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ABSTRACT

Aerobactin iron uptake systems as mediated by the plasmids and
chromosomes of enteric bacteria are important for the invasiveness of
these bacteria, that is, the ability of these organisms to invade the
bloodstream and potentially spread throughout the animal. The fact that
the aerobactin iron uptake system as encoded by the E. coli plasmid
pColV-K30 is also found encoded by the plasmids and chromosomes of
several other enteric species suggests that the genes for this system are
mobile. Also it was previously found that inverted copies of the
insertion sequence IS1 flanked the aerobactin system genes in pColV-K30,
suggesting the possibility of transposition of the aerobactin system. To
gain insight into the possible mechanisms of genetic mobility, several
ColV plasmids were surveyed regarding the internal and flanking sequences
of this aerobactin iron uptake system. It was found that inverted copies
of the insertion sequence I1S1 were conserved in these plasmids, as well
as the internal sequences specific for the synthesis of the components of
the aerobactin iron uptake system. An upstream "flanking' replication
region called REPI was also absolutely comserved in these ColV plasmids,
regardless of the presence of the aerobactin system genes. The
downstream flanking region was not conserved, including another
replication region, REPII, which was encoded by only some plasmids, and
in variable locations. The inference from these results is that the REPI
region could have been instrumental in the preservation and spread of the
aerobactin system genes in these ColV plasmids of E. coli , and the REPI-
aerobactin system linkage explains why this system is only found among

these large IncFI plasmids.



In the course of the ColV plasmid survey, two ColV plasmids were
mapped entirely, based on restriction enzyme sites and landmark
phenotypic characteristics such as the colicin V gene, transfer region,

and repeated sequences.

Described herein is the discovery of a novel genetic system encoding
for the production of the same iron-chelating siderophore aerobactin by

another enteric species, Klebsiella ozaenae 62-1, formerly called

Aerobacter aerogenes 62-1. This new genetic system was cloned and found

to be plasmid-mediated. The internal aerobactin system sequences were
only weakly homologous to the aerobactin system genes as encoded by E.
coli ColV plasmids. These new aerobactin system genes were not flanked
by copies of ISl and this Klebsiella plasmid had no sequences homologous
to REPI. The finding of this novel system encoded by a plasmid which is
not of the incompatiblity group IncFI supports the correlation of the "E.
coli aerobactin system' with the IncFI-specific replication region REPI

in the ColV plasmids.

Taxonomic criteria for the respeciation of Aerobacter aerogenes 62-1

to Klebsiella ozaenae 62-1 is included as the fourth manuscript of this

thesis.

Sequencing analysis of the putative promoter region of the

Klebsiella ozaenae 62-1 aerobactin system genes reveals the presence of

two open reading frames, one of which presumably is the 5' end of the
first enzyme gene in this aerobactin system 'operon." The other open

reading frame is upstream and encodes the 3' end of a cryptic protein



which appears to be nonetheless a conserved protein upstream from both of
the aerobactin systems' genes. A sequence was found in the putative
Klebsiella promoter region between these open reading frames, and between
the -10 and -35 regions, that fits the consensus sequence for the binding
site of the Fur protein. (The Fur protein is a negative regulator found
in E. coli which represses transcription from iron-sensitive promotors.)
This finding suggests that there is a similar sort of regulation in
Klebsiella, using a Fur-like negative regulator. Supporting this
suggestion is the observation that down-regulation is accomplished in the
Klebsiella cloned aerobactin system in the E. coli background under
conditions of high iron concentration. Thus, in spite of the
considerable divergence which spans several genes in the aerobactin
system genotype, there may be a conservation of some of the basic
features of iron regulation of these systems. However, the expression of
each system under conditions of low iron concentration appears to require
factors that are unique to each bacterial species, because the production
of the siderophore by the Klebsiella system, when the system was cloned
and put into an E. coli background, was not equal to such production in

the native Klebsiella strain.



Introduction



Aerobactin is a chelator of iron, that is, a siderophore. Most
siderophores are low molecular weight compounds, as is aerobactin at 565
daltons. This siderophore is produced and secreted by strains of enteric

bacteria, such as E. coli, Salmonella, Shigella, Klebsiella,

Enterobacter, and Yersinia. Most of these strains are invasive pathogens

which means they can enter the bloodstream and be carried throughout the
vertebrate host. There are several reasons why invasive bacteria need to
produce aerobactin. First is the chemistry of iron. At physiological pH
and oxygen level, iron has a strong tendancy to polymerize as the
insoluable compound ferric hydroxide. This form of iron is unavailable
to bacteria. However, too much iron can be a problem to bacteria, since
iron is the catalytic generator of oxidizing radicals. So iron uptake
must be strictly regulated by the bacterial molecular machinery. Second,
the vertebrate host has several ways to keep the iron concentration too
low to sustain bacterial growth. There is the phenomenon of 'nutritiomal
immunity,” in which the host, when stressed by infection, will withdraw
circulating iron and store a higher per cent in the liver and spleen.
Also, the circulating form of iron is as bound to transferrin, which is
usually only about 30% saturated. Transferrin-bound iron is not
accessible to bacteria unless they produce a siderophore which can
sequester this iron from transferrin. Third, all bacteria {except

Lactobacilli) require nutritional iron to be the cofactor of essential

enzymes. Fourth, aerobactin has been found to be better at supplying
iron from transferrin than other siderophores such as enterobactin,
although it is known that the latter has a higher binding affinity
constant for iron. There are several reasons for this, such as the

stability and reuseability of aerobactin.



The widespread use of antibacterial agents and host factors have
selected for the genetic mobility of virulence factors. This mobility
often takes the form of transferrable plasmids. The work described in
this thesis involves plasmid-mediated aerobactin iron uptake systems.
These systems include the genes and proteins necessary for the synthesis
of the siderophore aerobactin, and the synthesis of the outer membrane
receptor which binds ferric-aerobactin. The first aerobactin system
investigated is encoded by the ColV plasmids of E. coli. Two of these
ColV plasmids were restriction-mapped in the process of completing this
study of ColV-mediated aerobactin iron uptake. Later a newly discovered
aerobactin system is described, one encoded by a plasmid found in the
strain from which aerobactin was first discovered. This strain was

originally called Aerobacter aerogenes 62-1, but, since the speciation

was outdated and not rechecked since the discovery of aerobactin in 1969,
taxonomic criteria were applied and the organism was found to give

excellent identification as a Klebsiella ozaenae. The most recent data

obtained regarding this new Klebsiella aerobactin iron uptake system is
included as an appendix to paper #3, in which the promoter region is
analyzed by sequencing and by comparing the resultant sequence to that of

the published promoter region of the aerobactin system of E. coli.
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The historical context for the work described in this thesis is
presented diagrammatically in the Time Line of the previous page. This
Time Line shows the separate histories of the siderophore aerobactin and
"antibiotic" colicin V, how the two histories merge, and how the two
subjects later become distinct. Chronologically, the first discovery was
in 1949 in France when P. Fredericq and E. Joiris (12) noticed a
correlation between pathogenicity and the ability of bacterial cells to
produce colicin V. (Colicin V is an antibacterial factor produced by
nonsusceptible bacteria which kills the susceptible bacteria.) The
history of the siderophore aerobactin began twenty years later in 1969,
when this dihydroxamate iron chelator was discovered, isolated, purified,
and the chemical structure determined by F. Gibson and D. Magrath in
Australia (13). The two subjects remained separate until 1981, since
aerobactin was discovered in the culture supernatants of an organism

called Aerobacter aerogenes 62-1, while the colicin V genotype was found

to be carried by plasmids of E. coli.

Between 1969 and 1981, however, six important experiments were done.
The first five of these are: 1) 1In 1962, it was demonstrated in
Argentina by Nagel de Zwaig, Anton, and Puig (19) that the colicin V
phenotype was transferrable and therefore plasmid-mediated; 2) In the
analysis of the constituents of the aerobactin molecule, Viswanatha et
al. (18) achieved for the first time the in vitro conversion of lysine to
Né-hydroxylysine, the first step in the (chemical) synthesis of

aerobactin, using cell-free extracts of Aerobacter aerogenes 62-1; 3)

it was shown by V. Braun et al. (4) that phage and colicin receptors are

commonly components of iron uptake systems; 4) it was confirmed by
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Smith and Huggins (26) that the ColV, F-like plasmid was transferrable,
and that if a mixed infection was accomplished using a transfer-deficient
ColV-carrying strain (B188) and a strain without the ColV plasmid, a
proportionally higher number of ColV-carrying cells would subsequently be
recovered from the infected animal; they also noticed that a higher
proportion of ColV-resistant cells (over the ColV-sensitive cells) would
be recovered, depending on the physioclogical site of recovery; and 5)

It was found by transposon mutagenesis by Quackenbush and Falkow (25)
that cells carrying a ColV plasmid with a mutated colicin V structural
gene were at least as virulent as the nonmutant ColV-carrying parent

strain.

The implications of these last two findings abpear to conflict.
In the mixed infection study, one would conclude that there is a
selective advantage, based on Darwiniam principles, in the carriage of
the ColV plasmid, such that the ColV plasmid-carrying cells are able to
outgrow the ColV-minus cells, and sometimes the ColV-sensitive cells. In
the transposon study, one would conclude that there is no advantage for
the cell in possessing the colicin V phenotype in terms of virulence.
The possible conflict with these two conclusions is clarified with the
point that in the latter study, the virulence assays were performed using
pure cultures injected intraperitoneally into mice. The use of pure
cultures rather than mixed is a standard approach but a more artificial
one, and in this case it addresses one aspect of virulence but not the
aspect of competitive advantage. The fact that the latter study has been
more often quoted than the first demonstrates how a case may be

prematurely considered closed although an appropriate experiment was not
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applied. ("High-tech" experiments are not necessarily more conclusive
than "low-tech" experiments.) The conclusion of the transposition mutant
study should have been that the colicin V protein does not act as a toxin
against eucaryotic cells, but the next question should have been the
possible role of colicin V activity against procaryotic cells in
virulence, using mixed infections. A facet of the broader view, that
"the mark of a successful parasite is not its ability to cause diseae but
rather its ability to survive and multiply" in the host that is
attempting to eliminate it (11), might have been demonstrated by means of
these studies, had the investigators followed through to the logical

final experiment.

The sixth investigation of this era was in 1979, when P. H. Williams
presented evidence for the activity of an efficient ColV plasmid-
specified iron-sequestering system (33). The enhanced virulence of
invasive strains of E. coli carrying such a ColV plasmid was shown to be
due to this iron uptake system, by indirect but convincing studies
analyzing the effect of administering iron in mixed infections of mice
and the effect of added transferrin on bacterial growth in minimal media
(33). Briefly, cells that do not carry ColV plasmids are equally as
virulent as when they do carry the plasmid if iron is added to the
inoculum in an in vivo experiment; likewise, they grow equally as well if
iron is added to transferrin-chelated media. In 1980, S. Stuart et al.
showed that the ColV plasmid-mediated iron uptake system involved a
siderophore that is a hydroxamate (28), and, in 1981, Warner, Williams,
Bindereif, and Neilands demonstrated by field desorption mass

spectroscopy that this hydroxamate was aerobactin, and indeed identical
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to the molecule secreted into culture supernatants by Aerobacter
aerogenes 62-1 (32). Thus, the "real" virulence factor of the ColV
plasmids is a nutrition-related factor, enabling the organism to grow in
the hostile environment of the host's fluids as the host attempts to make
the essential nutrient iron unavailable. Aerobactin-producing bacteria
can therefore be successful parasites, able to survive and multiply, and,

with their complement of other virulence factors, cause disease.

It is at this point in the Time Line that the two histories of
aerobactin and ColV plasmids merge, since the two genotypes were found to
reside on the same replicon. Also, since the location (plasmid vs.

chromosome) of the aerobactin system genes in Aerobacter aerogenes 62-1

was at the time unknown, and perhaps presumed to be chromosomal, and
probably since E. coli was the more familiar organism, the aerobactin
iron uptake system was investigated primarily as encoded by ColV
plasmids. The first exception to this generality was the investigation by
T. Viswanatha, who continued to use the original organism Aerobacter
aerogenes 62-1 to study the enzymes in the biosynthetic pathway leading
to aercbactin. Ultimately he and his colleagues developed a completely
in vitro system for the synthesis of aerobactin, using components derived
from A. aerogenes 62-1 cultures, from which the relevant biosynthetic
enzymes could be characterized (31). Later the aerobactin system
biosynthetic enzymes and outer membrane receptor as encoded by the ColV
plasmid were also found encoded by the chromosomes of E. coli K1 (30), of
enteroinvasive E. coli (16), and of Shigella (15), and by Salmonella R

plasmids (8).
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After 1981, therefore, the two components of the Time Line deal with
ColV plasmid-encoded aerobactin and "non-ColV'"-encoded aerobactin.
Before advancing along the Time Line, however, it should be mentioned
that, by 1981, there were three other virulence factors found encoded by
ColV plasmids, that is, increased serum survival (3, 27), resistance to
phagocytosis (21), and intestinal epithelial cell adherence (7). These
factors, as well as the aerobactin system (and probably colicin V), no
doubt played a role in the increased pathogenicity that had been
correlated with the presence of ColV plasmids in strains of E. coli since
1949. However, the data from these studies cannot be used to draw
conclusions about the relative virulence potential of any given plasmid
or if any set of factors are additive in any given model system. More
than a dozen "different™ ColV plasmids were used in these studies,
although it is very likely that some of them are actually identical but
of different nomenclature. In none of these studies was the plasmid
"fingerprint” given in the form of a restriction pattern. Ideally, an
experiment should be performed in which a "skeleton" ColV plasmid could
be used to reconstruct various levels of virulence by sequentially
inserting the genotypes of each virulence-related factor. This kind of
experiment is now feasible, since two ColV plasmids have been entirely
mapped: these maps are presented in the second manuscript contained in

this thesis.

Noteworthy post-1981 "ColV-aerobactin" findings include the defining
of the low-iron inducible outer membrane 74 kd protein as the receptor
for ferric-aerobactin and the down-regulation of the aerobactin system in

high iron concentration by the global regulon fur. What expedited the
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characterization of the aerobactin system operon was the cloning of this
region from the ColV plasmid, which was first accomplished in the lab of
J. B. Neilands in 1983 (1). Interest in the question of how the
aerobactin system genes became ubiquitous among bacterial chromosomes and
plasmids was kindled by the demonstration of inverted copies of the
insertion sequence IS1 and of distinct replication regions flanking the
aerobactin system genes in pColV-K30, the prototypic ColV plasmid (23).
That is, is the aerobactin system one of the few non-antibiotic
transposons? This question is addressed in the first manuscript of this
thesis, and the results of these studies prompted the investigation of
one of the flanking replication regions of the ColV plasmid (24).
(Historic findings described in manuscripts contained in this thesis are

indicated on the Time Line with asterisks.)

After cloning the pColV-K30 aerobactin system and concurrent with
the studies on the aerobactin system DNA environment, three different
groups independently attempted to characterize the constituent genes and
encoded proteins acting as the enzymes in the biosynthetic pathway
leading to the 565 dalton chelator aerobactin (6, 9, 14). The first to
actually propose the pathway, with corresponding genetic loci that
encoded enzyme #1, followed by enzyme #2, then #3, again came from the
lab of J. B. Neilands (9). Briefly, the first step in the biosynthetic
pathway leading to aerobactin is the hydroxylysine of lysine, followed by
acetylation to form acetyl-hydroxylysine. Two moles of this compound are
condensed with citrate to form the siderophore aerobactin. The site of

chelation of ferric iron is believed to be the carboxyl moieties which
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"surround" the iron (see the aerobactin molecule figure which follows

this literature review).

The most recent studies on '"ColV aerobactin" were the mapping and
sequencing of the promoter region of the aercobactin operon, followed by
DNasel footprinting of the Fur protein, the negative regulator of the
aerobactin system genes in high iron conditions, within this operator-
promoter region (2,10). A 31 bp region of dyad symmetry was found to be
the sequence protected by the Fur protein, and comparisons of this
sequence and analogous Fur-regulated promoter regions resulted in the
generation of a Fur consensus sequence which also comprises a perfect
dyad. This data has been incorporated into the discussion of the

Aerobacter aerogenes 62-1 putative operator-promoter.

The most recent studies on "non-ColV aerobactin' include the
discovery of the production of aerobactin by certain Yersinia species

(28) and by Klebsiella pneumoniae K1 and K2 (20). Also there has been a

recent study addressing the question of why aerobactin, instead of the
higher affinity siderophore enterobactin (commonly produced by enteric
organisms, often simultaneously with aerobactin), is an important factor
in invasive infections (34). It was found that aerobactin, probably
because it is repeatedly reusable, efficiently stimulated bacterial
growth at external concentrations 500-fold lower than those of
enterobactin (34). It had previously been found that aerobactin
outcompetes enterobactin when the iron is chelated by unsaturated levels

of serum transferrin (5).
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Studies recently done in our lab further distinguish the ColV from

certain non-ColV aerobactin systems. The chromosomal determinants in E.

coli K1 (30), in Shigella flexneri (15), and in enterinvasive E: eoli

{(16) were found homologous to and of the same restriction pattern as the
aerobactin biosynthetic genes of the pColV-K30 plasmid. It had been

assumed that this was the case in the organism Aerobacter aerogenes 62-1,

although the hybridization signals obtained with the E. coli plasmid and
the A. aerogenes plasmid were not comparable, using an internal probe
from the E. coli system (17). Clarification of this discrepancy led to
the discovery of a distinct genetic system encoding aerobactin, and is
the subject of the third manuscript of this thesis. In the process of

this investigation, the speciation of Aerobacter aerogenes 62-1 became

suspect, and led to its respeciation as a Klebsiella OZaenae, a species

recognized as of 1980 (details are contained in the fourth manuscript of

this thesis). The sequencing analysis of the "Klebsiella ozaenae" 62-1

promoter region is the subject of the appendix following the third paper.
Comparing this sequence with the analogous region of the E. coli system
further distinguishes the two systems, although the concept of the
mechanism of regulation may be preserved. Sequencing the structural

genes of the Klebsiella ozaenae aerobactin system is now in progress, and

will define the differences we have found. The fact that both systems
produce the identical aerobactin molecule (and presumably via the same
biosynthetic pathway) predicts that certain areas should be conserved
within the enzymes involved in each step of the pathway. Therefore,
sequencing the genetic regions for both systems will provide information

that could not be obtained by sequencing just one of the two genetic



systems, and provides a simple but tedious approach to the question of

possible enzyme active sites.
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ABSTRACT

The aerobactin iron uptake system genes in the prototypic plasmid
pColV-K30 are flanked by inverted copies of insertion sequence IS1 and by
two distinct replication regions. To address the question of how these
flanking regions may facilitate the maintenance and spread of the aerobactin
system among the plasmids and chromosomes of enteric species, we
investigated the DNA environment of twelve ColV plasmids. We found that the
aerobactin system-specific genes are conserved in every plasmid
phenotypically positive for the aerobactin system. The upstream IS1 is also
conserved and likewise its overlapping replication region (REPI). This
replication region was cloned from several ColV plasmids and found to be
functional by transforming these cloned derivatives into a polA bacterial
host. In contrast, the downstream flanking region is variable. This
includes the downstream copy of IS1 and the downstream replication region
(REPII). We infer from these results that sequences in addition to the two
flanking copies of IS1, in particular the upstream region including REPI,
have been instrumental in the preservation and possible spread of aerobactin

genes among ColV plasmids and other members of the FI incompatibility group.
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INTRODUCTION

The association of colicin V production and increased pathogenicity of
E. coli strains was noted in 1949 (14) but not until 1979 did it become
clear that factors other than colicin V production caused the increase in
virulence when E. coli were injected into mice (27). ColV plasmids,
encoding colicin V, are actually a heterogeneous group of IncFl plasmids
which may also encode virulence determinants such as: increased serum
survival (4,23,28), resistance to phagocytosis (25), adherance to intestinal
epithelial cells (10), and the aerobactin-mediated iron uptake system
(6,32,34). 1In this work, we address the question of how the aerobactin
iron uptake system came to be genetically determined on ColV plasmids.
Interest in this question has been kindled by the recent demonstration of
inverted copies of the insertion sequence IS1 (22,26) and of two distinct
replication regions, REPI and REPII (26), flanking the aerobactin genes in
the prototypic ColV plasmid pColV-K30. This, taken together with the
discoveries of the same aerobactin iron uptake genes on the chromosomes of

E. coli KI (30) and of Shigella species (20), on Salmonella multiple drug

resistance plasmids (11), and on a plasmid of Enterobacter aerogenes (22),

suggest that the aerobactin operon is genetically mobile. However, in
spite of this ubiquity in nature, the extrachromosomal aerobactin system
genes have been found on plasmids, which, when the incompatibility group is
known, are always IncFI (11,12,33). To gain insight into the reasons for
these observations we surveyed the extent of genetic conservation
surrounding the aerobactin operon in twelve ColV plasmids, and compare the
resulting maps to that of IncFI Salmonella R plasmids. (These results were
presented in part at the 85th Annual Meeting of the American Society of

Microbiology, Las Vegas, Nevada, March 3rd to 8th, 1985.)
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MATERIALS AND METHODS

Bacterial strains and plasmids. Pertinent E. coli strains, plasmids

and their relevant characteristics are listed in Table 1. E. coli 3478 and
E. coli HB10l were used as recipients in transformation experiments, and E.
coli C2110 and E. coli LE392 were used as recipients in the in vitro
transductions.

Detection of aerobactin siderophore production and of the outer

membrane receptor. Aerobactin production by bacteria harboring ColV

plasmids was determined by a bioassay test (32). Presence of the aercbactin
‘outer membrane receptor was assayed by the cloacin sensitivity test (26).

Analysis of plasmid DNA. Plasmid DNA preparation, restriction

endonuclease and Southern blot analysis were carried out as previously
described (26).

Molecular cloning of ColV plasmid DNA. To obtain clones which included

flanking sequences as well as aerobactin specific sequences, ColV plasmid
DNA was partially digested; cosmid vector pHC79 or pVK102 DNA was totally
digested and added to the partially digested ColV plasmid DNA at an
approximate molar ratio of 1:1. Ligated DNA was packaged in vitro using
commercially available packaging systems (Amersham, Boston, Mass. and
Promega Biotech, Madison, Wis.) and transduction was carried out according

to the protocol recommended by Promega Biotech.
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RESULTS

Distribution of aerobactin genes among ColV plasmids. With the

exception of the plasmid pColV-CA7V, the ColV plasmids studied herein (Table
1) all engender their bacterial host with the capacity to produce the
siderophore aerobactin. The molecular weights of these plasmids, determined
by gel electrophoresis (data not shown), ranged from the 80 kilobase pairs
(kb) of pColV-B188 to the 180 kb of pColV-K229 (Table 2). However,
restriction endonuclease digestion of these various ColV plasmids showed
that some fragments appear to be shared (data not shown). On the basis of
restriction enzyme patterns, pColV-K30 and pColV3-K30 appear to be identical
plasmids; pColV-292, pColV-F70, and pColV-F54 also appear to be identical.
To determine the extent of conservation of aerobactin-related and flanking
sequences, we employed HindIII and HindIII-BamHI digests in Southern blot
hybridization experiments. In the hybridization experiments shown in Fig.
2a and 3a, using the aerobactin-specific probe HB (Fig. 1), a 3.4 kb
HindIII-BamHI fragment in all aerobactin-positive plasmids appeared
universally conserved and is the equivalent of the pColV-K30's 3.4 kb
HindIII-BamHI cloned sequence used here as probe HB (Fig.2a, lanes K through
S, and Fig. 3a, lanes F through J). This same probe, which closely
approximates the aerobactin siderophore genes (8,17), also démonstrated that
these 3.4 kb HindIII-BamHI fragments are contained within HindIII fragments
of molecular weights ranging from 14.5 to 45 kb (Fig. 2a, lanes A through I,
and Fig. 3a, lanes A through E). Using the probe HB and other restriction
enzymes (data not shown), we confirmed that the regions proximal to the

siderophore genes were always conserved in aerobactin-positive ColV plasmids.
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This region includes genes for the four enzymes needed to construct the
hydroxamate siderophore aerobactin, and the structural genes for the 74K
outer membrane receptor protein (8,17). The variation in HindIII fragment
size must then reflect changes downstream from the aerobactin genes since
the upstream region which encodes the aerobactin system is conserved among
these plasmids.

Distribution of IS1 sequences among ColV plasmids. To assess the

degree of comnservation of the two flanking IS1 sequences within the various
ColV plasmids, we probed the ColV plasmids with an ISl-specific probe,
pBRG29. This plasmid is a pBR322 derivative containing the transposon Tn9
which is bordered by IS1 elements. Using as a negative control probe the
pBR325 plasmid which, like Tn9, has the genes for chloramphenicol
resistance, but, unlike Tn9, has no IS1 sequences, we could deduce that the
ColV plasmid sequences hybridizing to pBRG29 but not to pBR325 were specific
for IS1. The results of the hybridization with the IS1 probe are shown in
Figures 2b and 3b. All signals seen in these autoradiographs are IS1
specific, with the exception of a small plasmid additionally present in B188
(15) which shows vector cross-reaction, since it is a ColEl-type plasmid
(unpublished results). Since neither HindIII nor BamHI sites are found
within the IS1 sequence, the minimum number of copies of IS1 could be
counted (Table 2). Figure 2b, lanes A through I, and Fig. 3b, lanes A
through E, show that the ISl-containing HindIII fragment upstream relative
to the aerobactin genes is an 8.6 kb fragment which is held in common by all
the aerobactin-positive plasmids. These figures also show that the
downstream IS1 sequences were within HindIII fragments varying in size from
14.5 to 45 kb; these were the same fragments which also hybridized to the

aercbactin siderophore probe HB. To more precisely map the location of this
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IS1 sequence, presumed to be on the right flank of the aerobactin genes as
seen in the pColV-K30 map, we used the restriction enzyme BstEII which
splits the IS1 sequence approximately in half. Using the probe specific for
IS1 and the probe BE (Fig. 1) we obtained the following results: the BstEII
fragment containing both the 74K aerobactin receptor gene and the proximal
half of the flanking IS1 sequence was 3.40 kb for pColV-K30, pColV-3K30,
pColV-292, pColV-F¥70, pColV-F54, and pColV-K229, but was 3.50 kb for
pColV-H247 and pColV-P72, and 3.47 kb for pColV-B188, pColV-K311, and
pColV-K328 (data not shown). Therefore, although IS1 sequences flank the
aerobactin operon in all aerobactin-positive plasmids, the downstream IS1
sequence varies slightly in distance from the 74K aerobactin receptor
protein gene. Using the same strategy to map the upstream IS1 sequence, we
found its location in all the aerobactin-positive plasmids to coincide with
the map position of pColV-K30 (Fig. 1), within the upstream 8.6 kb HindIII
fragment (Table 2).

Distribution of replication regions among ColV plasmids. To test

whether one or both of the flanking replication regions of pColV-K30 were
conserved in the other ColV plasmids, we probed with REPI and REPII. The
REPI probe we used, AREPI, had the repeated sequence IS1 deleted (Fig. 1; J.
Perez-Casal and J.H. Crosa, manuscript in preparation). The REPII probe DNA
consists of a region beyond the rightward downstream IS1 with no overlap
with that IS] sequence (Fig. 1). With the AREPI probe the pattern of
hybridization is uniform among all the aerobactin producing plasmids: in
every case the homologous HindIII and HindIII-BamHI fragments within the
AREPI region are identical to those of pColV-K30. This conservation of
sequences is peculiar to the aerobactin-producing plasmids. In the

aerobactin-negative plasmid pColV-CA7V (Fig. 2c, lanes F and P), the



32

conserved fragments are only those which are beyond the upstream ISl
sequence. The outcome of hybridization experiments using the RPII probe was
quite different from those using the AREPI probe. REPII sequences are
absent in the aerobactin-negative plasmid, but they are also absent in five
aerobactin-positive plasmids: pColV-H247, pColV-B188, pColV-K311,
pColV-K328, and pColV-P72. (In Fig. 2d, lanes C and M, the hybridization
signal seen is due to vector cross reaction with a smaller plasmid present
in the B188 strain.) REPII-homologous sequences could only be seen upon
prolonged exposure and within a single 4.0 kb HindIII-BamHI fragment of
pColV-292, pColV-F70, and pColV-F54, (Fig. 2d, lanes N, R, and S). This
weak signal suggests that REPII was not present intact, or that considerable
divergence had occurred. The plasmid pColV-K229 is the only ColV plasmid in
addition to pColV-K30 which appears to have an intact REPII region. This
region is also genetically linked to its REPI-ISl-aerobactin system-IS1
region, but it is more closely linked than is the REPII region of pColV-K30.

Functionality of the REPI region. The functionality of the replication

region REPI was assayed by using a cloning vector which cannot replicate in
a bacterial host lacking polymerase I, and transforming these polA bacteria
with clones carrying the REPI region from some of the ColV plasmids. In
clones of the pColV-B188, pColV-292, and pColV-H247 plasmids, as well as of
pColV-K30 (26), this region was found to be a functional replication unit
(Table 3). Thus, there has been a conservation of function as well of
genetic linkage of the REPI region in these ColV plasmids. We have
determined that REPI is unstable unless accompanied by a maintenance region
that maps outside REPI but adjacent to the aerobactin system genes, and that
this region is also conserved in the ColV plasmids examined to date (J.

Perez-Casal and J.H. Crosa, Abstr. Annu. Meet. Am. Soc. Microbiol. 1986,



11-103, p. 144). Therefore, those plasmids without REPI1 sequences are

understandably capable of stable replication.
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DISCUSSION

The results presented here demonstrate not only the conservation of the
genes encoding the aerobactin iron uptake system among ColV plasmids, but
also the conservation of a region which extends beyond the upstream IS1 to
include the replication region REPI, as originally found on the prototypic
pColV-K30 plasmid (26). The functionality of this highly conserved REPI
region was established in clones of some of the ColV plasmids, and would be
expected in the other plasmids based on their identical REPI restriction
enzyme maps. The published map of certain Salmonella aerobactin-encoding R
plasmids (11) similarly shows the restriction environment of REPI. Note
that in the ColV plasmids (Fig. 4) the conservation of sequences begins
upstream relative to REPI, and the variability begins downstream from the
aerobactin system but prior to the downstream IS]1 sequence as indicated by
dotted lines in Figure 4 and derived from fine analysis. In the Salmonella
R plasmids the conservation appears to begin at REPI but then follows the
pattern obtained with the ColV plasmids. It therefore appears that the
REPI-aerobactin system unit stands out against the two (Salmonella plasmid
and E. coli plasmid) varied backgrounds. We have also found this pattern of
conservation in an IncFI, aerobactin-encoding, non-ColV, R-plasmid of a
clinical E. coli strain isolated from a neonate with sepsis and
pyelonephritis (unpublished results). The conservation of upstream
sequences appears therefore to be the general rule among IncFI plasmids
coding for aerobactin biosynthesis.

The fact that a replication region is part of the large conserved unit

suggests that mechanisms other than simple transposition are at work in
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fostering the ubiquity of the aerobactin genes on the plasmids of enteric
bacteria. This proposal is supported by three observations: 1) the size of
the IS1-bound region is large (16 kb), giving transposition low probability
(9); 2) the orientation of the boundary 1Sl sequences is not the orientation
most often associated with ISl-mediated transposition, such as the
transposition of E. coli ST toxin by Tnl1681 (29); and, 3) transposition of
the ISl1-bound aerobactin system genes has not been achieved in the
laboratory (unpublished results and S. Payne, personal communication). In
support of the transposability of aerobactin genes is the fact that the
IS1-bound region was found to be in two different orientations among the
Salmonella R plasmids (11). However, even in these plasmids, flanking
sequences beyond the IS1-bound region have been conserved, including the
restriction enzyme environment of REPI (11 and B. Colonna, personal
communication). If the ISl-bound aerobactin genes were spread by
transposition, the flanking genetic environments would be expected to vary.
Since such variation is not observed, the inversion event may be less
consequential than the preservation of a larger unit containing the
aerobactin system genes and REPI sequences. Also, there are other copies of
IS1 in most of the aerobactin-producing ColV plasmids which may function in
the recombination of a larger and possibly more stable
aerobactin-replication unit. This formulates what we call a virulence
factor-replication unit. A large replicon could undergo deletions: a
deleted segment which includes its own replication region could thereby be
perpetuated either momentarily or for a longer term. Replicon fusion
between independently replicating units could similarly result in the

passage of the aerobactin system genes from one replicon to another.



36

The extrachromosomal aerobactin system genes have thus far only been
associated with IncFI plasmids (11,12,33), although in the case of the pSMNI1
plasmid of E. aerogenes (22), the incompatibility group is unknown. One
important characteristic of most members of the IncFI incompatibility group
is the possession of sequences homologous to the secondary replicon of F
present in the EcoRI fragment f7 (2,16). These sequences, termed incE, are
involved in FI-type incompatibility reactions. Detailed mapping and
analysis of the REPI region have shown that it carries, in addition to
replication-related genes, sequences homologous to incE (3; J. Perez-Casal
and J.H. Crosa, manuscript in preparation). The distribution of
extrachromosomal aerobactin system genes among IncFI-type plasmids may then

simply reflect the fact that these genes are linked to the REPI region.
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Table 1.

Strain

HB1G1

LE392

C2110

3478

RW193

LG1315
{(pCo1V-K30)

LG1522
(pCo1V-K30,
iuc)

HB101
(pHC79)

HB101
(pVK102)

HB101(pJHC-V12)

C600
(pBRG29)

3478 (pJHC-P1)
3478 (pJHC-P2)

3478 (pJHC-P36) Y

Properties and sources of E.

Genotype

F- hsdS20 recAl3
arall4 proAZ lac¥l
galK2 rpsL20 xyl5
mtll supE&é4

F- hsdR514 supE44
supF58 lacYl galK2
galT22 metB2 trpR55

polA rha his

F- polA thy

entA proC leu trp

tsx thi lacY galK

ara mil xyl azi supE44

F- ara endA lac leu
mtl pro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>