretion of PhoA by Aeromonas spp. does not appear to be unique,
and PhoA may be a periplasmic protein in E. coli simply because it lacks a GSP.

It is not possible to determine from the results in this thesis if the entire secretory
pathway is required for PhoA release or if only some components are necessary. The fact
that two independently isolated pleiotropic mutants, L.1.97 and S9, failed to secrete the
enzyme (Figure 32) suggests that at least two of the gene products are required. In addition

to L1.97 used in this study (and S9, which is only partly characterized), strains with
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defects in two other GSP genes, exeK and exeC, are available (Howard et al., 1993). It

remains to be determined if E. coli PhoA can be secreted by either of these mutants.

The role of protein folding in protein secretion

The transient appeax:ance of secreted proteins in the periplasm before they exit the
cells has led to speculation about the spatial relationship of the GSP proteins to this
compartment. Twelve of the fifteen Pul secretory proteins are associated with the inner
membrane, while only PulD and PulS may be associated with the outer membrane
(Pugsley, 1993a). Secreted proteins may be exported across the inner membrane at sites
which are associated with these inner membrane proteins. The Pul proteins and their
homologues may form complexes which recognize a signal in secreted proteins as they
cross the inner membrane, and therefore, before they have much secondary structure.
However, there are several reasons to believe that secreted proteins fold in the periplasm.
Sequence comparisons of a number of proteins secreted via the GSP have not revealed the
presence of any stretches of amino acids that could act as a secretion signal (Pugsley,
1993a). This indicates that a secretion signal would have to be produced in the tertiary
structure of the proteins. Hirst and Holmgren (1987b) demonstrated that heat-labile
enterotoxin (which is composed of 5 B subunits and 1 A subunit) assembles into its
multimeric form in the periplasm before crossing the outer membrane. In addition, Pugsley
(1992) showed that mutations to the periplasmic protein DsbA prevent disulfide bond
formation in PulA and consequently delay its secretion. Finally, in the present studies it
has been shown that the proaerolysin recovered from periplasmic shockates is as resistant
to trypﬁin as the protoxin recovered from culture supernatants.

Active PhoA is a dimer in the E. coli periplasm (Kim and Wyckoff, 1991). Since
PhoA activity was detected in the periplasms and culture supernatants of AH65 and CB3

containing cloned E. coli PhoA or the AerA'-'PhoA fusions, it seems reasonable to assume

U,



155

it is secreted as a dimer by the Aeromonas spp. Interestingly, it has also been found that
proaerolysin exists as a dimer in solution (van der Goot et al., 1993). In the case of
proaerolysin, it appears that the dimers form in the periplasm before being secreted across
the outer membrane (Hardie and Buckley, unpublished results). PulA is also found in the
extracellular milieu as large multimer complexes (Pugsley et al., 1986), although it is not
known if these large complexes form in the periplasm or after the monomers have been
released from the cell. It is possible that these dimers and multimers form some sort of
tertiary structure that is recognized by the secretion apparatus (see section on signals within
proteins below). However, multimerization of proteins in the periplasm is not a
requirement for secretion of a GSP protein, as GCAT of A. hydrophila is secreted as a
monomer (Ausio et al., 1993). The GCAT monomer must obtain a structure that allows its
secretion via the GSP.

Although the complete PhoA fusion proteins expressed by A. salmonicida could
initially be detected in the periplasm (Figure 27), they were all rapidly degraded by removal
of the aerolysin portion. Like E. coli, A. salmonicida must contain periplasmic proteases
that recognize and degrade proteins with foreign or abnormal conformations. Both
proaerolysin and alkaline phosphatase appear to be dimers in the periplasm (see above).
Perhaps dimerization of the partial aerolysin portions in the fusion proteins cannot occur,
whereas the intact portions of PhoA can dimerize. This could allow for the survival of the
PhoA, but lead to proteolytic degradation of the protoxin portions. The observation that the
proaerolysin portion of even the largest fusion protein was degraded may mean that the C-
terminal 35 amino acids of proaerolysin are needed for dimerization, or that the presence of
PhoA blocks its dimerization. The observation that proaerolysin is not degraded in the
periplasm of Aeromonas spp. (Figure 10) or in A. hydrophila pleiotropic secretion mutants
(Howard and Buckley, 1985a) indicates that proaerolysin is resistant to periplasmic

proteases, perhaps because it dimerizes.
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It is not possible to tell whether proteolysis of the aerolysin portions of the fusion
proteins was a consequence or a cause of the bacteria's inability to secrete them. On the
one hand, had they remained intact, one or more of the proteins could have found their way
outside the cells. Since both PhoA and AerA cculd have similar secretion signals (see
below), this is not an unlikely possibility. On the other hand, the fusions may have all
been unable to pass through the pathway, and as a result they may have accumulated in the
periplasm where the aerolysin portions were removed, resulting in a product (PhoA itself)

which then could leave the cell.

Signals within secreted proteins

In order to be selectively secreted from the periplasm, a protein must contain
information in its structure that directs it to the secretion machinery. Alternatively, it could
lack information which would cause it to be retained in the periplasm. While deletion
mutagenesis of exotoxin A (Hamood et al., 1989) and fusions of pulA to the B-lactamase
gene (Kornacker and Pugsley, 1990) had located regions which potentially contain
secretion-directing sigrals, no specific signals have been identified. Originally, the region
of AerA containing Trp227, which was found to be similar with the S. qureus a-toxin, was
proposed to play a role in toxin interaction with the target membrane. Since a-toxin is
made by a Gram-positive bacteria, there should be no need for a signal to direct it across an
outer membrane. Surprisingly then, the single amino acid changes to Trp227 have been the
only ones made iﬁ any protein secreted by the GSP which have affected secretion.
Interestingly, Trp110 of E. coli PhoA is found in a region which has some similarity to the
the region surrounding Trp227 of aerolysin (Chang et al., 1986). It could be that these Trp
residues are part of a secretion signal. However, a search of protein sequence data bases
revealed that over 1500 prbteins from widely different sources contain sequences similar to

this region (M. Parker, personal communication). Additionally, the X-ray crystallographic
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structure of the proaerolysin dimer (Parker et al., 1994) predicts that the Trp227 residue is
not exposed on the surface of the molecule. This would appear to rule out a direct
interaction between Trp227 and the secretion machinery. On the other hand, a slight
conformational change in the protein could expose Trp227 to the surface of the protein (M.
Parker, personal communication), possibly allowing it to play a role in a 3-dimensional
structural secretion signal.

As discussed above, it appears that GSP proteins are folded before they leave the
cell. It would be unlikely that they could change to a less stable conformation as they
crossed the outer membrane, only to fold back again. Such a change could only occur if a
net increase in thermodynamic stability of the proteins resulted. Perhaps the periplasmic
and extracellular forms of secreted proteins are not the same. An interaction with the
secretion machinery could cause a conformational shift in secreted proteins as they cross
the outer membrane. The observation that the Leu227 mutant becomes more sensitive to
trypsin treatment when 1t is trapped in the outer membrane (Figure 22) could be evidence
that just such a conformational shift does occur during aerolysin secretion. Without the
proper Trp residue at position 227, the mutant protein may be unable to interact with part of
the translocation machinery, trapping it in a protease-sensitive conformation in the outer
membrane. Perhaps all secreted bacterial proteins must undergo conformational shifts
during translocation to allow proper interaction with the secretion machinery. Trp227 and
the amino acids surrounding it may play an important role in such a process. Site-directed
mutagenesis of other amino acids in this region might help to determine if this is the case.
Such mutations may result in similar secretion defects to the Trp227 mutants if these
residues are also part of a secretion signal or if they are needed to position Trp227 in the
correct spatial configuration during a conformational shift. It is also possible that the
increased trypsin sensitivity of the membrane-associated Leu227 mutant is not a result of a

conformational shift during secretion. The mutation itself may have caused the
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conformational change. The mutant protoxin could still be resistant to periplasmic
proteases and trypsin, but may have become more sensitive to an outer membrane
associated protease like the E. coli protease OmpT (Baneyx and Georgiou, 1990). Trypsin
may activate such a protease, as the outer membrane associated Leu227 was not degraded
without the addition of trypsin (Figure 23, lane 3). Since such an outer membrane protease
would not be present in purified samples of Leu227 proaerolysin, purified Leu227 would
not be degraded by the addition of trypsin, as was observed in Figure 22.

Since 12 of the Pul secretion proteins have been located in the inner membrane, it
may be possible to determine if there is an interaction between proaerolysin and these
proteins by making inner membrane vesicles from E. coli strains containing the cloned exe
operon. These vesicles could contain the correctly folded inner membrane Exe
components. Addition of proaerolysin and a cross-linking reagent may result in the
identification of specific Exe proteins. If no specific interactions are found, it may be
because no PulO homologue is found in the exe operon (Howard et al., 1993). Without a
prepilin peptidase in the system, the Exe proteins containing prepilin signal sequences
(ExeG-Exe]) may be unable to correctly localize into the inner membrane, possibly
resulting in the formation of an incomplete secretion complex . It might be possible to
clone a prepilin peptidase from a heterologous system (e.g. PulO or PilB) along with the
exe operon to properly process the prepilin signal sequences.

Another approach to detect interactions between aerolysin and the secretion
machinery would be to look for suppressor mutants. If Trp227 does play a role in a
secretion signal, it may be possible to find A. hydropihila mutants which can secrete the
Trp227 mutants normally by mutating one or more of the secretory components required to
recognize such a signal. The aerA™ mutant 12.66 (Howard, unpublished results) could be
used to locate such spontaneous suppressor mutants. The different exe genes of these

mutants would then have to be screened or sequenced to see if any were mutated.
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It is also possible that the region surrounding Trp227 is not part of a secretion
signal, but is instead directly involved in the translocation of aerolysin across the outer
membrane. The lower secretion rates of the Phe227 and Leu227 proaerolysins observed in
Figure 17 appear to parallel the lower hemolytic activities of their activated forms (Table 5).
Thus, the Phe227 mutant was released at about one-fourth the rate of native proaerolysin,
and after processing, the purified protein was about one-fourth as active as aerolysin itself.
This suggests that the ability of these proteins to cross the outer membrane may depend on
a part of the protein that is also involved in channel formation. Thus the Trp227-containing
region may play a role in insertion of proaerolysin into the outer membrane during
secretion. The corresponding region in S. aureus o -toxin (Howard et al., 1987), a protein
that does not have to cross an outer membrane, may have a similar role in membrane
penetration of its target cells. However, the studies in this thesis have shown that PhoA
can be secreted by the Aeromonas spp. GSP, and there is no reason to believe that PhoA
can insert into lipid bilayers. If insertion of secreted proteins into the outer membrane is a
requirement for secretion via the GSP, perhaps an interaction between the Pul-like proteins
and the secreted protein is required to expose the amino acids required for this process.
Thus PhoA may contain the regions necessary for membrane insertion, but without the Pul-
like proteins in E. coli, it may be unable to insert into the outer membrane and remains in
the periplasm as a result.

Finally, it is possible that the Trp227 region is not required for.secretion, and that
the GSP proteins are secreted because they lack a signal which causes them to be retained
in the periplasm. The Trp227 mutations may have fortuitously changed the protein in such
a way that a periplasmic retention signal was partially created, preventing them from
leaving the cell as efficiently as wild type. E. coli PhoA could then be secreted simply

because it lacks an Aeromonas spp. periplasmic retention signal.




160

The energy requirements of secretion

The results in these studies are the first to implicate a PMF in the secretion of a
protein across the outer membrane. Koronakis et al. (1991) have since found that a PMF is
also required in the secretion of HlyA from E. coli. Interestingly, both the GSP (Possot
and Pugsley, 1994) and HlyA (Gerlach et al., 1986) secretion systems utilize components
which contain consensus ATP-binding sites. However, neither HlyB, nor the PulE
homologues have been shown to hydrolyze ATP as an integral step in the secretion
process. It has been proposed that the P. aeruginosa PulE homologue XcpR is only
necessary for energizing the assembly of the secretion apparatus, and not the actual
secretion process (Tommassen et al., 1992). This comes from the observation that XcpR
is homologous to PilB, which is required for pilin biogenesis, but not protein secretion, in
P. aeruginosa (Nunn et al., 1990; Turner et al., 1993). If this turns out to be the case, the
PMF could be the sole energy source required for outer membrane translocation of proteins
via the GSP. Another possibility is that the folding of a secreted protein plays a role in
energizing the secretion process. If a conformational change is required for exposing the
Trp227 region to the secretion machinery, this change in protein folding could be used as a
source of energy. Jacob-Dubuisson et al. (1994) have proposed that the E. coli pilin
protein PapC is driven across the outer membrane by such a change in protein
conformation. They speculated that periplasmic chaperones could keep the pilin subunits in
high energy conformations until they are secreted. This appears to be the only energy
source required for pilin transport, as no ATP-binding proteins are necessary in PapC pilin
biogenesis and a PMF is not necessary for its secretion (Jacob-Dubuisson et al., 1994).
The fact that we apparently find proaerolysin in its final mature conformation in the
periplasm suggests that similar periplasmic chaperones are not involved in its secretion. As
mentioned above though, some components of the GSP may be required to alter the

conformation of proaerolysin during its translocation across the outer membrane.
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As proposed in the Results section, the existence of a periplasmic-spanning energy
transducing system like TonB would be the most likely explanation of the need fora PMF
to drive the second step in secretion. However, the high number of pirazmonam-resistant,
hemolytic mutants of A. hydrophila isolated in these studies indirectly suggests that TonB
itself does not participate in such a scheme. Pugsley (1993a) has also reported that TonB
does not appear to play a role in PulA secretion. It is possible that another structure that
traverses the periplasmic space energizes the translocation of proteins out of the cell. Since
12 of the 15 Pul secretion proteins are believed to be associated with the periplasmic face of
the inner membrane (d'Enfert and Pugsley, 1989; Reyss and Pugsley, 1990; Pugsley and
Reyss, 1990; Pugsley and Dupuy, 1992), it is possible they interact together to form such a
structure in K. oxytoca. Four of the Pul proteins (PulG-Pul)) are thought tc form a pilin-
like structure because they contain type [V pilin signal sequences. These Pul proteins could
form a periplasmic-spanning energy transducer in a manner analogous to TonB. However,
attempts to find an oligomeric PulG-containing complex have been unsuccessful (Pugsley,
1993b).

It has been proposed that TonB energizes the opening of pores formed by outer
membrane receptors (Rutz et al., 1992). One of the E. chrysanthemi Out proteins, OutD,
has recently been shown to form mixed multimers in the outer membrane with a
homologous phage protein (Kazmierczak et al., 1994). These results suggest that PulD
and its homologues could form gated channels large enough to allow the passage of
proteins. This would fit a model in which other Pul proteins form a TonB-like structure
that uses the PMF to open and close the outer niembrane channel. However, such a
channel would have to be unidirectional, allowing only the flow of specific proteins out of
the cell, and preventing the. non-specific leakage of other periplasmic molecules. While
such channels are now believed to exist across both the endoplasmic reticulum (Simon and

Blobel, 1991) and prokaryotic inner membrane (Simon and Blobel, 1992), there is no
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evidence of their presence in the bacterial outer membrane. Outer membrane channels
would have to be larger than the inner membrane pores of the sec system as they would
have to allow passage of folded proteins. It might be expected that these channels could be
blocked by the overexpression of secreted proteins. This was not observed in the present
studies, as the overexpression of aerolysin did not reduce the secretion of endogenous
GCAT and protease in A. salmonicida (Figure 9). The Trp227 mutant proteins also did not
reduce secretion of the A. salmonicida protease (Figure 21). Such a decrease would have
been expected if the Leu227 mutant was blocking such a channel.

Although it seems unlikely, there is no direct evidence to refute the existence of a
PMF across the outer membrane. The observed inhibition of proaerolysin secretion by
lowering the media pH (Figure 33) is consistent with such a possibility, as is the inhibition
of PhoA secretion under similar conditions (Figure 28). While porins in the outer
membrane probably make the outer membrane permeable to protons, they may be missing
from localized regions in the membrane, perhaps allowing for a build up of a proton
gradient. The observation that proaerolysin found in the periplasms of A. salmonicida and
the pleiotropic mutants of A. hydrophila is somehow protected from periplasmic proteases
could support the idea that the periplasm is divided into different compartments or pools.
While specific proteases which activate proaerolysin outside the cell may be inactive in the
periplasm, it is also possible that proaerolysin is in a compartmenf which lacks proteases.
Secretion compartments may then lack both porins and proteases. The observation from
electron microscopy studies that there are inner and outer membrane junctions in Gram-
negative bacteria could support the idea of membrane enclosed regions in the periplasm
(Bayer, 1979). However, recent results have suggested that Bayer bridges are artifacts
resulting from the fixation methods used in preparing cells for the electron microscope

(Kellenberger, 1990).
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The effect of medium pH could also be due to inhibition of a component of the -
secretion machinery or to a pH-sensitive change in the outer membrane. In either case the

PMEF across the inner membrane would not be affected.

SUMMARY

The observations made in this thesis have revealed a number of features of secretion
via the GSP. For the first time it has been demonstrated that a protein which utilizes this
pathway can be secreted by a heterologous host. Future studies of the different GSP
systems will hopefully explain why the systems in Vibrio and Aeromonas species are
interchangeable while those of some other bacteria appear not to be. The demonstration of
a pool of proaerolysin in the periplasm of Rif-1-pKW2 which was secreted further
supports a two-step model of secretion in which proteins transiently enter the periplasm
after export across the inner membrane. This periplasmic proaerolysin is as resistant to
irypsin as the purified protoxin, indicating that the proieins fold into their mature
conformations in the periplasm before being translocated across the outer membrane. A
Trp residue was identified in a region of proacrolysin which may be involved in secretion.
This residue was changed to three different amino acids, resultihg in decreased secretion of
the protein in all three cases. The periplasmic E. coli protein PhoA was shown to be
secreted in A. salmonicida and A. hydrophila. The A. hydrophila GSP appeared to be
‘required for its secretion, as a strain containing a mutation in exeE was unable to secrete
PhoA. Secretion also requires a proton motive force. While there is a possibility that this
may be across the outer membrane, it is more likely that the PMF across the inner
membrane is used. The protein TonB does not appear to be involved in this process, but a

similar energy-transducing complex could be formed by the GSP secretion machinery.
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