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Abstract

C. crescentus is a Gram-negative bacterium that possesses an hexagonall
array called the S-layer that covers the entire outer surface of the bacterium.
This array is composed of an estimated 60 000 copies of the 98 kDa protein
RsaA. RsaA secretion is directed by a C-terminal secretion signal located in the
last 82 amino acids of the protein. Once RsaA is secreted from the cell, it
assembles into the S-layer and attaches to the outer membrane via a specific
species of smooth lipopolysaccharide (S-LPS). The mechanisms required for the
secretion of RsaA and the synthesis of the S-LPS were eXamined in this thesis.

Tn5 mutagenesis of wildtype C. crescentus demonstrated the presence of
two genes, rsaD and rsaE, 3’ of the rsaA gene that were required for transport of
RsaA. These genes were isolated and are capable of complementing the Tn5
mutations 3’ of RsaA in trans. The resulting proteins of rsaD and rsaE belong to
the type I secretion family that uses three components: an ATP Binding
Cassette-transporter (RsaD), a Membrane Fusion Protein (RsaE) and an outer
membrane protein (OMP), to secrete proteins through both membranes of Gram-
negative bacteria. The OMP, RsaF, of the Rsa system was found by screening
the partial Caulobacter genome sequence for sequence identity to other type I
OMPs. The gene for RsaF is found 5 kb 3’ of rsaE. Deletion of the N-terminus
or C-terminus of RsaF prevents the Rsa secretion mechanism from functioning.

The secretion of the S-layer subunits in a number of other Caulobacter
species was also examined. A partial ORF from FWC27 with 44.6% identity to
RsaA was isolated. In addition, the ABC-transporter components from FWC6,

FWC8 and FWC39 were isolated. These components were >95% identical to

ii




RsaD. These results were used to explore the evolutionary relationships
between the different Caulobacter species.

Eighteen Tn5 mutations resulting in the inability of the S-layer to attach to
the surface of the bacterium were also isolated. Southern blot analysis
demonstrated that twelve of these insertions were linked to the Rsa transporters.
The Tnb insertion points were isolated and sequenced allowing identification of
several putative genes involved in S-LPS synthesis from the Caulobacter
genome sequence. A total of twelve open reading frames (ORFs) were found by
Tn5 mapping and two more were found 3’ of rsaE. Six of these pUtative genes
may code for proteins involved in the synthesis of sugar residues including five
that make perosamine. Five of the genes appear to be glycosyltransferases
involved in forming the linkages between sugar residues in the O-antigen. One
of the genes appears to be a repressor, while the remaining genes are
unidentified. These data suggest that the major component of the O-antigen is
perosamine and that a number of different linkages are made between the

perosamine residues.
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Chapter 1
Introduction

This thesis focuses on the secretion and attachment of the S-layer of
‘Caulobacter crescentus. S-layers are not well understood and have not been
studied extensively even though they are found on a wide range of prokaryotes
(Messner and Sleytr, 1992; Sleytr et al., 1993; Sleytr and Sara, 1997).
Consequently, there is a need for basic research to describe these structures.
Despite this lack of study, some research has been done on the commercial as>pects
of S-layers (Sleytr ef al., 1997a). The research presented here is applicable to both
of these areas. It is of general interest to know the methods of secretion and
attachment of the S-layer and this information can also be applied to the commercial
aspects of S-layers. _ ‘ ‘

Evidence is presented that the S-layer subunit of C. crescentus is secreted by
a type I secretion mechanism and th’at the S-layer subunits of a number of other
Caulobacter species are probably secreted by an almost identical type I mechanism.
Also presented are several putative proteins involved in the synthesis of the O-
antigen that support the predicted composition of the O-antigen as being a polymer
of a 4,6-dideoxy-4-amino-hexose with complex linkages (Walker et al, 1994; Smit
unpublished). Furthermore these data suggest that the 4,6-dideoxy-4-amino-hexose
is perosamine and that a number of glycosyltransferases provide complex linkages
between the perosamine residues.

The S-layer of C. crescentus can be used as a biotechnology vehicle. The S-
layer is a 2-dimensional array made from approximately 60 000 copies of the
pfotein, RsaA (Smit et al., 1981). This layer covers the entire outer surface of the
bacterium and makes up about 10% of the cell's protein. Therefore, RsaA must be
secreted, passing through both membranes, from the Gram-negative cell. An

uncleaved C-terminal secretion signal directs this secretion of RsaA (Bingle et al.,
1999; Bingle et al., 1996; Bingle et al., 1997b; Bingle and Smit, 1994). Once
secreted, the S-layer is attached to the outer membrane via the smooth




lipopolysaccharide (S-LPS) (Walker et al., 1994). If the
S-LPS is disrupted or absent the S-layer detaches from
the membrane and aggregates into particles that are up
to 90% pure RsaA making it easy to collect large
amounts of relatively pure protein (Fig. 1-1). It has
been found that the N-terminus of RsaA contains the
attachment domain and a C-terminus Ca** binding
domain is responsible for aggregation of the protein
(Bingle et al., 1997b).

To produce recombinant proteins it is desirable
to produce large quantities that are easily isolated from
the rest of the cellular protein. The properties of the C.

Figure 1-1. Shed s-
crescentus S-layer and secretion apparatus allow this. layer from C. crescen-
’ : : e tus. EM photograph of S-
The C-terminal secretion signal and Ca“" binding |ayer shed from a strain with
domain can be fused to a desired protein and Sj:ig;';’iohfs";‘:’) (P
recombinant proteins can then be secreted from C.
crescentus by the RsaA secretion signal. The proteins aggregate together in the
medium where they can be filtered away from the cells. This process has been
shown to be viable and recombinant proteins have been expressed and purified from
C. crescentus (Bingle et al., 1997a).

S-layers also have other uses such as the expression of epitopes in S-layers
to be used for recombinant vaccines. Another aspect that is being examined is to
use the regular arrays formed by the S-layer as templates for the deposition of metal
or silicon atoms to allow creation of circuitry finer than is allowed by current
integrated circuit etching technology. It would also be possible to use the arrays as
surface supports to which biologically active molecules could be attached (Sara and
Sleytr, 1996a; Sara and Sleytr, 1996b; Sleytr et al., 1997a; Sleytr et al., 1997b;
Sleytr and Sara, 1997). Obviously, all these uses could be applied to the S-layer of
C. crescentus.

To increase the utility of C. crescentus S-layers for such applications it is vital
to understand how the RsaA protein is secreted and attached to the surface. For

example, it is necessary to understand the conformation of the protein when it is



passing through the secretion apparatus. This will determine what kind of foreign
proteins or epitopes can be secreted and are capable of forming aggregates using
the RsaA secretion pathway. To answer some of these questions this thesis
examines the RsaA secretion and S-LPS synthesis pathways.

C. crescentus is a Gram-negative, motile eubacterium found in soil and
aquatic environments including drinking water. The non-pathogenic bacterium

The Caulobactet Life Cycle
el €@
>

derives its name from the

/—\ crescent shape of the
cells. C. crescentus

undergoes a dimorphic

developmental life cycle
(for reviews see Brun et
al., 1994; Gober and
Marques, 1995;
Poindexter, 1981,
Shapiro, 1976; Shapiro
and Losick, 1997) during
which it switches

Figure 1-2. Developmental cycle of C. crescentus .
Sessile cells attached to the surface via the holdfast bud off between a motile
swarmer cells which move to a new location where they lose their

flagellum and grow a stalk to attach to the surface again. (Figure (Swarmer) phase and a

courtesy lan Bosdet.) sessile stalked phase

(Fig 1-2). In both phases
the bacterium is completely covered by the S-layer (Smit et al., 1981). In the
swarmer phase the cell expresses a single flagellum, pili and a holdfast (an adhesin)
at one pole. When the cell differentiates into the stalked form, it loses the flagellum
and a stalk (containing no cytoplasm) grows out from the cell envelope keeping the
holdfast on its tip. Stalked cells divide and produce a swarmer cell with the flagellum
being created at the pole furthest from the stalked cell. Most of the current research
on C. crescentus focuses on the developmental process resulting in these two
different forms and the development of the flagellum (Brun et al., 1994, Roberts et
al., 1996; Shapiro and Losick, 1997).



S-layers are two-dimensional arrays that cover the outside surface of many
prokaryotes. C. crescentus is one of many species of bacteria covered with a
crystalline protein surface layer (S-layer) (Boot and Pouwels, 1996; Sleytr and
Messner, 1983; Sleytr and Sara, 1997; Smit et al., 1981). Thousands of copies of
nearly always a single protein or glycoprotein self-assemble into a crystalline-like
lattice (Sleytr and Messner, 1983). The S-layers described so far have subunits
ranging in size from 30 to 220 kDa (Messner and Sleytr, 1992). Although a large
number of bacteria have been found to have S-layers, enteric b‘acteria, the most
studied, lack them and consequently have not been studied much (Hovmoller et al.,
1988; Sleytr and Messner, 1988). For reviews on S-layers see Beveridge et al.,
1997; Sleytr, 1992; Sleytr and Messner, 1983.

S-layers typically make up 10% of the protein in a cell and thus represent a
large energy expenditure by the cell (Sleytr and Messner, 1983). Many bacteria
have been found to lose their S-layers when there is no environmental pressure for
maintenance, such as during sub-culturing in the laboratory, showing that S-layers
are not essential for growth (Blaser et al., 1985; Borinski and Holt, 1990; Luckevich
and Beveridge, 1989; Stewart and Beveridge, 1980). Considering the energy
expenditure, the function of the S-layer must be required for survival in the normal
environment of the bacterium. It is presumed that most S-layers have a protective
barrier role because the pore-like structures formed by the layer likely act as
molecular sieves and prevent the entry of molecules, such as proteases and lytic
enzymes, larger than the pore (Sleytr and Messner, 1983) as shown by several
cases (Koval and Hynes, 1991; Sleytr, 1976). In addition, some infectious bacteria
use their S-layers to adhere to and invade the cells of other organisms (Blaser et al.,
1988; Messner and Sleytr, 1992; Munn et al., 1982). It has been demonstrated that
the S-layer of C. cresentus protects it from a Bdellovibrio-like organism (Koval and
Hynes, 1991), but the S-layer also acts as a receptor for the bacteriophage gCR30
(Edwards and Smit, 1991) showing that the S-layer also allows C. crescentus to be
infected by a parasite.

- S-layers have common features, such as an acidic pl, an absence of cysteine

residues and a high number of hydroxylated amino acids. Subunits are held




together and to the surface by noncovalent (hydrophobic, ionic, hydrogen or polar)
bonds (Koval and Murray, 1984; Messner and Sleytr, 1992; Sleytr and Messner,
1983). Despite these similarities, there is very little sequence similarity among S-
layer proteins (Gilchrist et al., 1992; Messner and Sleytr, 1992), suggesting that S-
layers may have arisen by convergent evolution.

The S-layer of C. crescentus is composed of the protein RsaA. Six copies of
RsaA form a ring-like subunit (Fig. 1-3)
that interconnects with other subunits to
form a two-dimensional hexagonal array
(Smit et al., 1992). The gene for RsaA
has been cloned (Smit and Agabian,
1984) and sequenced (Gilchrist et al.,
1992). N-terminal protein sequencing of
the mature RsaA polypeptide has shown
that only the initial N-formyl methionine is
cleaved, leaving a mature polypeptide of
1025 residues with a molecular weight of
98 kDa (Fisher et al., 1988; Gilchrist et
al., 1992). The S-layer is anchored to the

Figure 1-3. 3-Dimensional recon- _ _ _
struction of the S-layer. The arow Cell surface via a noncovalent interaction
indicates a single C-shaped RsaA monomer.
(Figure from Smit et al, 1992).

between the N-terminus of the protein
and a specific smooth LPS in the outer
membrane (Walker et al., 1994). Ca®" is required for the proper crystallization of
RsaA into the S-layer and its removal using EGTA disrupts S-layer structure
(Nomellini et al., 1997; Walker et al., 1994).

RsaA is a true secreted protein. RsaA must pass through both the inner and outer
membranes to form the S-layer on the outer surface of the bacterium. As there is a
large amount of RsaA (10 to 12% of the cellular protein), an efficient secretion
system or a large number of transport complexes are required to secrete the protein
during the 105 min generation time. Linker mutagenesis of RsaA has shown that the



extreme N-terminus is required for surface attachment while the C-terminus is
required for secretion. Further, deletion and hybrid protein analyses have indicated
that secretion of RsaA relies on an uncleaved C-terminal secretion signal located
within the last 82 amino acids of the RsaA protein (Bingle et al., 1999; Bingle et al.,
1996; Bingle et al., 1997a; Bingle et al., 1997b; Bingle and Smit, 1994). The
presence of an uncleaved C-terminal secretion signal usually indicates secretion by
a type 1 system (Binet et al., 1997; Salmond and Reeves, 1993) rather than a type II,
III or IV system. Most Gram-positive bacterial S-layers have been shown to use the
General Secretion Pathway (GSP) or Sec-dependent pathway (Pugsley, 1993) for
export (Messner and Sleytr, 1992; Sleytr and Messner, 1988; Sleytr et al., 1993;
Sleytr and Sara, 1997), whereas S-layer proteins in Gram-negative bacteria are
secreted using a type Il system (Boot and Pouwels, 1996) which also employs the
GSP to transport the S-layer subunit across the inner membrane. Recently, it has
been shown that the S-layer of Campylobacter fetus is secreted by a type I
mechanism (Thompson et al.,, 1998) and an S-layer-like protein in Serratia
marcescens with significant similarity to RsaA has been shown to use a type 1
secretion mechanism (Kawai et al., 1998).

In addition to the secretion signal, the C-terminal portion of RsaA also
contains repeats of a glycine and aspartate acid-rich region which are thought to
bind calcium ions (Gilchrist et al., 1992) and result in the aggregation of free RsaA in
the medium. Such Ca**-binding motifs are found in most proteins secreted by type I
systems (Binet et al., 1997) and consist of a glycine/aspartate rich GGXGXD motif
that repeats 4-36 times (Welch, 1991). C. crescentus has two groups of three
repeats separated by 12-16 residues containing this motif. Interestingly, there are
no obvious repeat regions in the S-layer of C. fetus (Thompson et al., 1998). It has
been suggested that these motifs are important for the proper presentation of
secretion signal to the ABC transporter (Duong et al.,, 1996; Létoffé and
Wandersman, 1992; Sutton et al., 1996). Thus, in the case of RsaA, the glycine and
aspartate rich repeats may function (along with Ca?*) both in maintaining the
crystalline structure of the S-layer and in the secretion of the S-layer protein itself.




There are four described Gram-negative bacterial transport systems. These
systems have been named type I through type IV. The type I system requires 3
proteins that are thought to form a pore through the inner and outer membranes
allowing the protein to be secreted. This is the method by which RsaA is secreted
and it is discussed in depth below.

Type II systems use the GSP for export across the inner membrane and then
use a complex of 12-14 proteins for secretion to the outside of the bacterium. The
secretion substrates contain classical Sec-dependent N-terminal signal sequences
that direct transport across the inner membrane by the Sec pathway (Pugsley,
1993). Proteins are transported across the cytoplasmic membrane in an unfolded
state and then fold in the periplasm. This folding is necessary as the components
for secretion seem to recognize the secondary or tertiary structure of the substrate
as no sequence similarity has been found (Lu and Lory, 1996). Both ATP hydrolysis
as well as proton motive forces appear to be required for secretion of the substrate
(Feng et al., 1997; Letellier et al., 1997). For a review of type II secretion systems
see Russel, 1998. _

The auto-secreting proteins, such as the IgA proteases, like the type II
secreted proteins, use the GSP to cross the inner membrane. These proteins have
an N-terminal signal sequence and a C-terminal pro-sequence. They are exported
across the cytoplasmic membrane by the Sec dependent pathway in the usual
manner with cleavage of the N-terminus signal sequence. The pro-sequence then
forms a pore in the outer membrane through which the rest of the proteih passes.
Once the protein is outside, autocatalytic cleavage of the pro-sequence occurs,
releasing the protease from the cell (Pohlner et al., 1987).

Type I secretion has only been found in pathogens and is used to deliver
bacterial proteins into the host cytoplasm to alter the host’'s metabolism to the -
advantage of the bacterium. Type III systems are the most complex of the secretion
systems, involving more than 20 proteins. The proteins form a needle-like structure
that spans the inner and outer membrane (Kubori et al., 1998). Before secretion can

occur, the bacterium must make contact with the host cell. Secretion seems to be
directed by the mRNA. It is thought that the mRNA forms a hairpin loop that
obscures the translation start signal until the 5’ region of the mRNA interacts with the




secretion apparatus (Anderson and Schneewind, 1997). A signal recognition protein
may mediate this process. Therefore, secretion is coupled with translation. ATP
hydrolysis appears to be required for secretion, as components of type III systems
are capable of hydrolyzing ATP in vitro (Eichelberg et al., 1994). The substrate may
then pass through the needle structure to the outside of the cell, though this has not
been proven. For reviews of type IIl secretion see Anderson and Schneewind,
1999; Galan and Collmer, 1999

Type 1V secretion systems have only recently been discovered and are not
Well understood. This transport pathway, like the type III, has so far been found
exclusively in pathogens. The type IV system seems to have been designed to
transport DNA, though the Bordetella pertussis Ptl system only transports proteins
(Weiss et al., 1993). There are at least 9 proteins involved in the transport process
and their functions are not well understood. There are usually two proteins
containing nucleotide binding motifs that appear to be the transporting units that
hydrolyze ATP to effect transport. It is not known if the substrate is transported in a
one step process where the substrate bypasses the periplasm or a two step process
where the substrate is first transported to the periplasm and then a second transport
process secretes the protein. For a review of type IV secretion see Burns, 1999

RsaA is secreted by a type I mechanism. The goal of this thesis was to elucidate
- the secretion mechanism of RsaA. Initial indications suggested that it was a type I
secretion mechanism (i.e., a C-terminal secretion signal and the presence of
glycine/aspartate rich repeats) and data are presented here directly demonstrating
that RsaA is secreted by a type I mechanism. Figure 1-4 shows the predicted
structure of the C. crescentus membrane and also serves as a general model of a
type I mechanism.

The best described type 1 secretion systems are those required for the
secretion of Escherichia coli & -hemolysin (HIyA), Erwinia chrysanthemi
metalloproteases (PrtB) and Pseudomonas aeruginosa alkaline protease (AprA)
(Binet et al., 1997; Salmond and Reeves, 1993). A type I secretion apparatus

requires three components (Delepelaire and Wanderéman, 1991). One component,

the ABC transporter, is embedded in the inner membrane and contains an ATP-




binding cassette (ABC). It has
been shown that this component RsaA
recognizes the C-terminal signal
sequence of the substrate protein e

and hydrolyzes ATP during the

; Outer
transport process (Binet and Membrane
Wandersman, 1995; Koronakis et
al., 1993). Another component, the
membrane fusion protein (MFP), is i Inner

@il Membrane

anchored in the inner membrane

and appears to span the periplasm
(Dinh et al., 1994). The remaining
component is an outer membrane
protein (OMP) that has been RsaA
shown to interact with the MFP. It

is thought that these three Figure 1-4. Type | secretion system.

components form a channel that Diagram of the hypothetical membrane architecture
of C. crescentus showing the predicted type |

extends from the cytoplasm secretion mechanism of RsaA

ABC - transporter

through the two membranes to the

outside of the cell (Akatsuka et al., 1997, Hwang et al., 1997). The substrate may
pass through this channel (probably in an unfolded state) to the outside of the cell.
In many cases, the genes for all three transport components are found immediately
adjacent to the substrate gene(s) (Duong et al., 1992; Létoffé et al., 1990). In other
type 1 systems, only the ABC-transporter and MFP genes are next to the substrate
gene (Létoffé et al., 1994b; Mackman et al., 1985). The Rsa genes are organized
like the latter and the OMP gene is not adjacent to the ABC-transporter and MFP.
Recently, it was determined that the OMP gene is only separated from the MFP
gene by five ORFs and a distance of 5 kb in the Rsa system. There are also
instances where the substrate gene is separate from the secretion genes (Finnie et
al., 1998; Scheu et al., 1992). As shown in Figure 1-4, from analysis of the ABC-
transporters it is thought that the protein components work in multimers of at least 2.
Some members of the ABC-transporter family, such as P-glycoprotein, contain two



almost identical domains in tandem, each with its own membrane spanning and ABC
region (Sheps et al., 1996). Association of two ABC transporters has been shown
for monomeric ABC-transporters (Davidson and Nikaido, 1991). The proteins may
work in pairs so that one ATP is hydrolyzed for transport and a second ATP is
hydrolyzed to return the complex to the resting conformation. It is also possible that
the proteins work in tandem and small sequential conformational changes in each
separate protein push the proteins along (Welsh, 1998). Recent work indicated that
while the ABC-transporters may work as a dimer, the MFP may work as a hexamer
and the OMP as a trimer (Holland, 1999; Koronakis et al., 1997).

The ABC-transporter family is very large and the type I secretion systems
make up only a small portion. They are found in all forms of life and are sufficient to
transport a substrate across a single membrane. There is significant sequence
similarity among the ABC-transporters, even between eukaryotic and prokaryotic
genes. The eukaryotic P-glycoprotein shares close to 50% conserved amino acids
with many of the bacterial ABC-transporters such as HlyB and PrtD over the entire
length of the protein (Croop, 1998; Sheps et al., 1996). Mammalian P-glycoproteins
actually have more sequence identity to these prokaryotic transporters than to
proteins considered.to belong to the P-glycoprotein family. ABC-transporters are
also involved in the import of substrates such as the Mal transporter where maltose
is transported across the inner membrane (for reviews see Boos and Shuman, 1998;
Ehrmann et al., 1998; Nikaido, 1994).

The basic monomeric ABC-transporter consists of 2 domains. One domain,
usually N-terminal and consisting of six to eight membrane spanning segments,
recognizes the substrate and forms the pore through the membrane. The other
domain contains the ABC region, which provides the energy for transport from the
hydrolysis of ATP. The ABC domain is highly conserved and consists of about 215
amino acids and within this region there are four distinct motifs. Like all ATPases,
ABC-transporters contain Walker A or P-loop (consensus GXXGXGKI[ST])' and
Walker B (hhhhD)' motifs which interact directly with ATP binding and hydrolysis

! X-denotes any amino acid; h-denotes hydrophobic amino acid; brackets indicate alternative amino acids at a
single position '




(Walker et al., 1984), but they are immediately followed by a specific ABC-
transporter motif (LSGGQ[QRK]QR)' (Bairoch, 1992; Gorbalenya and Koonin, 1990)
which is thought to be involved in energy transduction (Hyde et al., 1990). A fourth
motif has recently been identified in a majority of E. coli and Saccharomyces
cerevisiae ABC-transporters (Decottignies and Goffeau, 1997; Linton and Higgins,
1998). This fourth motif is hhhhH' followed by a charged residue and is found
approximately 30 amino acids C-terminal of the aspartic acid in the Walker B motif.
No one has so far been able to make a 3-dimensional crystal of the complete ABC-
transpdrter from which the structure could be determined. However, the ABC
domain has been crystallized from two proteins (Armstrong et al., 1999; Hung et al.,
1998) showing that the ABC forms an L with 2 arms; arm 1 binds with the ATP and
arm 2 interacts with the membrane-spanning domain. It is thought that hydrolysis of
ATP causes a conformational change in arm 2 which transfers the energy to the
membrane spanning domain, possibly through the ABC-transporter motif found at
the end of arm 2, and the conformational change in the membrane spanning domain
results in transport of the substrate (Welsh, 1998).

The MFP is characterised by a single hydrophobic transmembrane domain in
the N-terminus that sits in the inner membrane. A hydrophilic domain spans the
periplasm and the C-terminus consists of beta sheet that may interact with the outer
membrane component (Dinh et al., 1994). The MFP family contains the conserved
motif [LIVM]XXG[LMIXXX[STGAVIX[LIVMTIX[LIVMT][GE]X[KR]X[LIVMFYW]
[LIVMFYWI]X[LIVMFYW][LIVMFYW][LIVMFYW]' (PROSITE:PDOC00469)

The OMP sits in the outer membrane and interacts with the MFP. Of the
known OMPs only TolC, from the a-hemolysin transporter, has been studied
extensively. It has been found that three smooth LPS synthesis genes are required
for secretion of oc-he‘molysin. It is likely that the smooth LPS is required for proper
insertion of TolC in the membrane (Stanley et al., 1993; Wandersman and Létoffé,
1993). Two-dimensional crystals of TolC have been examined using electron
microscopy and show that TolC forms a trimer. It also appears that a portion of the
C-terminus is located in the periplasm (Koronakis et al., 1997). TolC contains a
centrally located sequence of 44 amino acids in the middle of the protein that is

. highly similar to a sequence in HlyD (the MFP); these sequences are required for




transport and can be interchanged and still allow transport (Schulein et al., 1994).
Thus, TolC is thought to provide the essential function of linking the transporter
complex to the external environment.

While members of the ABC-transporter family secrete a huge range of
substrates ranging from Ca** ions to cancer drugs to proteins, the type 1 secretion
subfamily has been found to only secrete proteins. The specific features for
secretion of a protein by a type I system are not known except that the secretion
signal is located in approximately the last 60 amino acids of the C-terminus of the
protein (Mackman ef al., 1985). As little as 15 amino acids of the C-terminus of the
protease, PrtG, from E. chrysanthemi still allows secretion, although this is only 1%
as effficient. It was found that substrates can be secreted by closely related type I
systems (Binet and Wandersman, 1996; Létoffé et al., 1994a; Létoffé et al., 1994b),
but only if there is more than 25% amino acid identity between ABC-transporters of
the systems (Delepelaire and Wandersman, 1990; Fath et al., 1991). No sequence
similarity is found among the secretion signals of the different substrate proteins;
however, in the proteases, lipases and NodO a conserved motif of a negatively
charged amino acid followed by several hydrophobic amino acids has been found at
the end of the C-terminus (Binet et al., 1997). The C-terminal signal sequence of a-
hemolysin was extensively mutagenized, but few individual amino acids were found
to affect secretion (Kenny ef al., 1992). Because of this lack of sequence similarity
and identification of important residues it is thought that the secretion signal relies on
secondary structure to initiate transport. NMR and circular dichroism studies of the
C-terminus of PrtG, HasA (the heme acquisition protein from Serratia marcescens),
HlyA (the hemolysin from E. coli) and LktA (the leukotoxin from Pasteurella
haemolytica) have shown that there are two o helices in the C-terminus (Wolff et al.,
1997; Wolff et al., 1994; Yin et al., 1995). Mutation of these a helical regions in
HlyA and LktA showed that the secretion signal appears to bind to a pocket in the
ABC-transporter and induce a conformational change that causes transport to occur
(Zhang et al., 1998).

Presented in this thesis is evidence that all three components of a type I
secretion system have been found in C. crescentus and these components are
required for the secretion of RsaA. They have greatest similarity to the protease
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type I secretion systems from P. aeruginosa and E. chrysanthemi and the proteases
from these systems can be secreted by the Rsa system.

The S-layers subunits from other Caulobacter species appear to be secreted
by type I systems. Several FWC species with S-layers have been isolated from a
wide number of aquatic sources (MacRae and Smit, 1991; Walker et al., 1992). The
subunits of these S-layers react with anti-RsaA antibody and their smooth-LPS
reacts with antibody raised against the smooth-LPS of NA1000. The S-layer
subunits from these FWC species range in size from 100 to 193 kDa and can be
removed from the bacterium’s surface using low pH or EGTA (Walker et al., 1992).
Portions of the genome of the FWC species with S-layers hybridize to the rsaA gene
while the genomes of FWC species without S-layers do not-(MacRae and Smit,
1991). It is shown in Ch. 5 that the protease, AprA from P. aeruginosa, was
expressed and secreted in some of these FWC species. These facts suggest that
type 1 secretion mechanisms secrete the S-layer subunits in the FWC species.
Since the FWC species secrete S-layer subunits varying widely in size, it is desirable
to examine the S-layer subunits and their corresponding secretion systems and
examine the differences and similarities to allow one to determine how the
mechanisms work, what parts of the protein are essential for secretion and what
parts provide specificity. With these goals in mind, procedures are reported here for
the characterisation of the S-layer subunit, ABC-transporter-and MFP genes from
various FWC species.

The S-layer is attached to the surface of C. crescentus using a species of
smooth LPS. The outer membrane of Gram-negative bacteria contains
phospholipids, proteins and LPS (Nikaido and Vaara, 1985). In many cases,
including C. crescentus, there is also an extracellular polysaccharide (EPS)
(Ravenscroft et al., 1991); the S-layer is external to all of these molecules (although
the EPS may pass through the S-layer). Smooth LPS is a major component of the
outer membrane of Gram-negative bacteria and consists of three regions. The lipid
A moiety is the endotoxic part of LPS and is anchored in the outer leaflet of the outer
membrane. The core, a branched chain oligosaccharide linked to ketodeoxy
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octulosonic acid (KDO), is attached to the lipid A molecule. Extending from the core
is the O-antigen which contains a repeating linkage of oligosaccharides (Schnaitman
and Klena, 1993). It has been found in C. crescentus that the S-LPS anchors the S-
layer to the cell surface via a noncovalent interaction with the N-terminus of RsaA.
Immunolabelling showed that the S-LPS is completely occluded by the S-layer
(Walker et al., 1994). lIsolation and characterization of the S-LPS showed that the
core sugars and fatty acids are identical to those of the rough LPS and that the O-
antigen is of a homogeneous length, unlike the variable length S-LPS found in many
enteric bacteria. Previous reports (Walker et al., 1994) indicated that the O-antigen
was composed of a 4,6-dideoxy-4-amino-hexose, a 3,6-dideoxy-3-amino-hexose
and glycerol, but recent results (Smit, unpublished) indicate that glycerol is a
contaminant of the S-LPS isolation procedure, and that the 3,6-dideoxy-3-amino-
hexose assignment is likely due to a co-purifying polymer. Therefore, it seems
possible that the O-antigen is composed solely of a 4,6-dideoxy-4-amino-hexose.
Anomeric traces found by analysis of proton NMR spectra indicate that the linkages
between the 4,6-dideoxy-4-amino-hexose are not identical, implying the involvement
of a larger number of glycosyltransferases than needed for a simple polymer with
only one kind of linkage.

These data correlate with the information presented in this thesis. | have
found a number of S-LPS synthesis genes, indicating that C. crescentus may make
perosamine, a 4,6-dideoxy-4-amino-hexose, and that perosamine is likely a
component of the S-LPS. A number of glycosyltransferases were also found as
would be expected considering that several transferases would be required to
produce the different linkages that result in the different anomeric proton traces
found by proton NMR.

Evidence is presented in this thesis demonstrating how RsaA is secreted and
how the S-LPS, involved in attachment of the S-layer, is synthesized. Three
genes composing the ABC-transporter, MFP and OMP of a type I secretion system
required for secretion of RsaA in C. crescentus are described. A type I secretion
system is also required for secretion of the S-layer subunits of other FWC species.

The genes required for the secretion of RsaA and the synthesis of S-LPS are linked




leading to the discovery of a number of putative genes involved in the synthesis of
the S-LPS required for S-layer attachment. Additional genes involved in synthesis of
the S-LPS were discovered by Tn5 mutagenesis.
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Chapter 2
Materials and Methods

Strains, plasmids and growth conditions. All strains, libraries and plasmids used
in this study are listed in Table 2-1. Plasmids with NA1000 DNA inserts are listed in
Figure 2-1.The E. coli strains DH5a JM109 or RB404 were used for all E. coli
cloning manipulations. E. coli was grown at 37°C in Luria broth (1% tryptone, 0.5%
NaCl, 0.5% yeast extract), with 1.2% agar for plates. C. crescentus strains were
grown at 30°C in PYE medium (0.2% peptone, 0.1% yeast extract, 0.1% CaCly,
0.2% MgSO0s4, with 1.2% agar for plates). Ampicillin was used at 100 pg/ml,
streptomycin at 50 ug/ml, kanamycin at 50 ug/ml in both C. crescentus and E. coli,
and tetracycline was used at 0.5 pg/ml and 10 ug/ml and chloramphenicol was used
at 2 ug/ml and 20 pg/ml in C. crescentus and E. coli, respectively, when appropriate.

Recombinant DNA manipulations. Standard methods of DNA manipulation and
isolation were used (Sambrook et al., 1989). Electroporation of C. crescentus was
performed as previously described (Gilchrist and Smit, 1991). Southern blot
hybridizations were done according to the membrane manufacturer’s instructions
(Amersham Hybond-N). Southern blot analysis allowing up to 30% mismatch
between the probe and chromosomal DNA was performed in an identical manner
except the hybridi'zation step was performed at 50°C instead of 65°C. Blots were
washed: twice for 15 min at room temperature with 2X SSPE (0.18M NaCl, 0.01M
NaPO,, 0.001 EDTA pH 8.0), 0.1% SDS; once for 15 min at 50°C with 1X SSPE, ,
0.1% SDS. Radiolabelled probes were made by nick translation using the
DNase/DNA Pol manufacturer’s instructions (GIBCO/BRL). Chromosomal DNA was
isolated as previously described (Yun et al, 1994).

PCR products were generated using the primers listed in Table 2-2. PCR was
performed using Taq polymerase (BRL), following the manufacturer’'s suggested
protocols. Annealing temperatures (Ta) 2°C below the melting temperature T, of the
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Table 2-1. strains and Plasmids used in this study

Relevant characteristics

Reference or Source

Bacterial strains
E. coli

IM109

RB404

DHS5o

C. crescentus

recAl, endAl,gyrA96, thihsdR17,supE44,relAl, A(lac-proAB),AF’,
[traD36, proAB lacF, lacZAM 15]

F-dam-3,dam-6,metBl, galK2, galT22 lacYl, thi-1, tonA31, tsx-78, mil-1,
supE44

recAl, endAl,gyrA96, thihsdR17,supE44,relAl, A(lacZYA-arfF)UI96 A
(980lacZAM15)

(Yanisch-Perron et
al., 1985)

(Brent and Ptashne,
1980)

Life Technologies

NA1000 AP, syn-1000. Variant of wild-type strain CB15, ATCC 19089, that
synchronizes well
JS1001 S-LPS mutant of NA1000, sheds S-layer into medium (Edwards and Smit,
1991)
JS1003 NA1000 with rsaA interrupted with KSAC Km' cassette (Edwards and Smit,
1991)
JS3001 S-LPS mutant of ATCC 15252, sheds S-layer into medium
JS4000 S-layer negative, derivative of ATCC 15252
Plasmids
pBBRIMCS Cm', broad host range vector (Kovach et al., 1994)
pBBR1AprF EcoR1-BamH]1 fragment containing aprF from pJUEK72 in pPBBRIMCS this study
pBBRIPrtF Hindlll-Pstl fragment containing prtF from pRUWinh4 in pBBR1IMCS this study
pBBR3 Sm’, broad host range vector this study
pBBR3AprA aprA®, aprA cloned into pBBR3 using EcoR1 and Pst1 this study
pBBR3PrtB prtB*, prtB cloned into pBBR3 using this study
pBBR3AprA:pRATS aprA*, rsaD*, rsaE*, Ap', Sm", pPBBR3AprA fused with pRATS at the Xbal this study
site
pBBR3PrtB:pRATS prtB*, rsaD*, rsaE*, Ap', Sm", pPBBR3PrtB fused with pRATS at the Xbal site  this study
PBBR3AprA: aprA*, rsaF*, pBBR3AprA fused with pCR2.1F118Sall at the Xbal site this study
pCR2.1F118Sall
pBBRS Tc', broad host range, broad host range this study
pBSKS+ ColEl cloning vector, lacZ, Ap Stratagene
pBSKS-gcc1984 736 bp PCR product containing valyl tRNA synthetase made using the this study
primers gcc1984-1407 and gcc1984-12143 and T-tailed into pBSKS
pCR2.1 Km', Ap’, commercial T-tail cloning vector Invitrogen
pCR2.1F118all PCR product generated using TnS and Tn5Sall primers from ligation of this study
F11Tn5 chromosomal DNA cut with Sall in pCR2.1
pCR2.1F11Xmal PCR product generated using Tn5 and Tn5Xma primers from ligation of this study
F11TnS chromosomal DNA cut with Xmal in pCR2.1
pCR2.1rsaF(1984) 2.1kb PCR product generated using primers gcc1984-28 and gcc1984-12310  this study
pJUEK72 aprD*, aprE*, aprF*, aprA*, aprl* (Guzzo et al., 1990)
pRATI1 rsaA*, rsaD", rsaE*, Ap this study
pRAT4AH rsaA*, rsaD", rsaE*, Ap, rsaA is under control of a lacZ promoter this study
PRAT4AH : pBBRS rsaA*, rsaD*, rsaE*, Ap', Tc', pBBRS was fused with pRAT4AH at the Sst1 this study
site
pRATS rsaD*, rsaE*, Ap'
pRATS : pRK415 rsaD*, rsaE*, Ap', Tc', pRK415 was fused with pRATS at the Sst1 site this study
pRAT HI (B/E) BamH1/ EcoR1 fragment from pRAT]I cloned into pTZ18U this study
pRK415 lacZ*,Tc", broad host range (Keen et al., 1988)
pRK415 rsaA APK rsaA under control of lacZ promoter in pRK415 this study
pRUWS00 prtB*, Ap (Delepelaire and
Wandersman, 1990)
pRUWS00 : prtB*, Tc' this study
pRK415 pRK415 was fused with pPRUWS00 at the Pst1 site
pSUP2021 carries TnS, unable to replicate in C. crescentus ' {Simon et al., 1983)
pTZ18UB:rsaAAP The wildtypepromoter ofrsaA has been replaced with a lacZ promoter (Bingle et al., 1997)
pTZ18R and pTZ18U Ap',ColEl cloning vector (Mead et al., 1986)
pTZ19U A phagemid version of pUC18 or pUC19
pTZ18U(CHE) Cm', Ap® gene of pTZ18U replaced with Cm’ gene this study
pTZ19UASSm Sm', Sm" gene inserted into Scal site in Ap’ gene of pTZ19U this study
pTZ18R aprA aprA*, Ap' this study
The EcoR1-Bglll fragment from pJUEK72 containing aprA was inserted
into the EcoR1-BamH]1 sites of pTZ18R
pTZ19UASSmANAC- internal Kpnl-Pst] fragment of rsaF(973) in pTZ19UASSm this study
RsaF(973)
pTZ19UASSm973circ recircularized plasmid isolated from BamH]1 digestion of this study
NA1000::pTZ19UASSmANAC-RsaF(973)
pTZ18U(CHE)ANAC-  internal Pvull-Stul fragment of rsaF(1984) in Smal site of pTZ18U(CHE) this study
RsaF(1984)
pUCS8 ColEl1 cloning vector, lacZ, Ap" (Vieira and Messing,
1982)
pUC9 rsaAANAC rsaA missing the extreme N-terminus and C-terminus (Bingle et al., 1996;
: Bingle and Smit,
1994)
pUCS8 neoR HindIll-BamH]1 from Tn5 containing neomycin resistance gene in pUC8 this study
pTZ18R aprA : aprA*, Tc* this study
pRK415 pRK415 was fused with pTZ18R at the BamH1 site
Libraries
NA1000 cosmid 1000 cosmids containing 20 - 25 Kb of NA1000 DNA (Alley et al., 1991)
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primers were used. Extension times (te) were based on 60 sec/1000 bp of DNA.

General PCR parameters were 95°C — 30 sec, Ta - 30 sec, 72°C - te. ‘The vector

pBSKS+ was cut at the EcoRYV site and T-tailed (Holton and Graham, 1991) and the
PCR product was ligated into this vector.

Cloning of chromosomal DNA adjacent to Tn5 insertions: Chromosomal DNA of the

Tn5 mutant was cut with BamHI, Sal1 or Xma1. BamHlI fragments were cloned

directly into the BamH] site of pTZ18 vectors. A second method that was used for

isolating the chromosomal DNA adjacent to the Tn5 insertions involved an inverse
PCR method devéloped by V. Martin (Martin and Mohn, 1999).

PCR product

forward primer name- sequence (5'-3')

reverse primer name- sequence (5'-3')

RATS

RsaD-A-CGGAATCGCGCTACGCGCTGG

RsaE1-GGGAGCTCGAAGGGTCCTGA

Degenerate primers
for RsaF search

F60-
(GC)CG(GC)AGT)(GC)GTC)(GC)HGC)(GC)
(CT)T(CG)CT(CG)CC(CG)CAGCT(CG)G
FB110-
CT(GC)(CA)(GC)CAG(AC)C(GC)AC)T(GC)T
TCGAC

IF340- v
GCCGCC(CG)CGTYHTAG)GA)TAAGC)A
(GT)(GC)GG(GC)AG(GC)(TCG)(TA)CG)T
IFB415-
CTG(TC)TC(GC)GC(GC)AT)CT)HGC)AGG
C)ACGTC

Inverse PCR to
obtain chromosomal
DNA next to Tn5
insertion

Tn5 universal —
GGTTCCGTTCAGGACGGCTAC

Tn5Xma1-AGGCAGCAGCTGAACCAA
Tn5Sal1-ATGCCTGCAAGCAATTCG

Degenerate primers
for amplification of
internal portion of
RsaD homologues
in FWC species

RD43B-
TA(TC)ATGCT(GC)CAGGT(GC)TAT(GC)AC
CGIG

IRD477B-
C(GC)A(GT)(GC)CGCTG(GC)CGCTGGCC
GC

Unsuccessful PCR
of rsaF(1984)

RsaF140-GCGGTCGAGCAGGGGGTGCT

RsaFIEND-ACGAATCCTTGCGCGCCTTGG

Amplification of pUC
type vectors

TZ21920-
GAGGCCTAGTACTCTGTCAGACCAAGTTT
ACTCATA

TZ11060-
GAGGCCTACTCTTCCTTTTTCAATATTATT
GAA :

Amplification of
gcc1984 (numbers
correspond to bp in
contig)

Gee1984-28-
CGCTCTACACCGGCGGTCGCGCCAGCGC
Gce1984-1407-
GCCGGAACCCGAACCTGAACCGGTGTCG

Gee1984-11200 —
GGAGCTCTGGCGCCCCACCAGGGACGC
GTAGAACG

Gee1984-12143-
GTGGTCGGTGCCCGGCAGCCACAGGG

Amplification of
gcc973 (numbers
correspond to bp in
contig)

Gee973-1600-
GGAATCCATGTCACATGGGAAGAGACGG
TCCGCCGT

Gee973-12310-
GCTGGCGCCCCACCAGGGACGCGTAGA
ACG

Table 2-2. Primers used for PCR for this report.
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Construction of plasmid vectors that replicate in C. crescentus.: The plasmid pBBRS
was constructed from the plasmids pBBR1MCS (Kovach et al., 1994) and pHP45Q-
Tc (Fellay et al., 1987). The Q-Tc fragment from pHP45Q-Tc was removed using
Hindlll and the ends were blunted using T4 polymerase. A 0.3 kbp portion of the
Cm' gene was removed from pBBR1MCS by cutting with Dral and replaced with the
blunted Q-Tc fragment producing a Tc¢' broad host range vector that replicates in C.
crescentus. The plasmid pBBR3 was constructed in an identical manner except the
plasmid pHP45Q-Sm (Fellay et al., 1987) was used to provide a Sm" marker. Both
these plasmids were constructed by John Nomellini.

Construction of vectors that replicate only in E. coli: The vector pTZ18U(CHE) was
constructed by amplification of all of pTZ18U except the ap’ gene using the primers
TZ1920 and TZ11060 that were designed with Stu1 sites. The PCR product was cut
with Stu1 and a Cm" gene (Morales et al., 1991) with blunt ends was inserted into
the site.

Tn5 mutagenesis. Tn5 mutagenesis was accomplished using the narrow host
range (ColE1 replicon) plasmid pSUP2021 (Simon et al., 1983) which is not
-maintained in C. crescentus. The plasmid was introduced by electroporation and
20,000 colonies that were streptomycin and kanamycin resistant were pooled, frozen
at -70°C and aliquots were used for subsequent screening.

Southern blot analysis of chromosomal DNA isolated from the Tn5 library was
used to assess the randomness of insertions. Hybridization with a Tn5 probe,
pUCB8neoR, indicated that while there were some hot spots of Tn5 integration, the
Tn5 insertions were randomly distributed throughout the chromosome (data not
shown). )

SDS-PAGE and Western blot analysis. Proteins and S-LPS were isolated from C.
crescentus as previously described (Walker et al., 1992; Walker et al., 1994). SDS-
pdlyacrylamide gel electrophoresis (PAGE) and Western immunoblot analysis was
performed as previously described (Walker et al., 1992). After transfer of proteins to

nitrocellulose, the blots were probed with polyclonal antibody and antibody binding




was visualized using goat anti-rabbit serum coupled to horseradish peroxidase and
colour-forming reagents (Smit and Agabian, 1984).

To detect C. crescentus whole cells synthesizing an S-layer, a colony blot
assay was used (Bingle et al., 1997a). Briefly, cell material was transferred to
nitrocellulose by pressing the membrane onto the surface of an agar plate. The
membrane was air dried for 10 to 15 min, washed in a blocking solution (3% skim
milk powder, 20 mM Tris (pH 8.0), 0.9% NaCl) with vigorous agitation on a rotary
shaker and then processed in the standard fashion (Bingle et al., 1997a).

Surface protein from C. crescentus cells was extracted using pH 2.0 HEPES
buffer as shown by Walker (Walker et al., 1992). To compare the amounts of
surface protein extracted from different mutants equal amounts of cells growing at
log phase were harvested and equal amounts of the protein extract were loaded on
the protein gel. SDS-PAGE and Western blotting were performed according to
standard procedures (Sambrook et al., 1989).

Isolation of cosmids containing rsaA, rsaD and rsaE. The NA1000 and JS4000
cosmid libraries were probed with radiolabelled rsaA, using the plasmid pUC9
rsaAANAC. 5 cosmids from the NA1000 library were isolated and 4 cosmids from the
JS4000 library. Southern blot analysis of the cosmids hybridizing to the probe was
used to determine which cosmids contained DNA 3’ of rsaA. An 11.7 kb Sst/-EcoRl
fragment containing rsaA plus 7.3 kb of 3’ DNA was isolated from one of the NA1000
cosmids and cloned into the Sstl-EcoRl site of pBSKS+, the resulting plasmid was
named pRAT1. The 3’ end of the cloned fragment consisted of 15 bp of pLAFR5
DNA containing Sau3A, Smal and EcoRl sites. BamH| fragments from the NA1000
cosmid were subcloned into the BamH| site of vector pTZ18R for sequencing. The 3’
end fragment was subcloned using BamHI| and EcoRI into pTZ18R. The 5 end
fragment was subcloned using Sst/-Hindlll into pTZ18R. A cosmid containing the
rsaA, rsaD and rsaE genes was isolated from the JS4000 cosmid library and pieces
were subcloned as BamHI fragments in pTZ18U for sequencing. Hindlil/BamHI
fragments containing the rsaA gene were cloned directly from the genome of
JS4000 and JS3001 by isolating bands of the correct size from an agarose gel and

ligating to pUC8. Colonies were probed with rsaA from NA1000 for plasmids




containing the correct insert. These clones were subcloned in three pieces as
Hindlll/Clal, Clal/[EcoRV and EcoRV/BamHI fragments into pUC type vectors. Clal
sites for cloning were generated in the vector by cutting with BamHI and filling in the
5" overhangs with Klenow fragment. Ligation of the blunt ends then prdduces a Clal
site.

Isolation of FWC S-layer subunit genes. FWC27 chromosomal DNA was
digested with BamHI and Pstl. The digested DNA was ligated to a pTZ19U vector
also digested with BamHl and Pstl. A portion of the ligation mixture was
electroporated in to E. coli JM109 and allowed to incubate at 37°C for 1 hour in 1 ml
of Luria broth. The mixture was divided evenly and spread on 10 agarose plates
and incubated overnight. The colonies were adsorbed to sterile filter paper
(Whatman 541). The colonies were then lysed by soaking the filter paper in 0.5M
NaOH for 5 min. The filter paper was neutralized by soaking the filter paper in 1M
Tris-HCI (pH 7.0) for 5 min twice. A filter was then soaked in 0.5M Tris-HCI (pH 7.0), |
1.5M NaCl. Then, the filter was washed with 70% EtOH and baked at 80°C for 2
hours. The filters were then probed with pUC8neoR using the Southern blot
hybridization procedure allowing 30% mismatch (see above).

Nucleotide sequencing and sequence analysis. Sequencing was 'performed ona
DNA sequencer (Applied Biosystems model 373). After use of universal primers,
additional sequence was obtained by “walking along” the DNA using 15-20 bp
primers based on the acquired sequence. DNA was sequenced in both directions
for all original sequence, thereafter DNA was only sequenced in both directions
when ambiguities were found. Nucleotide and amino acid sequence data were
analyzed using Geneworks and MacVector software (Oxford Molecular Group) and
the NCBI BLAST e-mail server using the BLAST algorithm (Altschul et al:, 1990).
Primers were designed with the help MacVector and Amplify 1.2 (Engles, 1993)
Protein alignments were generated using the ClustalW algorithm as implemented by
the MacVector software using the default settings. The sequences for NA1000

rsaADEF and IpsABCDEF were submitted to Genbank and can be accessed as
AF06235. The sequences for JS3001 rsaA and JS4000 rsaADE can be accessed




using the accession numbers AF193063 and AF193064. Preliminary sequence data
of the C. crescentus genome was obtained from The Institute for Genomic Research
through the website at http://www.tigr.org. Signal peptides predictions were made
using the SignalP web server (http://www.cbs.dtu.dk/services/SignalP/) (Nielsen et al.,
1997).
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Chapter 3
Secretion of RsaA

Introduction

The major purpose of my thesis was to elucidate the transport pathway of
RsaA. The strain NA1000 was chosen for these studies because rsaA had originally
been isolated from NA1000 and it is this gene that has been sequenced and used
for all recombinant manipulations in the Smit Lab. In addition a number of useful
mutants, with and without S-layers have been derived from NA1000. The lack of a
cleaved secretion signal, the presence of calcium repeats, no periplasmic
intermediate and a C-terminal secretion signal, indicated that RsaA was probably
transported using a type I secretion systém (Bingle et al., 1999; Bingle et al., 1996;
Bingle et al., 1997a; Bingle et al., 1997b; Bingle and Smit, 1994) in which case other
proteins would be required for secretion.

Results and Discussion

C. crescentus was screened for genes involved in the secretion of
the S-layer subunit, RsaA. Since a type I secretion system uses 3 main proteins to
form the transport mechanism, it was necessary to devise a method for finding the
genes coding for the components by screening for the loss of RsaA secretion.
Unfortunately, there is no easy method to detect the presence of RsaA on the
exterior of a colony, as found for a-hemolysin or the metalloproteases which can be
detected using blood or skim milk plates (Mackman et al, 1985; Wandersman et al,
1987). _

Previous research had shown that the lytic phage ¢CR30 could only infect
C. crescentus when an S-layer was present (Edwards and Smit, 1991). This phage
was isolated using the strain CB15BE, a derivative of ATCC 19089, as is NA1000.
When the phage was used to lyse NA1000 cells with an S-layer using an moi of 10*,
it was found that spontaneous mutants occurred at a high frequency of
approximately 10°°.  When these mutants were examined, it was found that
approximately 15% had lost their S-layer while the remaining 85% still retained their

S-layer and were susceptible to re-infection. Obviously, the phage was not lysing all




the bacteria with an S-layer, since these bacteria still behaved like the wildtype
strain. Of the bacteria that no longer had an S-layer, RsaA secretion was restored if
a plasmid carrying the rsaA gene was expressed inside the bacterium (data not
shown). It seems that the rsaA gene is a more likely target for mutation when
selection pressure against the S-layer is applied. This is in agreement with the
observation that many bacteria lose their S-layers during sub-culturing in the
laboratory environment. This method was discarded in favour of a colony
immunoblot assay which was much more labour intensive, but did not have a high
background.

For the colony immunoblot assay, two polyclonal primary antibodies were
used: o-RsaA (Walker et al., 1992) and «.-S-LPS (Walker et al., 1994). o-RsaA
reacts to RsaA and o-S-LPS reacts to the smooth LPS required for the anchoring of
the S-layer to the surface of the bacterium (Walker et al., 1994). When a-RsaA was
used, colonies with an S-layer reacted with the antibody and appeared as a spot on
the blot (Fig. 3-1). It was also found that a ‘halo’ could be detected around colonies
when the S-layer could not anchor to the cells (e.g., cells with a defective S-LPS).
The halo occurs when shed S-layer diffused away from the colony and was detected
by o.-RsaA as a ring around the colony (Fig. 3-1). When o-S-LPS was used, the
antibody reacted to exposed S-LPS only when the cells of a colony lacked an S-

layer; S-layer blocks the binding of o-S-LPS.
NA1000 (wildtype) RsaA appears to be completely degraded
when it is not secreted (Bingle et al., 1996;
JS1003 (S-layer negative) ) ] )
Bingle and Smit, 1994), therefore cell lysis

JS1001 (S-LPS negative) during this procedure and release of

unsecreted RsaA was not a concern. Using

Figure 3-1. Colony Immunoblot. this method, it was possible to differentiate
Example of an immunoblot using o-RsaA

against colonies demonstrating the Detween cells secreting RsaA, cells secreting
diffarant phendtypes sshilied. and shedding S-layer and cells without an S-

layer.

Identification of Tn5 mutants lacking an S-layer. A pooled NA1000 Tn5 library
was screened for S-layer negative mutants using the Western colony immunoblot
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assay. In total, 9,000 colonies from the pooled Tn5 mutant library were screened
using o-S-LPS antibody and 22,000 colonies were screened using o-RsaA.
Eighteen Tn5 S-layer negative mutants were found. SDS-PAGE and Western blot
analysis of whole cell lysates and culture supernatants confirmed that no S-layer
was found in or on the cells or in the culture supernatant of these mutants (data not
shown). One mutant, B12, on further examination was found to have an S-layer and
was kept for use as a random Tn5 mutation control. Twenty-six Tn5 mutants with a
shedding phenotype were also isolated during the screening and are described in
Ch. 6.

Identification of Tn5 mutants defective in RsaA secretion. Several possible
Tn5 insertion events, in addition to those in secretion genes could result in an S-
layer negative phenotype. To eliminate Tn5 insertions in the rsaA gene, Southern
blot analysis was performed on the S-layer negative mutants. Eleven of the mutants
contained Tn5 insertions in rsaA and were not further characterised. Five mutants,
B5, B9, B13, B15 and B17, contained insertions in the DNA immediately 3’ of rsaA
and one mutant, B2, had a Tn5 integration elsewhere on the chromosome (Fig. 3-2).
These six mutants represented possible RsaA translocator mutants.

B5
B1 B13 B17 B9 B1i15 B2
O \\ |
‘ rsaA \ ’
SH B B H

Figure 3-2. s-layer negative Tn5 insertions. Graphical representation of the
positions of Tn5 insertions from mutants that no longer secreted RsaA. B = BamHl, H = Hindlll,
S = Sstl. Triangles indicate Tn5 insertion points.
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To determine whether the loss of S-layer was caused by a mutation affecting
regulation of the gene, rsaA was expressed in the mutants under the control of a
lacZ promoter, using the plasmid pRK415rsaAAPK. This construct restored RsaA
production in JS1003 and B1, mutants with an interrupted rsaA gene, although
wildtype RsaA expression levels were not reached. No S-layer was found on any of
the five mutants with a Tn5 insertion in the DNA immediately 3’ of rsaA secreted
RsaA when rsaA was expressed in trans in this manner (Fig. 3-3).

In addition, the one mutant (B2) where the Tn5 insertion was not adjacent to
the rsaA gene also produced an S-layer when complemented with the plasmid
pRK415rsaAAPK. This indicates that the B2 insertion was not in a gene involved in
RsaA secretion. B2 may have an interruption in a gene responsible for regulation of

1T 2 3 4 5 6 7 8 9 10 11 12

Figure 3-3. Complementation of Tn5 mutants with rsaA. Protein was extracted
from the surface of the Tn5 mutants and JS1003 carrying the plasmid pRK415 rsaAAPK which
expresses RsaA under control of the /ac promoter and wildtype and rsaA knockout mutants
that did not contain any plasmid to demonstrate differences in expression. Equal amounts of
surface extracts were loaded on the gel and a Western performed using polyclonal antibody
against RsaA. The lanes are as follows: Lanes 2 through 10 are surface extractions from cells
containing the plasmid pRK415 rsaAAPK indicated by (APK). 1, purified RsaA; 2,
JS1003(APK); 3, B9(APK); 4, B13(APK); 5, B1(APK) (a Tn5 insertion in rsaA); 6, B5(APK); 7,
B15(APK); 8, B17(APK); 9, B2(APK); 10, B12(APK) (a random Tn5 insertion); 11, JS1003
(rsaA’); 12, NA1000 (wildtype). The arrow indicaties wildtype RsaA.
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RsaA production or, possibly, the Tn5 insertion mutation does not eliminate
secretion and a second mutation in rsaA was responsible for the loss of secretion.

Isolation and sequencing of DNA near rsaA. A previously constructed cosmid
library was used to isolate an 11.8 kb DNA fragment containing rsaA plus 7.3 kb of
3’ DNA. This fragment was cloned into pPBSKS+ forming the plasmid, pRAT1, and
sequenced to search for translocator genes. An open-reading frame (ORF) was
found 5’ of rsaA, confirming earlier results (Fisher et al., 1988) and 5 ORFs were
found 3’ of rsaA (Fig. 3-4).

A search of sequence databases showed that there were two ORFs
immediately 3’ of rsaA that encoded proteins with significant similarity to the ABC
transporter and membrane fusion proteins (MFP) of two type I secretion systems:
the alkaline protease transport system of P. aeruginosa (Guzzo et al., 1990) and
metalloprotease transport system of E. chrysanthemi (Létoffé and Wandersman,
1992) (Figs. 3-5, 3-6).

The first ORF was 1734 bp long and started 246 bp after the termination
codon of rsaA. This ORF was predicted to code for a 578 amino acid protein with a
predicted molecular weight of 62.0 kDa and pl of 9.02. Alignments of the predicted
amino acid sequence show that the putative protein is 46% identical and 69% similar

rsaA rsaD rsaE

LI?S synthesis

SH B B H B

1 kb

Figure 3-4. Genes 3’ of rsaA. Graphic showing the ORFs found after sequencing the plasmid
pRAT1. B =BamHI, E = EcoRlI, H = Hindlll, S = Sstl.
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to AprD from P. aeruginosa and 33% identical and 62% similar to PrtD from E.
chrysanthemi.. The gene was designated rsaD because of this similarity (Fig. 3-5).
RsaD exhibits several N-terminal hydrophobic domains that may be transmembrane
regions and a possible ATP binding site in the C-terminal half of the protein. The
predicted protein contains Walker A, Walker B, and ABC signature motifs as well as
the newly discovered E. coli motif (hhhhH). These motifs are highlighted in Fig. 3-5.

ClustalW Formatted Alignments

Figure 3-5. Clustalw alignment of ABC-transporters. Alignment of RsaD with AprD
(Accession number CAA05795), PrtD (AAB03671), HasD (CAA57069) and LipB (BAA08631) which
are the most closely related ABC transporters. The green box surrounds the Walker A motif, the
blue box surrounds the Walker B motif, the red box surrounds the ABC motif and the yellow box
surrounds the fourth ABC transporter motif recently discovered in most E. coli ABC transporters.
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ClustalW Formatted Alignments

QVFVRTGERS .LNYLFKPL

Figure 3-6. Clustalw alignment of MFPs. Alignment of RsaE with AprE (Accession
number CAA45856), PriE (CAA37343), Hask (CAA57067) and LipC (BAA08632) which are the
most closely related ABC transporters.

RsaD was predicted to have a insertion signal sequence consistent with insertion of
the RsaD protein in the cytoplasmic membrane.

The second ORF started 68 bp after rsaD, contained 1308 bp and encoded a
protein of 436 residues with a predicted molecular weight of 48.4 kDa and pl of 6.59.
Alignment of the predicted protein shows that the sequence is 28% identical and
50% similar to AprE from P. aeruginosa and 29% identical and 52% identical to PrtE
from E. chrysanthemi. The gene was designated rsaE because of this similarity
(Fig. 3-6). The deduced protein sequence of rsaE was predicted to have a typical N-
terminal insertion signal sequence that would direct it to the inner membrane.
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Possible ribosome binding sites were found 7 bp and 8 bp upstream of the
ATG initiation codon for rsaD and rsak, respectively. There was no indication of a
promoter immediately &’ of either.rsaD or rsakE, but there was a putative rho-
independent terminator immediately after the stop codon of rsaE suggesting that
they may be part of a polycistron which includes rsaA. It has been found in the type
I secretion systems secreting E. coli a -hemolysin and E. chrysanthemi
metalloprotease that the genes are part of an operon consisting of the substrate and
the transport genes. It seems likely that transcription of the Rsa genes is similar.

Three more ORFs were found 3’ of rsaE. None of these ORFs encoded
proteins similar to the third component of type I secretion systems. Instead, these
ORFs e.ncoded proteins similar to those involved in synthesis of perosamine, a
dideoxyaminohexose (see Ch. 6).

The chromosomal DNA near B1, B2, B5, B9, B13, B15 and B17 Tn5
insertions was isolated and sequenced to determine the Tn5 insertion point. It was
found that the B1 Tn5 interrupts rsaA, as expected from the Sourthern blot analysis.
B5 and B13 are identical insertions interrupting the N-terminus of RsaD while B17 is
located 22 amino acids from the C-terminus. B9 and B13 are Tn5 insertions in rsaE.
The sequence interrupted by the B2 Tn5 insertion has no sequence similarity to any
known proteins.

Complementation of the secretion-defective Tn5 mutants. To demonstrate that
the Tnb insertions were responsible for the secretion defect the mutations were
complemented in trans. First, the cosmid, 17A7, containing the entire Rsa locus,
was introduced into the mutants. All attempts at complementation using this cosmid
were unsuccessful, including an attempt to restore RsaA production in JS1003
(which contains an inactivated rsaA gene). Since RsaA production in JS1003 can
be restored with other plasmids containing rsaA, it is believed that expression of the
genes was too low for complementation.

A PCR product containing the genes rsaD and rsaE was generated and
cloned into a suitable expression vector; the result was named pRAT5:PRK415 (see
Ch. 2). This plasmid was introduced into the Tn5 mutants B15 and B17. With this
plasmid, mutant B17 secreted RsaA while the B15 mutant did not (Fig. 3-7A).
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A
1 2 3 4 &5 6 7
— e
B
1 2 3 4 & 6
Figure 3-7. cComplementation of transport

deficient mutants using rsaD and rsaE.

Westerns of surface extracted protein using anti-S antibody.
A) Lanes are as follows: 1, B17 (DE); 2, B15 (DE);3, B1(DE);
4, B17 (17A7); 5, B15 (17A7); 6, JS1003; 7, NA1000.
(DE) indicates that the cells carried the plasmid
pRAT5:pRK415 containing the genes rsaD and rsaE. (17A7)
indicates that the cells carry the cosmid 17A7 containing
the entire RSA operon. Equal amounts of surface extract
were loaded in all lanes. The arrow indicates full length
RsaA. B) Lanes are as follows: 1, B1 (DE); 2, B5 (DE); 3, B9
(DE); 4, B15 (DE); 5, B17 (DE); 6; NA1000. DE indicates
that the cells carry the plasmid pRAT5:pBBR5 expressing the
genes rsaD and rsaE. Equal amounts of surface extract were
loaded in all lanes except (6) where there was only one
quarter of the amount loaded in the other lanes. The arrow
indicates full length RsaA.

To address the
problems with B15
complementation, a new

tetracycline-resistant (Tc')
broad host range vector,
pBBRS5, was constructed. |t
was hoped that this vector
would have a higher copy
number and expression of
the Rsa genes that would
the
encountered when using
pRK415 or pLAFR5 (the
In the
resulting constructs a /ac

alleviate problems

cosmid vector).
promoter is wused for
transcription of the rsaD and
rsaE genes in pRATS:
PBBR5 and the rsaA, rsaD
and rsaE in pRAT4AH:
PBBR5. When pRATS:
PBBRS was introduced into
the mutants B1, B5, B9, B15
and B17, Western blot
analysis showed that the
mutants with defective rsaD
or rsaE genes expressed
RsaA on the surface while
the rsaA mutant B1 did not
(Fig. 3-7B). When

pRAT4AH:pBBRS was expressed in the same mutants, RsaA was only found on the
surface of the B1 and B17 mutants (data not shown). The ability to complement the
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Tnb5 insertions in rsaD and rsaE using pRAT5:pBBR5 expressing rsaD and rsaE in
trans indicates that these genes are responsible for the secretion of RsaA.

The lack of complementation in some cases was probably the result of lower
expression of the Rsa genes. |t was necessary to use Tc to maintain the vectors as
Tn5 confers kanamycin and streptomycin resistance, but C. crescentus does not
tolerate Tc well. When cells carry the Tc resistance marker are exposed to even low
levels of Tc (0.5 ug/ml), they appear anomalous by microscopy. The cells are often
severely elongated and there are few motile cells. It was difficult to grow cultures
carrying Tc' plasmids with the Rsa genes to densities high enough to extract
sufficient protein to be seen on the Western blot. it seems probable that the Tc was
causing membrane abnormalities and that these factors contributed to lower
expression of the Rsa genes with all the plasmids.

The cosmid, 17A7, only has 1-2 copies per cell and similarly, pRATS:pRK415
would be maintained at 2-3 plasmids per cell (Keen et al, 1988). Preliminary
experiments with pBBRS suggest that it has a much higher copy number than either
pLAFRS or pRK415 based vectors which would result in higher expression of any
genes that pBBR5 carries (data not shown). ‘

Expression levels would also be affected by the promoter transcribing the
genes. The lac promoter transcribes at higher levels than the wildtype rsaA
promoter (Yap et al., 1994). In addition, in the cosmid and pRAT4AH:pBBRS, rsaD
and rsaE are either transcribed by their wildtype promoter or as part of the rsaA
transcript as described above. In either case, a lesser amount of transcript would be
produced than from the lacZ promoter of pRAT5:pBBRS.

These data suggest why the complementation occurred only in some cases.
The plasmid pRATS5:pBBR5 (strong promoter and high copy number) produced the
highest levels of RsaD and RsaE allowing full complementation of all the transport
mutants while the cosmid, 17A7, (weaker promoter and low copy number) produced
the lowest levels and could not complement any of the mutants. The plasmids
pRAT5:pRK415 (strong promoter and low copy number) and pRAT4AH:pBBR5
(weak promoter and high copy number) probably make an intermediate amount of
protein that is only enough to complement the mutant B17. This mutant may differ
from the others because the Tn5 insertion is only 22 amino acids from the C-
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interrupted (Fig. 3-8). Smaller zones of clearing are seen around the wildtype strain,
S_layer' rsaE' S_layer"’ rsaA' NA1000, and the S-Iayel’ pl'OdUCIng
B12 (representing a random Tn5

B2 B9 B12 B1

insertion unrelated to secretion), as

‘ compared to JS1003 or B1, where the
rsaA gene has been interrupted,
suggesting that there was competition
between RsaA and PrtB for the

e secretion machinery, further
JS1003 NA1000 B17 B1S supporting the supposition that RsaD
rsaA”  wildtype rsaD  rsaE and RsaE are parts of a type I

secretion mechanism. Identical results
Figure 3-8. Expression of prtB in C.
crescentus. PrtB was expressed in all the were found when aprA was expressed

colonies shown using the plasmid pRK415: in the Tn5 mutants (data not shown).
pRUWS500. The cells were spotted on to PYE

plates containing 1% skim milk. Halos around

colonies indicate that active PrtB is being

secreted. Note that NA1000 and B12 cells are

producing RsaA as well as PrtB and the halos

surrounding these colonies are smaller. B12

represents a random Tn5 mutant control.

Summary

Analysis of the region 3’ of rsaA revealed the presence of two genes (rsaD
and rsaE) encoding proteins with significant sequence similarity to components of
the type I secretion systems used by P. aeruginosa and E. chrysanthemi to secrete
two different extracellular proteases (Duong et al., 1992; Wandersman et al., 1990).
Because interruption of rsaD and rsaE eliminated secretion of RsaA and the defects
could be restored by complementation, it was apparent that their gene products
make up part of the RsaA translocator machinery.

When these results were reported (Awram and Smit, 1998), it was the first
example of an S-layer that is secreted using a type 1 secretion system. Before then,
S-layers had only been found to be secreted by a type II system (Messner and
Sleytr, 1992; Sleytr et al.,, 1993). It is now known that a protein with amino acid
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unrelated to secretion), as compared to JS1003 or B1, where the rsaA gene has
been interrupted, suggesting that there was competition between RsaA and PrtB for
the secretion machinery, further supporting the supposition that RsaD and RsaE are
parts of a type I secretion mechanism. Identical results were found when aprA was
expressed in the Tn5 muta‘nts (data not shown).

Summary

Analysis of the region 3’ of rsaA revealed the presence of two genes (rsaD
and rsaE) encoding proteins with significant sequence similarity to components of
the type I secretion systems used by P. aeruginosa and E. chrysanthemi to secrete
two different extracellular proteases (Duong et al., 1992; Wandersman et al., 1990).
Because interruption of rsaD and rsaE eliminated secretion of RsaA and the defects
could be restored by complementation, it was apparent that their gene products
make up part of the RsaA translocator machinery.

When these results were reported (Awram and Smit, 1998), it was the first
example of an S-layer that is secreted using a type I secretion system. Before then,
S-layers had only been found to be secreted by a type II system (Messner and
Sleytr, 1992; Sleytr et al., 1993). It is now known that a protein with amino acid
- sequence similarity to RsaA is secreted by the S. marcescens type 1 secretion
system (Kawai et al., 1998). In addition, the C. fetus S-layer protein is secreted by a
type 1 secretion mechanism. The C. fetus S-layer shares several features in
common with that of C. crescentus. It is produced by a free-living Gram-negative
bacterium, is hexagonally-packed, anchors to the cell surface via its N-terminus to a
particular species of LPS (Bingle et al., 1997b; Dworkin et al., 1995; Walker et al.,
1992) and so far has the greatest similarity of any S-layer protein to RsaA (Gilchrist
et al., 1992).
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The genes for the ABC transporter and the MFP components of type I
secretion systems are generally found in an operon‘ that includes the transported
protein (Binet et al., 1997; Salmond and Reeves, 1993). In this respect then, the
organization of the rsaA, rsaD and rsaE genes was not surprising. In contrast, the
gene encoding the outer membrane protein component of type I secretion systems
may or may not be closely linked to the other secretion genes. The third component
of the Rsa transporter has now been found 5 kb 3’ of rsaE and is described in Ch. 4.

A potential Rho-independent terminator sequence is located after the rsaA
coding region (Gilchrist et al., 1992). This predicted terminator results in a predicted
transcript that matched closely the size of a transcript found using Northern blot
analysis (Fisher et al., 1988). In this study, no obvious indications of a promoter
were found immediately 5° of either the rsaD or rsaE genes suggesting that
transcription of rsaD and rsaE is similar to transcription of the hlyA, hlyB and hlyD
genes of E. coli, where a similar Rho-independent terminator is found after the hiyA
gene and terminates most transcripts at this point. An anti-terminator, RfaH,
prevents termination and when it does, a larger transcript including the hlyB and
hlyD genes is made (Leeds and Welch, 1996). This transcript is difficult to detect
because it has a short half-life and an analogous transcript in C. crescentus may
have been missed in the northern blot analysis. Transcription of the E. chrysanthemi
protease secretion genes appears to be accomplished by a similar method (Létoffé
et al., 1990) and it is postulated that the same is true for the Rsa operon. A
transcription pattern like this may account for the reduced expression found in the
JS1003 and B1 mutants when they are complemented with rsaA. The kanamycin
fragment interrupting rsaA in JS1003 does not have a transcription terminator and
transcription may continue through to the end of rsaE, resulting in a transcript 1.5 kb
longer than the wildtype, which would likely be more unstable and result in fewer
transport complexes. In B1, it is likely that rsaD and rsaE are transcribed off one of
the TnS promoters re‘sulting in decreased amounts of transcript and, in turn,
transport complexes. _

Type I secretion systems can be grouped into families. The RTX toxins, such
as a-hemolysin (E. coli) and leukotoxin (P. hemolytica), comprise one family while

extracellular proteases (e.g. AprA, PrtB) and lipase from S. marcescens constitute




another (Binet et al., 1997). Within the families there is high sequence similarity and
functional secretion mechanisms can be constructed from using components from
the different members without a dramatic drop in protein transport. Because it has
been demonstrated that AprA and PrtB proteins can be secreted from C. crescentus
in active form and there is higher sequence similarity between these proteins than
with RTX toxins, presumably, RsaA can be grouped with the protease family of type
I secretion systems.
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Chapter 4

Identification of the Outer Membrane Protein
Component of the RsaA Transport Complex

Introduction

The gene encoding the OMP component of the RsaA secretion machinery
proved difficult to isolate since it was not found immediately 3’ of the MFP, as in
many other type I systems. This difficulty has also been found with most of the other
type I secretion systems where the OMP is separated from the rest of the
transporter complex. In fact, the OMP has only been found in 2 other cases of this
type: TolC, required for transport of a-hemolysin in E. coli (Wandersman and
Delepelaire, 1990) and HasF, part of the heme transporter in S. marcescens (Binet
and Wandersman, 1996). In both of these cases thé experimenters had simple,
efficient screens to look for mutants.

Several different strategies were considered to find the OMP component. As
none of the original S-layer negative Tn5 mutants interrupted the OMP and
considering the number of mutants screened, it was believed that the NA1000 Tn5
library did not contain the mutant. The Tn5 library may not have been complete or a
Tn5 insertion in the OMP may have been lethal. If a Tn5 insertion was lethal there
was no further point in screening another Tn5 library. It seemed possible that a
point mutant with reduced secretion, but not having a lethal phenotype could be
constructed. Since a UV/NTG point mutant library had been previously made by
others, it was decided that this library could be screened for an OMP mutant.

Alternatively, a functional type 1 system could be reconstructed as was done
in E. coli using hasDE, the ABC-transporter and MFP genes, from S. marcescens
and the OMP gene, to/C (Binet and Wandersman, 1996). This secretion apparatus
was capable of secreting the S. marcescens heme-acquisition protein, HasA, as well
as AprA and PrtB. The S. marcescens OMP gene, hasF, was then isolated by
éxpressing a protease along with hasDE in an E. coli tolC” mutant along with a

plasmid library of S. marcescens chromosomal DNA, and screening for the presence




of protease secretion on skim milk plates. It was hoped that a similar method would
be capable of identifying the Rsa OMP gene.

A third option for finding the OMP was to screen by similarity to OMP
components from other bacteria. There are two ways to approach this. One method
is to search the genome of C. crescentus for DNA fragments hybridizing to the
genes from OMP components. The other is to compare the sequences of different
OMP components to find regions of similarity and design primers with degenerate
sequences for PCR amplification of a portion of the OMP DNA sequence that can be
used to isolate the complete gene by hybridization.

All of these approaches were attempted and are summarized below, but none
worked. The OMP gene was eventually found using the partial C. crescentus
genome sequence provided by The Institute for Genome Research (TIGR). Two
partial ORFs with similarity to OMP components from other bacteria were found in
this sequence data and this information was used to devise strategies to clone the
complete sequence and to test which of the two ORFs was a legitimate OMP gene
involved in the secretion of RsaA.

Results and Discussion

Screening libraries for OMP mutants defective in secretion. Since the original
immunoblot assay was very labour intensive, attempts were made to develop a new
screening method for finding secretion deficient mutants. The proteases, AprA and
PrtB, are secreted by type I transporters and can be secreted by the Rsa secretion
machinery, allowing skim milk plates to be used for rapid screening. Therefore,
vectors carrying these genes were designed for screening the libraries. The plasmid
pBBR3AprA:pRATS was constructed and consists of the aprA gene and the rsaDE

genes under the control of separate /acZ promoters. The plasmid
pBBR3PrtB:pRATS is identical to pBBR3AprA:pRAT5 except the aprA gene is
replaced with prtB. When these plasmids were introduced into the UV/NTG mutant
library, no secretion of AprA or PrtB was observed. The rsaDE genes had originally
been included in the plasmid to exclude rsaDE mutants from being found during the




screening process, but since the plasmid did not work the approach was dropped.
When the plasmids pBBR3AprA and pBBR3PrtB were used to express their
respective proteases in the UV/NTG mutant library a large number of colonies failed
to show secretion of the proteases. When some of these colonies were examined, it
was found that they were still cépable of secretion of RsaA. | This was an
unexpected result as expression of the proteases in NA1000 results in protease
| secretion from >99.9% of colonies. It was concluded that these proteases are not
tolerated well by C. crescentus and could not be used as a screen. In agreement
with this was the observation that C. crescentus colonies expressing the proteases
could not be sub-cultured after growing for 5 days while normally C. crescentus can
be sub-cultured even after several weeks. It appeared that the proteases were
killing the bacteria. (see Ch. 5 for further discussion about protease expression in
Caulobacter species).
Without a rapid screéning method, it was decided to drop screening of mutant
libraries in favour of the other approaches. |

Searching for the OMP using complementation systems. If a complementation
system was going to succeed in finding the OMP component, it was necessary to
determine if a functional system could be constructed using the C. crescentus
transporter components. In many other type I systems the components can be
interchanged with components from other bacterial systems and allow heterologous
secretion. To determine if the Rsa system would work in a similar manner plasmids
expressing RsaD and RsaE were expressed in bacterial hosts along with OMP
components from several different bacterial systems. ,

The plasmids pBBR3AprA:pRATS, pBBR3PrtB:pRATS and pRAT4AH were
constructed and express either a protease or rsaA along with rsaD and rsaE. These
plasmids were introduced into E. coli to/lC* alone or with either of the plasmids
pBBR1AprF and pBBR1PrtF which express OMP components from the Apr and Prt
systems. None of these strains secreted either the protease or RsaA (data not
shown). Since E. coli is an enteric microorganism and C. crescentus is a free-living
groundwater bacterium, their outer membranes are quite different. It is possible that
the Rsa transport complex was unable to assemble in the membrane of E. coli.
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Rhizobium meliloti and Rhizobium leguminosarum are ground water bacteria living in
environments similar to C. crescentus and likely have a membrane resembling that if
C. crescentus. In addition, the type I secretion systems, Nod and Prs, with similarity
to the Rsa secretion machinery have been found in R. leguminosarum (Finnie et al.,
1998; Scheu et al., 1992). In R. leguminosarum, as in the Rsa system, the OMP
gene of the Prs secretion system has not been found close to the other transport
genes and is expected to be elsewhere on the chromosome and could possibly
complement the Rsa machinery. With this in mind, pBBR3AprA:pRATS5,
pBBR3PrtB:pRAT5 and pRAT4AH were expressed in R. meliloti and R.
/eg'umin‘osarum. Again, none of the constructs expressed the proteases or RsaA.
Further experiments were tried by introducing pBBR3AprA:pRATS,
pBBR3PrtB:pRAT5 and pRAT4AH along with pBBR1AprF and pBBR1PrtF, in
various combinations in the Rhizobium species. In no case was secretion of RsaA
or the protease found (data not shown).

Sequence similarity to other OMP genes was used to search for the Rsa OMP
gene. Southern blots of C. crescentus chromoéomal DNA were probed with the
OMP genes, aprF and prtF under conditions allowing 30% mismatch. No
hybridization of these probes to C. crescentus DNA was found (data not shown)
demonstrating that this method could not be used.

A sequence alignment of OMP components revealed areas of sequence
identity among the different proteins. The protein sequences of the OMPs from a
number of closely related type I transport systems (with OMP genes that are both
linked and unlinked to the other transporter genes) were aligned (Fig 4-1). The
OMP, HasF, was given the highest priority in the comparison because it is from the
type I system with an unlinked OMP gene most closely related to the Rsa system.
Areas of significant homology were examined for the purpose of designing
degenerate primers to amplify a portion of the OMP gene using PCR. Four areas,
shown in Fig 4-1, were chosen for making primers. The primers were designed by

taking the consensus amino acid sequence and using the codon preferences of C.
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crescentus to determine the DNA sequence. The design process was governed by
the suggestions in Colnaghi et al., 1996; Maser and Kaminsky, 1998; and Tobin et
al., 1997. A variety of conditions, as well as different combinations of the primers,
were used to amplify fragments from NA1000 chromosomal DNA (see Ch. 2). When
the PCR conditions resulted in a product, multiple bands were always seen. Three
DNA fragments of the expected size were gel purified and cloned. Sequencing of
these products revealed similarity to 23S RNA, poly (3-hydroxybutyrate)
biosynthesis genes and NADH dehydrogenase genes. The primers appeared to be

amplifying undesired DNA sequences and as a result these experiments were
abandoned.

Two candidates for the Rsa OMP gene were identified in the preliminary
Caulobacter genome data. As all other attempts had failed to identify the OMP
gene, contact was made with The Institute for Genome Research (TIGR) who
provided preliminary sequence data from the Caulobacter genome. FASTA
searches (Pearson et al., 1997) of this database produced two contigs with similarity
to known OMP components. Contig gcc_973 contains an ORF coding for the first
225 amino acids of a possible OMP component with a G+C content of 65.3%.
Examination of the DNA 5’ of this ORF revealed that this ORF is 5 kb 3’ of the rsaE
gene and there are 5 intervening ORFs that likely code for S-LPS synthesis proteins
(Fig. 4-2). This ORF has been designated rsaF(973). The deduced amino acid

A B
valyl tRNA
Substrate Transporters S-LPS synthesis synthetase
kb 0 2 4 6 8 10 12 14 kb o 2
| e
SH C B B H B BB gcc973 gcc 1984

Figure 4-2. The two possible OMPs, rsaF(973) and rsaF(1984). A) The figure
shows that rsaF(973) is located 5 kb downstream of rsak. B) rsaF(1984) is located adjacent to

a gene coding for valyl tRNA synthetase. The location of the gcc contigs is shown with black
bars. B-BamHI, C-Clal, S-Sstl,
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sequence of rsaF(973) had greatest similarity to TolC with 26.1% identity and 52.2%
similarity over the 225 amino acids coded by gcc_973 (Fig. 4-3). Contig gcc_1984
has a G+C content of 67% and contains an ORF coding for the last 384 amino acids
of a possible OMP. This ORF has been designated rsaF(1984). 3’ of rsaF(1984) is
an ORF coding for valyl tRNA synthetase (Fig 4-2). The coding sequence of
rsaF(1984) had greatest similarity to the HasF OMP with 26.8% identity and 48.5%
similarity (Fig. 4-3). The G+C content of these two ORFs is comparable to C.
crescentus’s 67%, suggesting that neither is a recent gen'etic acquisition. These two
- contigs overlap with 59.6% identity over a region of 344 bp indicating that they are
not part of the same ORF, but suggest that one arose by gene duplication of the
other (Fig. 4-3).

Once sequence was available it was assumed that it would be relatively
simpie to obtain both complete genes. This did not prove to be the case. Using
these sequences, primers were designed to amplify portions of rsaF(973) and
rsaF(1984) that could then be used as probes to isolate the complete genes. ‘These
primers had melting temperatures (Tm) between 58°C and 62°C and did not appear
to have any hairpin loops or secondary priming sites when analyzed using primer
analysis and design programs. Primers of this size and T, have been used routinely
for PCR amplification of C. crescentus DNA with excellent results. These primers
produced products of the expected size, but when cloned and sequenced the
products were identical to the C. crescentus DNA gyrase and glutamate permease
genes. ) |

Suspecting that there may be something peculiar about the structure of the
DNA around the rsaF genes it was decided to attempt to isolate the DNA of the
adjacent regions. Since the start of rsaF(973) is found in the genome 1.5 kb 3’ of
sequences cloned into pRAT1, a 2 kb BamHI-EcoRI fragment was sub-cloned from
pRAT1 and designated pRAT HI (B/E). To amplify a fragment of DNA close to the
rsaF(1984) gene, new primers were made to amplify a 736 bp region 3’ of
rsaF(1984). These primers were designed with Ty, of 70°C and were 26-28 bp long.
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A. BlastX comparison of gcc_973

Smallest
High Probability
Sequences producing High-scoring Segment Pairs: Score P (N)
1. gi|72556 outer membrane protein tolC E.coli 92 4.0e-11
2. gi|3080540 (D49826) LipD [Serratia marcescens] 115 7.4e-07
3. gi|4826418 (Y19002) PrtF protein [Erwinia amylovora) 115 1.0e-06
4. ailt281563 agaglutination protein - Pseudomonas putida 61 3.4e-05
B. BlastX comparison of gcc_1984
Smallest
High Probability
Sequences producing High-scoring Segment Pairs:- Score P (N)
1. gil1405817 (X98513) HasF ABC exporter outer membrane . 154 1.0e-23
2. gi|l135980 OUTER MEMBRANE PROTEIN TOLC PRECURSOR E.coli 159 1.2e-23
3. gi|3080540 (D49826) LipD [Serratia marcescens] 126 8.3e-23
4. ail4826418 (¥Y19002) PrtF protein [Erwinia amvlovoral 111 4.2e-21

C. Overlap of gcc_973 and gcc_1984.

gcc_973 CAGACCTCGACCCTCTCTCTGAGCCAGAGCCTCTACACCAACGGTCGTTTCTCGGCCCGC

...............
...............

gcc_1984 CGCTCTACACCGGCGGTCGCGCCAGCGCGGGC

gcc_973 CTGGCGGGTGTCGAGGCGCAGATCAAGGCCGCGCGCGAGAACCTGCGCCGCATCGAGATG

gcc_1984 GTCAGCCCCGCTGAAGCCGACGTGCTGTCTGCGCGGGAAGGTCTTCGCGCGGTCGAGCAG

gcc_973 GACCTGCTGGTCCGCGTGACCAACGCCTATATCTCGGTGCGCCGCGACCGCGAGATCCTG

......................

gcc_ 1984 GGGGTGCTGGTCAGCGTCGTCCAGGCCTATGTCGACGTGCGCCGAGACCAGGAACGCCTG

gcc 973 CGGATCAGCCAAGG- CGGTGAAGCCTGGCTGCAGAAGCAATTGAAGGACACCGAGGACAA

.............
.............

gcc_l984 CGCATC GCCAAGGAAAACGTCGCGGTTCTGCAGCGCCAGCTCGAAGAATCGAACGCTCG

gcc 973 GTACAGCGTCCGTCAGGTGACCTTGACCGACGTGCAGCAGGCCAAGGCCCGCCTGGCGTC

.....

gcc_1984 CTTCGACGTGGGTGAGATCACCCGGACGGACGTCGCCCAGTCTCAGGCGCGCTTGGCTTC

gcc_973 GGCCAGCACTCAGGTGGCGAACGCCCAGGCGCAGCTGAATGTCAGCGTAGCGTTCTACGC

..........................
..........................

gcc_1984 GGCCAAGGCCAGCCTGTCGGGCGCCCAGGCCCAGTTGGAAGTCAGCCGCGCCTCCTACGC
gcc 973 GTCCCTGGTGGGGCGCCAGCCGGAGAC

gcc_1984 TGCGGTGGTCGGTCAAACGCCCGGCGAACTGGCTCCCGAGCCGAGCTTGGCCGGACTGCT

Figure 4-3. Comparison of possible Rsa OMP components. A) Closest similar
proteins to the ORF from gcc_973. B) Closest similar proteins to the ORF from gcc_1984. C)
comparison of gcc_973 to gcc_1984. Note that the P(N) numbers are higher for gcc_1984
than gcc_973 because the gcc_1984 contig has a larger portion of the ORF.




- PCR using these primers produced a product of the expected size that was

successfully cloned and the resulting plasmid was called pBSKS-gcc1984. When
sequenced, the product proved to be the correct fragment.

The NA1000 cosmid library was probed with pRAT HI (B/E) and pBSKS-
gcc1984. A number of cosmids hybridized to pRAT HI (B/E), but all proved to
contain only DNA 5’ of rsaF(973) and it was concluded that rsaF(973) was not
located within the NA1000 cosmid library. The cosmid, 7A22, hybridized to pBSKS-
gcc1984. Southern blots of the cosmid showed that pBSKS-gcc1984 hybridized to a
5.5 kb BamH! band. Several attempts were made to subclone this fragment and
while the surrounding fragments could be cloned, it was not possible to subclone the
fragment containing rsaF(1984).

Yet another approach was taken to isolate the rsaF genes. The plasmids
pRAT H! (B/E) and pBSKS-gcc1984 will not replicate in C. crescentus and could be
forced to integrate into the genome by homologous recombination. The plasmid
pBSKS-gcc1984 was not successfully integrated into the chromosome, but pRAT Hi
(B/E) was, giving NA1000::pRAT HI (B/E). Chromosomal DNA from NA1000::pRAT
HI (B/E) was partially digested with BamHI and ligated under conditions promoting
the circularization of the DNA fragments. The ligation mix was electroporated into E.
coli and plated on selective medium which allowed only the grthh of cells carrying
the plasmid pRAT HI (B/E) and chromosomal DNA adjacent to the integration points
that had circularized during the ligation. The 14 kb plasmid, pTZ19UASSm973Bcirc,
was isolated in this manner. Restriction mapping and Southern blotting of this
plasmid showed that insert consisted of DNA from 2.5 kb of 5’ to 5.5 kb 3’ of
rsaF(973). Fragments of this plasmid were sub-cloned and sequenced, including a
fragment containing the N-terminal of RsaF(973), but it proved impossible to
subclone and sequence the entire rsafF(973) from this plasmid. This is not the first
éxample of DNA from C. crescentus that has proved impossible to subclone. A6.6.
kb fragment, containing the holdfast genes involved in C. crescentus attachment,
has proven resistant to the subcloning efforts of several graduate students and
postdoctoral fellows (Smit, unpublished).

Fortuitously, one of the shedder Tn5 mutants, F11 (see Ch. 6), contains a
TnS insertion 400 bp 5’ of the rsaF(973) ORF. Using primers that hybridize to the
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Tnd it was possible to use an inverse PCR method (Martin and Mohn, 1999) to
isolate and clone two fragments of DNA containing rsaF(973). Plasmid
pCR2.1F11Sall contains the DNA from the F11 Tn5 insertion to the Sall site 1.1 kb
3’ of rsaF(973). The other, pCR2.1F11Xmal, contains the DNA from the F11 Tn5
insertion to the Xmal site 2.0 kb 3’ of rsaF(973). Again, both of these clones proved
difficult to isolate. Large amounts of PCR product were obtained from the PCR
reaction, but cloning of these fragments only produced one clone of pCR2.1F11Sall
and two clones of pCR2.1F11Xmal. Usually when cloning products in this manner a
minimum of 50 clones and as many as 300 clones can be expected. E. coli carrying
these plasmids grow slowly and appear distended and malformed when observed by
'phase contrast light microscopy. It is possible that the inserts in these plasmids are
not identical to wildtype NA1000 chromosomal DNA sequences, but contain
mutations generated by inaccuracies in the Taq polymerase amplification. It may be
that the majority of PCR product is lethal when introduced into E. coli, but some of
the PCR product containing mutations in rsaF(973) making the product less toxic
could be cloned in E. coli. The sequence of the insert from pCR2.1F11Sall
assembled together with sequence from the plasmid pTZ19UASSm973Bcirc and the
TIGR genome (Fig. 4-4, Appendix |I). The RsaF (973) sequence from
pCR2.1F118all, showed considerable similarity to other OMPs. The highest degree
of sequence similarity was to E. coli TolC with 25.2% identity and 48.6% similar
amino acids. The OMPs AprF and PrtF from P. aeruginosa and E. chrysanthemi
were not as similar (Fig. 4-5). Analysis of the sequence of RsaF(973) revealed the
presence of a predicted signal sequence encompassing the first 32 amino acids and
the presence of -strands capable of forming a B-barrel structure typical of outer
membrane proteins. '
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Comparison of RsaF(973) to the protein databases Smallest
High Probability

Document ID Accession Protein Species Score P (N)
1. gi|{3860786 (AJ235270) TolC Rickettsia prowazekii 160 5.7e-23
2. gi|882565 (U28377) n/a Escherichia coli 103 5.1e-17
3. gi|135980 (X54049) TolC Escherichia coli 103 6.9e-17
4. gi|3080540 (D49826) LipD Serratia marcescens 115 1.%e-16
5. gi|2495191 (U25178) TolC Salmonella enteritidis 90 1.4e-14
6. gi|4826418 (Y19002) PrtF Erwinia amylovora 115 3.2e-13
7. gi]281563 (M64540) n/a Pseudomonas putida 99 1.3e-11
8. gi|72556 (X00016) TolC Escherichia coli (partial) 92 1.4e-11
9. gi|1405817 (X98513) HasF Serratia marcescens 90 3.4e-11
10. gi|4838370 (AF121772) NatC Neisseria meningitidis 111 3.2e-10
11. gilt4115627 (AB015053) PrtF Pseudomonas fluorescens. 92 1.0e-09
12. gil117799 (X14199) Cyak Bordetella pertussis 87 1.9%e-09
13. gi113493599 (AF064762) ZapD Proteus mirabilis 94 5.9e-09
14, gij4063019 (AF083061) TI1iF Pseudomonas fluorescens 85 1.1e-08
15. gil2983554 (AE000721) n/a Aquifex aeolicus 108 1.6e-08
16. gi|416635 (X64558) aprF Pseudomonas aeruginosa 86 5.3e-08
17. gif5759289 (AF175720) n/a Porphyromonas gingivalis 66 6.7e-06
18. gi}5759287 (AF175719) n/a Porphyromonas gingivalis 83 0.00017
19. gi11653357 (D90913) n/a Synechocystis sp. 70 0.00018
20. gi|3646415 (AJ007827) EprF Pseudomonas tolaasii.. 78 0.00024
21. gi{3184190 (AB011381) OprM Pseudomonas aeruginosa 74 0.00035
22. gi|5091481 (AF031417) TtgC Pseudomonas putida 66 0.00043

23. gi|3914250 (L23839) OprK Pseudomonas aeruginosa 74 0.0011

24. gil95600 (S12527) PrtF Erwinia chrysanthemi 80 0.0015

Figure 4-5. BLASTX search showing OMPs similar to RsaF(973). Lines 1 and 2 are
predicted from ORF found in genome sequences. OMP from type | systems with the greatest
similarity to RsaD and RsaE are underlined. The P(N) value gives the probability of the match
arising by chance.

Was either of RsaF(973) or RsaF(1984) the OMP component involved in
secretion of RsaA? Sequence similarity was not enough to show that either or
both of the genes coded for the OMP. One approach to determine this, was to
construct knockout mutants of these ORFs and determine if this prevented
secretion. The plasmids pTZ19UASSmMANAC-RsaF(973) and pTZ18U(CHE)ANAC-
RsaF(1984) were constructed to perform the required integration events. Both
plasmids consisted of internal portions of the respective genes without the N-
terminal and C-terminal. These constructs required only a single recombination
event to accomplish the knockout. A single cross-over would produce two copies of
the gene, one with an N-terminal deletion and one with a C-terminal deletion, neither

of which would be expected to function. To make the pTZ18U(CHE)ANAC-
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RsaF(1984), it was still necessary to generate a PCR product containing the coding
sequence of rsaf(1984). New primers were created using the primer selection
methods provided by the MacVector software. The resulting primers were 26 and 28
bp long and had Ty, of 71-73°C. Once again the PCR process proved difficult. A
PCR product could not be generated at any annealing temperature higher that 55°C,
considerably lower than the predicted T,. When a product was generated,
contaminating bands were always present and could not be eliminated by changes
in the PCR reaction conditions. Instead, the band of the expected size was gel
purified and cloned, giving the plasmid pCR2.1rsaF(1984) which was then used for
constructing the deletion clone pTZ18U(CHE)ANAC-RsaF(1984).

The plasmids pTZ19UASSmMANAC-RsaF(973) and pTZ18U(CHE)ANAC-
RsaF(1984) were electroporated into the strains NA1000, and JS4000. JS4000 is a
strain of C. crescentus that cannot make RsaA, but has functional rsaDE genes

virtually identical to that of NA1000 (see

Ch. 5). Knockouts were only obtained in

NA1000 (wildtype) the strain JS4000 and not NA1000,

resulting in the mutants JS4000rsafF(973)

and JS4000rsaF(1984). When AprA was

JS4000 (S-layer neg.)  expressed in these mutants, AprA was not

secreted by JS4000rsaF(973), but was by

JS4000rsaF(1984) (Fig. 4-6). From these

JS4000 rsaF(973) data it was concluded that RsaF(973) is
the OMP of the RsaA secretion system.

To confirm that RsaF(973) was

JS4000 rsaF(1984) required for secretion, the clone

pBBR3AprA:pCR2.1F11Sal1, expressing

Figure 4-6. AprA secretion from AprA and RsaF(973) was created. This

C. crescentus. AprA was expressed in all  construct could not be made in E. coli.

bacteria using pBBR3AprA on skim milk .
plates.  Zones of clearing around the ThiS may be because both of the separate

colonies indicate secretion of AprA.
Deletion of rsaF(973) interrupts secretion

of AprA while interruption of rsaF(1984) Together the toxic effects may be lethal.
does not interrupt secretion.

plasmids were toxic, but sublethal.

The plasmid was obtained by introducing



the ligation mix directly into the knockout strain of RsaF(973). No AprA is secreted
from this construct as the plasmid pBBR3AprA:pCR2.1F11Sal1 was unable to
complement the knockout. Despite this, it is still believed that RsaF(973) is the OMP
of the RsaA secretion system.

Summary

This portion of the project was exceptionally arduous because the rsaF genes
appeared to be toxic in E. coli. This would explain much of the difficulty
encountered, such as why the NA1000 cosmid library did not contain rsaF(973), why
the TIGR genome sequence database does not contain a complete rsaF gene
sequence, and why it proved difficult to isolate the genes. The lack of colonies
resulting from the cloning of the rsaF(973) PCR products also suggests a toxic
effect. All other attempts to isolate the rsaF genes on a fragment of DNA smaller
than 7 kb failed, presumably because the smaller inserts were lethal. This suggests
that the rsaF genes are lethal to E. coli and the clones obtained contain mutations
that make the insert less toxic.

As mentioned above, this presumed toxicity may explain why the partial TIGR
genome sequence contained only partial ORFs of the rsaF genes. Other analysis of
the TIGR sequence suggests that greater than 80% of the C. crescentus genome is
represented (see Ch. 6). Given that, the sequence reported here for rsaF(973) may
differ from the wildtype sequence. Such a mutant rsaF(973) gene in the plasmid
PCR2.1F11Sall may not produce a protein that functions correctly. This would
explain why this plasmid was tolerated in E. coli while other constructs appeared to
be lethal and would explain why the plasmid pBBR3AprA:pCR2.1F11Sall failed to
complement the RsaF(973) knockout. It is unlikely that the phenotype of the
rsaF(973) knockout is caused by a polar mutation because the gene 3’ of rsaF(973)
is transcribed .in the opposite orientation. Even given the failure to complement the
knockout, the results presented here indicate that RsaF(973) is the OMP required for
secretion of RsaA.

The function rsaF(1984) is not known. The entire ORF was never cloned and
sequenced so it was not possible to determine if an entire ORF coding for an OMP
exists. The sequence identity between the two rsaF ORFs suggests that one may
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be a gene duplication of the other and that rsaf(1984) is no longer functional.

Another possibility is that there is a second type I secretion system in C. crescentus |
. (though it is not known what it might transport) that uses RsaF(1984) as the OMP . i
component. Determining the function of rsaF(1984) represents a future project.




Chapter 5

Identification of the S-layer subunit and transporter genes in
Freshwater Caulobacter species

Introduction

The Smit laboratory strain culture collection contains numerous strains that
have been isolated from locales around the world and are designated FWC
(freshwater Caulobacter) species (MacRae and Smit, 1991 ) Analysis of these FWC
species showed that not all have an S-layer (Walker et al., 1992). There seems to
be a geographical as well as evolutionary distinction between these species
(Abraham et al., 1999; MacRae and Smit, 1991). No FWC with an S-layer has been
found in Europe, though admittedly, only a small fraction of the FWC species were
isolated from European sources while FWC species with and without S-layers were
found in North America.

The evolutionary relationships between the different FWC species have
recently been examined by 16S rDNA sequencing, profiling of restriction fragments
of 16S-23S rDNA interspacer regions, lipid analysis, immunological profiling and salt
tolerance characteristics to organize the taxonomy of 76 different strains (Abraham
et al., 1999). It was demonstrated that all of the FWC species with S-layers are
much more closely related to one another than to the species without S-layers, and
the non-S-layer FWC species have been reclassified as the genus Brevundimonas
instead of Caulobacter. Therefore S-layers are a characteristic of Caulobacter
’species.

The S-layers of the Caulobacter species have been previously examined.
The S-layer subunits range in size from 100 kDa (comparable to NA1000) to 193
kDa and can be removed by a low pH or EGTA extraction method. All the putative
S-layer proteins react with, antibody raised against RsaA (though most often to a
lesser extent) and most also produce a polysaccharide that reacts to antibody
against the S-LPS responsible for attachment of the S-layer in NA1000 (Walker et
al., 1992). It was also shown that these FWC species will hybridize with an rsaA

probe under conditions that would allow up to 30% mismatch (MacRae and Smit,




1991). This suggests that the S-layer subunits on these other FWC species are
similar to RsaA and may also be secreted by a type I secretion mechanism.

Two strains have been used predominantly for the examination of the S-layer
in C. crescentus. NA1000 is a variant of the ATCC 19089 strain, whose genome is
being sequenced by TIGR. It is from NA1000 that the rsaA gene and rsaD and
rsaE, genes responsible for secretion of RsaA, were isolated (see Ch. 3). The
second strain used in the Smit lab is JS4000, a lab variant of the ATCC 15252 strain
that spontaneously lost its S-layer during culturing, and is being used for expression
of recombinant proteins secreted using the NA1000 rsaA gene. The S-layer gene
from JS4000 has been cloned and expressed in E. coli where it produces a 40,000
molecular weight protein in inclusion bodies (Bingle et al., 1999). ATC15252 has an
S-layer gene that appears to be identical to RsaA as determined by size and
antibody reactivity, yet other characteristics of the bacterium (i.e. cell appearance,
growth rates), 16S rRNA sequencing (Stahl et al., 1992) and RFLP mapping of the
genome (B. Ely, pers. comm.) showed that it is different from NA1000.

Preliminary investigations of these S-layers that were begun in order to
determine the differences between the S-layer subunits and their associated
transport systems are presented here and have now been taken over by Mihai luga.
It is hoped that analysis of these other S-layer systems will provide insight into the
transport mechanisms by showing what changes in the transporters are required to
transport the different sized subunits.

Results and Discussion

The S-layer subunit, ABC-transporter and Membrane Forming Unit
proteins of JS4000 and NA1000 Caulobacter species are virtually identical.
The S-layer genes from both JS4000 and JS3001, a shedding derivative of ATCC
15252, were cloned and sequenced (see Ch. 2) and have few differences when
compared to the sequence of the NA1000 rsaA. In a few places the guanosine (G)
and cytosine (C) residues are reversed (i.e., GC instead of CG), but these are in
regions of high G+C content and appear to be errors in the original sequencing of
rsaA (Gilchrist et al., 1992) as the partial Caulobacter genome sequence from TIGR
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supports my sequencing results. The sequence for NA1000 was amended
accordingly. The error in the JS4000 sequence that truncates the S-layer protein
consists of a guanosine base that has been deleted from codon 357 which causes a
termination codon to be read at codon 359. These differences are listed in Table 5-
1.

The rsaD and rsaE genes from JS4000 have been isolated from a cosmid
library (see Ch.2) and were sequenced. These genes are almost identical to the
NA1000 genes. The differences between the strains are summarized in Table 5-1.

ATCC 19089 ATCC 15252
NA1000 JS4000 JS3001
RsaA aa 358-359-360 Gln-Asn-Leu GIn-Thr-None Gln-Asn-Leu
aa 475 Val Ile Val
aa 860 Thr Ser Thr
RsaD aa 298 Asn Thr ND
RsaE aa 131-132 Ser-Gln Arg-Leu ND

Table 5-1. Differences between the Rsa genes found in lab strains. Deduced

amino acid sequence differences between the RsaA, RsaD and RsaE proteins of three common
lab strains of C. crescentus. ND- not determined

The S-layers of FWC species are probably transported by a type I secretion
system. The alkaline protease gene, AprA, from P. aeruginosa is secreted by the
RsaA secretion machinery (see Ch. 3). AprA was successfully secreted in selected

strains covering the range of S-layer subunit sizes, demonstrating that these strains

also had type I secretion mechanisms (Table 5-2). AprA secretion was varied in the
differing FWC species. While in NA1000 all the colonies containing the aprA gene
secreted AprA, not all FWC colonies did. While some species (i.e., FWC 19)




- showed full penetrance
) AprA Penetrance Subunit .
Species . . (all colonies expressed
secretion (%) size
NA1000 ++ ~99.9 98 kDa AprA), in other FWC
H 0

14000 . 599.9 98 kDa species as few as 10%
of the colonies secreted

FWC 8 ++ 80 122 kDa
AprA when the aprA

FWC9 + >99.9 133 kDa
gene was expressed
FWC 17 + 8 106 kDa (ie., FWC 32). Itis not
FWC 19 + >99.9 108 kDa known why only some
FWC 28 + 45 106 kDa colonies secreted AprA.
FWC3 | R 10 133 kDa P. aeruginosa also
20 expresses an inhibitor

FWC 39 193 kD .

" a that binds to the AprA
FWC 42 + 10 181 kDa and prevents proteolytic

: activity inside the cell.
Table 5-2. FWC species secreting alkaline protease. y

++ represents 70-100% of the NA1000 secretion level, As the inhibitor is not
+ represents 20-69% of the NA1000 secretion level

* penetrance was the number of colonies expressing AprA eXpressed Wltvh aprA In

the FWC species, AprA
may have a toxic effect on Caulobacter cells and there may be selective pressure to
eliminate it from the cells. Cells not secreting AprA, may have found a way to
prevent expression of the gene. NA1000 and some of the FWC species may be
better able to tolerate the toxicity than other species.

FWC species with similar subunit sizes have similar Southern blot banding
patterns. To further characterise the FWC species, Southern blot analysis was
performed using probes to rsaA and rsaDE. These blots were performed under
conditions that would allow up 30% mismatch. The results are summarized in Table
5-3.

56




Caulobacter Subunit Fragment size when probed Fragment size when

species size (kDa) with rsaD and rsaE (enzyme') probed with rsaA
(enzyme')

NA1000 98 >20kb(EcoRI),7.1kb(HindIII) 7.1kb (HindlIII)
JS3000
FWC 17 106 3.5 kb (EcoRI), 5kb (HindIll) 4.3 kb (EcoRI)
FWC 18 131 ND? 7.0 kb (BamHI)
FWC 19 108 3.5 kb (EcoRI) 4.4 kb (EcoRI)
FWC 28 106 3.5 kb (EcoRI) 4.3 kb (EcoRI)
FWC 31 106 3.5 kb (EcoRI) 4.3 kb (EcoRI)
FWC 42 181 10 kb (EcoRI) 8.0 kb (EcoRI)

Table 5-3. Comparison of Southern Blot banding patterns of different FWC

species. Chromosomal digests with the enzyme specified were probed with either rsaA or rsaDE.

' Enzyme that chromosomal DNA was cut with for Southern blot analysis

2 Not Determined

Analysis of the Southern blot data suggests that the S-layer subunits and
transporters can be grouped according to size. All of the FWC species with subunits
ranging from 106-108kDa have identical Southern banding patterns, while all the
other FWC species with different subunit sizes have different banding patterns. The
ability of the rsaDE genes to hybridize to the chromosome of the differing FWC
species suggests that the S-layer subunit is being secreted by a type I transporter.
With this in mind, methods were devised for isolating the genes involved.

The ABC-transporter subunits were isolated from several different FWC
species. The sequence identity between ABC transporter among different type I
systems is the most significant of the 3 transporter components. Using the sequence
identity between the ABC-transporters aprD (P. aeruginosa), prtD (E. chrysanthemi)
and rsaD (NA1000), degenerate primers were designed to amplify a central portion
of the ABC transporter using PCR. Using these primers it was possible to amplify,
clone and sequence fragments of the ABC transporter from FWC6, FWC8 and
FWC39. PCR products were not successfully generated from FWC17, FWC26,
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LLEALRTQVLVRGGTLEK

100
NA1000

JS4000
Fwcs
FWCé
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110 120 130 140 150

210 220 230 240 250
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FWC39
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T e T — e — —
JS4000
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310 320 330 340 350
JS4000
FWCs8
FWC6
FWC39

AAGKSSLLRG IVGVWPCAAGY IRL

360 370 380 390 400

NA1000
JS4000
Fwcs
FWC6

FWC39 ) L RH Jal

DGYD IKQWD PEKLGRH .GYLPQD IELFSGTVAQNTIARTFTETFE .QE

V IEAA

420 430 440 450

P GYDTAIGEGGASLSGGOROR

Figure 5-1. Clustalw alignment of partial RsaD genes from FWC species.
Identical residues have dark shading. Similar residues are shaded lightly. The line underneath the
alignment is the consensus sequence.
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FWC28, FWC29 and FWC41. Muitiple bands were generated from FWC27 and
FWC42, but | was unable to clone any of the fragments. ‘

Obviously, the PCR strategy selects for ABC-transporters most closely
related to the NA1000 gene. This suggests that even though the subunit of FWC6 is
181kDa and that of FWC39 is 193 kDa, the transporters are still closely related to
FWC8 with a subunit of 122 and NA1000 with a subunit of 98 kDa and this was
confirmed by sequencing (Fig 5-1). Curiously, FWC species with small subunit sizes
close to that of NA1000 failed to generate PCR products suggesting that the
sequences of their ABC-transporters have diverged more from the NA1000
sequence. Analysis of the sequence showed little division between the FWC
species according to size. In some places along the deduced protein sequence, the
transporters of smaller subunits are more similar to one another than to the
transporters of larger subunits while in others, the sequences of transporters of
differing sizes are more similar to one another (Fig 5-1).

A method for screening the chromosomes of FWC species for the S-layer
subunit and S-layer transport genes was devised (see Ch. 2). Using this method,
part of the S-layer subunit gene for FWC 27 was isolated. FWC27 has an S-layer
subunit size of 145 kDa. Comparison of the sequence to NA1000 reveals that there
is a considerable difference in the sequence of these proteins (Fig. 5-2). A BLAST
alignment of the RsaA and FWC27 sequences (Altschul et al., 1990) shows that the
proteins are 44.6% identical and 61.5% similar over 130 amino acids.
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NA1000
Fwc 27

NA1000
FWC 27
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D . . V s

A .

NA1000
Fwc 27

Figure 5-2. ClustalW alignment of FWC 27 with the first 200 amino acids of
RsaA. Identical residues have dark shading. Similar residues have light shading. Identical and
similar residues are boxed. The line underneath the sequences is the consensus sequence.

The sequence of RsaA contains repeating amino acid sequence elements.
Sequence analysis of RsaA has revealed that portions of the sequence exhibit
considerable sequence similarity to other portions of the molecule. Table 5-4 shows
the similarity of the Ca?* binding domain of RsaA to sequences closer to the N-
terminal. These similar units do not appear to be uniform in size and appear to
consist of 60 to 90 amino acid segments, but the exact sizes have not been
determined. These segments may represent a complete structural domain (i.e., o-
helix or B-strand) that is replicated along the length of the protein, but further
analysis is required to confirm this.

As Table 5-4A shows, the alignments of RsaA along different portions of itself
can result in as much as 28% identical amino acids. Furthermore, the Expect
numbers, representing the possibility of the match occurring by chance in a random
sequence database of the current size, are very small. Table 5-4B shows the other
hits in the database to the same portion of RsaA. The Sap proteins from C. fetus
are S-layer proteins with the greatest identity to RsaA. HIyA from Aquifex aeolicus
and the hypothetical protein from Rhodobacter capsulatus both contain the calcium
binding motifs found in proteins secreted by type I systems, leading to higher
identity. As the Expect numbers show, the identity to RsaA along itself is greater
than what would be found by chance in the sequence database. This repetitive
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nature is also seen at the DNA level (data not shown). It must be taken into account
that the nature of the RsaA composition (26% threonine and serine) leads to a
higher number of repetitive sequences occurring than would be expected by chance.
This explains why a low Expect nhumber occurs with alignments to a membrane
glycoprotein from Equine herpesvirus which also contains a high number of
threonine and serine residues. It is only at Expect numbers of 1.8e-08, much higher
than the best expect number of 6e-14 of RsaA to itself, that random proteins begin to
show identity. Overall, the repetitive nature found here is higher than couid be
expected by chance and suggests that RsaA evolved by duplicating structural
portions of the molecule to form a larger protein.
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Table 5-4. BLAST alignment of RsaA with itself.

A

pir||A48995 paracrystalline surface layer protein RsaA - Caulcbacter crescentus
Length = 1026

Score = 573 bits (1461), Expect = e-163
Identities = 300/300 (100%), Positives = 300/300 (100%)

Query: 1 QLGATAGATTFINVAVNVGLTVLAAPTGT TTVTLANATGT SDVENLTLSSSAALAAGTVA 60
QLGATAGATTFTNVAVNVGLTVLAAPTGTTTVILANATGTSDVENLTLSSSAAL AAGTVA
Shjct: 721 QLGATAGATTFINVAVNVGLIVLAAPTGTTIVILANATGTSDVENLTLSSSAALAAGTVA 780

Query: 61  LAGVETVNIAATDINTTAHVDTLTLQATSAKSIVVIGNAGLNLTINTGNTAVTSFDASAVT 120
LAGVETVNIAATDINTTAHVDTLTLOATSAKSTVVTGNAGL NLTNTGNTAVTSFDASAVT
Shjct: 781 LAGVETVNIAATDINTTAHVDILILQATSAKSIVVIGNAGINITNIGNTAVISFDASAVT 840

Query: 121 GIGSAVIFVSANITVGEVVTIRGGAGADSLTGSATANDTTIGGAGADTIVYTGGIDIFIG 180
GIGSAVTFVSANTTVGEVVTIRGGAGADSLTGSATANDT I IGGAGADTLVYTGGTDIFTG
Sbjct: 841 GIGSAVIFVSANTTVGEVVTIRGGAGADSLTIGSATANDTTIIGGAGADTILVYTGGTIDIFIG 900

Query: 181 GIGADIFDINATIGTSTAFVTITDAAVGDKLDLVGISTNGATADGAFGAAVILGAAATIAQ 240
GTGADIFDINAIGTSTAFVIITDAAVGDKLDLVGISTNGATADGAFGAAVTLGAAATLAQ
Sbjct: 901 GIGADIFDINATGTSTAFVITTDAAVGDKLDLVGISTNGATADGAFGAAVTLGAAATIAD 960

Query: 241 YIDAAAAGDGSGTSVAKWFQFGGDTYVVVDSSAGATFVSGADAVIKLTIGLVILTTSAFAT 300
YLDAAAAGDGSGTSVAKWFQFGGDTYVVVDSSAGATFVSGADAVIKLTGLVTLTTSAFAT
Sbjct: 961 YLDAAAAGDGSGTSVAKWFQFGGDTYVVVDSSAGATFVSGADAVIKLTGLVILTTSAFAT 1020

Score = 78.4 bits (190), Expect = 6e-14
Identities = 85/318 (26%), Positives = 133/318 (41%), Gaps = 37/318 (11%)

Query: 2  LGATAGATTFINVAVNVGLTVLAAPTGIT--TVILANATGTSDVFNLTLSSSAALAAGTV 59
LAT A NAV+ G V ATGT TT+ + S  ++++++5+ G+
Shjct: 360 LTATTAAQAANNVAVDGGANVIVASTGVTSGITTVGANSAASGTVSVSVANSSTTTIGAT 419

Query: 60 ALAGVETVNIAATDINTTAHVDILTLQATSAKSIVVIGNAGLNLINTGNTAVTSFDASAV 119
A G V+HAT N V+T QA + VICN+ TA + At
Shjct: 420 AVIGGTAVIVAQTAGNA---VNTTLTQA--—-DVIVIGNSSTTAVIVIQTAAATAGATVA 472

Query: 120 TGIGSAVIF----VSANTTVGEVVTIR-GGAGADSLTGSATANDTIIG-----GAGADTL 169
AVT + T G+ T+ G GA + SA + G GG L
Shjct: 473 GRVNGAVTITDSAAASATTAGKIATVILGSFGAATIDSSALTTVNLSGTGTSLGIGRGAL 532

Query: 170 VYTGGIDIFIGGTGADIFDINATGTSTAFVTITDAAVGD---KLDLVGISINGATADGAF 226
T +T T +N + ™+T +T +AA D +++ G+ + IA
Sbjct: 533 TATPTANILT----—-- T NVNGL~TTTGATTDSEAAADDGFTTINIAGSTASSTIASLIVA 584

Query: 227 GAAVIIG————AAATIAQYLDAAAAG&SSGTSVAKWEQFGGDIWWDSSAGATEV———S 279
. A TL A T+ + M G SV T + A+ o+
Sbjct: 585 ADATTLNISGDARVIITSHTAAALTGITVINSVGATLGAELATGLVFTGGAGADSIIIGA 644

Query: 280 GADAVIKLIGLVILTTSA 297
At+ G T+T S+
Sbjct: 645 TTKATVMGAGDDIVIVSS 662
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Table 5-4 continued

Score = 66.3 bits (159), Expect = 3e-10
Identities = 94/361 (26%), Positives = 143/361 (39%), Gaps = 80/361 (22%)

Query:
Sbjct:
Query:
Sbjct:
Query:
Sbjct:
Query:
Sbjct:
Query:
Sbjct:
Query:
Sbjct:

Score = 66.

4

409

58

469

114

529

160

589

192

649

240

704

ATACATTFINVAVNVGLTVLAAPTG - ---TTTVILANAT--GTSDVFNLTLSSSAALAAG 57
A+ TT &V G V AT T+T A+ T G S +T++ +AA AG
ANSSTTTTGATAVIGGTAVIVAQTAGNAVNTTLTQADVTVIGNSSTTAVIVIQTAAATAG 468

-TVA--LAGVETVNIAATDINTTA-HVDTLTLQATSAKSTVVTGNAGI NLTNTGNTAVTS 113
™WA +G T+ +A + TIA + THIL + A +I + NI+ TG +
ATVAGRVNGAVTITDSAAASATTAGKTATVTLGSFGAATIDSSALTTVNLSGTGTSLGIG 528

FDASAVIGIGSAVTIF-VSANTTVGEV - === e o e = — = VTIRGGAGADSLITGSATANDT 159
A TT++T V+ TI G+ +I G + ++ A+ T
RGALTATPTANTLIINVNGLTTTGATTDSEAAADDGF TTINIAGSTASSTIASLVAADAT 588

IIGGAGADTLVYTGGTD- TFIGGTGADIFDINA---- 191
+ +G + T T ' FIGG GAD + A
TLNISGDARVTITSHTAAALTGITVINSVGATLGAEL ATGLVFTGGAGADSTLIGATTKA 648

——-IGTSTAFVTITDAAV-——~—~—— ~GDKLDLVGISTNGA--IADGAFGAAVTLGAAATLA 239
+G VI++ A + GD D+ + NG+ AD AFG TL
TVMGEAGDDIVIVSSATLGAGGSVNGGDGTDVLVANVNGSSFSADPAFGGEFETLRV -~ ——— 703

QYLDAARAGDGSGTSVAKWFQFGGDTYVVVDSSAGATFVSGADAVIKLUTGLVILTTSAFA 299
AP G5 + G T+ + ++AGAT + + ITL T +
————AGAAAQGSHNA-—————- NGFTALQLGATAGATTFINVAVNVGLTVLAAPTGTTIV 752

0 bits (158), Expect = 3e-10

Identities = 85/301 (28%), Positives = 121/301 (39%), Gaps = 46/301 (15%)

Query:
Sbjct:
Query:
Sbjct:
Query:
Sbjct:
Query:
Sbjct:

Query:

Sbjct:

2

172

62

220

122

264

182

309

241

368

LGATAGATTETNVAVNVGLTVLAAPTGTTTVILANATGTSDVFNLTLSSSAALAAGTVAL 61
La AT A+ LV A GT + NA T+S A T A+
LTAFVRANTPFTAAADIDLAVKAALIGT TLNAA. TVSGIGGYATATAAM 219

AGVETVNIAATDINTTAHVDTLTLQATSAKS IVVTGNAGLNLTNTGNTAVTSFDASAVIG 121
+ ++ A T+ AV T +5 S GHT  + +IG
—- INDLSDGALSTINAAGYNLFTAYPSSGVS - ———————————— -GSTLSLTTGIDILIG 263

TGSAVTFVSANTTVGEVVTIRGGAGADSLTGSATANDTI IGGAGADTLVYTCGTDTFTGG 181
T + TEV+ GEV AGA +IT DI+ GGAG DL +
TANNDTEVA- -~~~ GEV----~- AGAATLT----VGDTLSGGAGTDVLNWVOAAAVTALP 308

TGADIFDINATG~TSTAFVTITDAAVGDKLDLVGISITNGATADGAFGAAVTLGARAATIAQ 240
TG I I + TS A+T+ ++ L + +I+&A R L ATA)
TGVTISGIETMNVTSGAATTLNTSSGVTGLTALNINTSGAAQTVTAGAGONL-TATTAAQ 367

YILDAAAAGDGSGTSVAKWFQFGGDTYVVVDSSA-GATFVSGADAVIKLTGLVTLTTSAFA 299
+ A G+ +A GTV +S+A G VS A++ TG + +T
2AANNVAVDGGEANVIVASTGVTSGTTTVGANSAASGTVSVSVANSSTTTTGATAVIGGTAY 427




Table 5-4 continued

Score = 62.8 bits (150), Expect = 3e-09
Identities = 77/293 (26%), Positives = 125/293 (42%), Gaps = 38/293 (12%)

Query: 12 TNVAVNVGLTVLAAPTGTTIVILANATGTSDVENLTLSSSAAL AAGTVALAGVETVNIAA 71
™ A VL +G + T+ TGT + +++ AGVAA W
Sbjct: 230 TINRAGVNLFTAYPSSGVSGSTLSLTTGTDILIGT--ANNDTFVAGEVAGAATLIVGDTL 287

Query: 72 TDINTTAHVDTLTLQATSAKSTVVTGNAGLNLITNTGNTAVTSFDASAVIGTGSAVIFVSA 131
+ T ++ + A +A VI + + T A+T +S VIG +T' ++
Sbjct: 288 SGGAGTDVLNWVQAAAVTALPIGVTISGIETMNVISGAATTINTSSGVIG--—--LTAINT 343

Query: 132 NITTVGEVVTIRGGAGAD--SLIGSATANDTTIGGAGADTLVYTGGTDTFIGGTGADIFDI 189
NI+ G T+ GG+ +T+ AN+ + G ™ TG T +G
Sbjct: 344 NTS-GAAQTVTAGAGONLTATTAAQAANNVAVDGGANVIVASTGVT-~-——- SGITIVGA 396

Query: 190 NAIGTSTAFVITITDAAVGDKIDI VGISTNGATADGAFGAAVILGAAATIAQYIDAAAAGD 249
N + T V+ +++ +T RATA VI G A T™HAD 2AG+
Shjct: 397 NSAASGTVSVSVANSST-------—- TTTGATA-—---—- VIGGTAVIVAQ————- TAGN 435

Query: 250 GSGTSV--AKWFQFGGDTYVVVDSSAGATFVSGADAVIKLTGLVTLITTSAFAT 300
™+ A G + V + A +&E + G VI4T SA A+
Sbhjct: 436 AVNTTLTQADVTVIGNSSTTAVIVIQTAAATAGATVAGRVNGAVTITDSAARS 488

B . Smallest
High Probability
Sequences producing High-scoring Segment Pairs: Score P(N)
1. gi|477427 RsaA - Caulobacter crescentus - 1461 1.le-187
2. gi|2120535 SapB - Canpylobacter fetus 154 9.5e-17
3. gi|2120536 SapA -~ Campylcbacter’ fetus 108 1.le-11
4. gi|2114323 marbrane glycoprotein Equine herpesvirus 1 153 1.5e-11
5. gi{94640 SapA - Campylcbacter fetus 100 1.4e-10
6. gi|2983562 HlyA - Aguifex aeolicus-hemolysin protein 132 9.9e-09
7. gi|2114321 membrane glycoprotein Equine herpesvirus 1 130 1.8e-08
8. gi|3128319 hypothetical protein-Rhodobacter capsulatus 98 4.3e-08
9. gi|2606019 envelope glycoprotein - Equine herpesvirus 4 127 4.7e-08
10. gi|4063042 glycoprotein - Cryptosporidium parvum 125 8.7e-08
11. gi|790694 epimerase -Azotcbacter vinelandii 111 4.1e-07
12. gi|3128317 hypothetical protein-Rhodobacter capsulatus 102 1.4e-06
13, gi|790692 epimerase -Azotobacter vinelandii 109 1.4e-06

Table 5-4. BLAST alignment of RsaA with itself. A) Portions of the sequence of RsaA
exhibit considerable sequence similarity to other portions of the molecule. Query represents the 300
amino acid segment of RsaA from 721-1020. Sbjct represents the entire sequence of RsaA.
Numbers alongside the sequence indicate amino acid positions. The line between the Query and Sbjct
lines indicates identical amino acids with the appropriate letter code and similar amino acids with a ‘+'.
Identities refers to the number of identical amino acids shared between the sequences. Positives
refers to the combined number of identical and similar amino acids shared between the sequences.
Expect gives the possibility of the sequence alignment occurring by chance considering the current
size of the sequence databases. B) Result of BLAST search showing the closest matches to the
amino acids 721-1020. P(N) numbers are almost identical to Expect numbers for Expect
numbers<0.001 (Altschul et al., 1990).




Phylogenetic analysis of the FWC species has shown that the FWC species
can be divided into five branches. Analysis of the phylogenetic study Abraham et
al., 1999 shows that there are two branches, B and D, of the Caulobacter
phylogenetic tree that contain species with only small, 100-108, kDa S-layers (Fig 5-
3). FWC19, FWC28 and FWC31 belong to one of these branches and FWC 17
belongs to the other. These are the four strains with identical Southern blot banding
patterns (Table 5-3) suggesting that the S-layers and associated transporters of
these two branches are more closely related to each other than to the other three
branches. The three other branches show no correlation between subunit size and
evolutionary distance as they have S-layer subunit sizes ranging from small (102
kDa) to large (193 kDa). In addition to this, the species FWC6, FWC8 and FWC39,
that proved easiest to amplify the ABC-transporter by degenerate PCR, all belong to
different branches. This may simply reflect the conserved nature of the ABC-
transporter. It may be that the larger S-layers evolved separately from one another
‘and the similarities between ABC-transporters transporting large subunits (but not
found in ABC-transporters transporting small subunits) may represent convergent

evolution required to accommodate secretion of a larger subunit.
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Figure 5-3. Dendrogram derived from Caulobacter glycolipid content (Adapted
from Abraham et al, 1999). The FWC species have been organized into 5 groups with a linkage
difference of more than 0.05. * species examined in this study. Numbers in brackets refer to
the size of the S-layer subunit in kDa.




Summary

The evolutionary relationships of the S-layer subunits and associated
transporters of the different FWC species have been examined here. These resuits
are still preliminary and more work needs to be done to substantiate these
conclusions. While keeping this in mind, | will hypothesize on the evolutionary
relationships that the data presented here suggest.

The repetitive nature of RsaA suggests how the different sizes of S-layers
could have arisen among the different FWC species. The larger S-layer subunits
from such strains as FWC39 and FWC41 may consist of an even more repetitive
nature to account for the greater bulk. Larger S-layer subunits might arise from a
duplication of DNA within the gene for the subunit.

The phylogenetic analysis of the FWC species by Abraham and collegues
shows little evolutionary relatedness with regard to S-layer subunit size (Fig. 5-3).
While groups B and D contain only smaller S-layer subunits other groups contain a
range of sizes. The most pronounced difference in subunit size is found in group E
between the species with the largest (FWC 39) and the smallest (NA1000/JS3000)
subunits, yet the bacteria are very closely related according to glycolipid content.
Thus, it seems that the large S-layer subunits arose independently. The identical
amino acid changes seen in the ABC-transporters with large S-layer subunits
suggest that these amino acids may be required changes for transporting a subunit
of a large size. Further work on analyzing these differences is required before

anything conclusive can be determined, and is of great interest since this information
'would help determine the factors that must be considered when designing
recombinant proteins for secretion.

In reviewing all current data, | hypothesize that the progenitor of the six
branches of FWC species had a small (106-108 kDa) S-layer subunit and the two
branches consisting solely of small S-layer subunits represent FWC that are most
closely related to the progenitor. The S-layer subunits of the FWC species in the
other four branches may have altered their sizes more recently. The repetitive
nature of the S-layer sequence may have assisted in the duplication of sequence

segments by allowing slippage during gene replication to create larger S-layer
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subunits. Smaller subunits such as the 98 kDa NA1000 subunit may have resulted

from deletion of repeated units. It may be that to accommodate the different sized _
subunits, the ABC-transporter components must be changed at specific residues to

allow secretion of larger subunits. [f convergent evolution resulted in the similarities

found between the large subunit transporters here, then these similarities will

indicate what portions of the protein are involved in transport of the larger subunit. |

believe that the analysis of the S-layer subunits and transporters in this manner will

allow a much greater understanding of the type I secretion systems.
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Chapter 6

Identification of genes involved in the synthesis of the
O-Antigen of C. crescentus

Introduction

The S-LPS of C. crescentus is responsible for
attachment of the S-layer to the surface of the
bacterium. Disruption of proper O-antigen formation in
the S-LPS causes the RsaA molecules to slough off or
‘shed’ from the surface and assemble into sheets (Fig.
6-1). The S-LPS has been isolated and analyzed from
S-layer negative NA1000 mutants (Walker et al., 1994)
and has the same core and lipid composition as the
rough LPS (Ravenscroft et al., 1992). Further analysis
of the O-antigen (Smit, unpublished) has revealed that
the O-antigen of the S-LPS appears to be composed of
a homopolymer of a 4,6-dideoxy-4-amino-hexose.
Mass spectrometry indicates that the O-antigen has a
mass consistant with of forty of these hexose units.
This homopolymer is unusual in that a number of
different anomeric proton signals can be found when it

Figure 6-1.
layer from C. crescen-
tus. EM photo-graph of S-
layer shed from a strain with
defective S-LPS. (Photo
courtesy John Smit)

Shed S-

Wildtype

S-layer negative

S-LPS negative

Figure 6-2. cColony
Immunoblot. Example of
an immunoblot demonstra-
ting the different pheno-
types exhibited by mutants.

is analyzed by proton NMR suggesting that the
individual sugar units may not all be linked in the same
manner. Presented in this report is evidence that this
4,6-dideoxy-4-amino-hexose is, most likely, the sugar
perosamine. Perosamine is not commonly found in the
O-antigen and only a few species, including Vibrio
cholerae, Brucella melitensis and E. coli O157, contain
perosamine residues (Stroeher et al., 1995; Wang and
1998). In
glycosyltransferases have been found which may be

Reeves, addition, a number of
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the basis for the different linkages making up the homopolymeric O-antigen.

Results and Discussion

Several Tn5 mutants producing altered S-LPS were found. The screen used to
detect transport deficient mutants also detected S-LPS mutants in the NA1000 Tn5
library. On plates, these mutants exhibit a ‘halo’ of RsaA protein diffusing out from
the colonies that can be easily distinguished with an immunoblot from bacterial
colonies not shedding the S-layer (Fig. 6-2). This method was used to isolate a total
of 26 ‘shedders’ from the NA1000 Tn5 library with altered S-LPS (Fig 6-3).
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Figure 6-3. s-LPS of shedding Tn5 mutants. Silver stained polyacrylamide gel of S-
LPS extracts from representative NA1000 shedder Tn5 mutants. NA1000 shows the wildtype
form of S-LPS. JS100 is a spontaneous shedder mutant with a defective S-LPS. The large dark
band at the bottom is the rough LPS.

Southern blot analysis of these mutants has shown that mutants F1-F22
consisted of 16 different Tn5 insertions (data not shown). Further Southern blot
characterisation of the mutants showed that F8 was not a proper Tn5 insertion since
the banding pattern was incorrect when probed with Tn5. Southern blots probed
with the coding sequence of rsaA showed that the rsaA band in the mutant F21 was
not the same as wildtype. This suggested that the Tn5 mutation did not result in the
shedding phenotype, but instead a second mutation resulting in a deletion of the
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rsaA gene was responsible (data not shown). To further characterise these mutants,

Southern blot analysis using EcoRI and Sst/ was performed on the chromosomal

DNA of these mutants. Both of these enzymes do not cut Tn5 and as a result can

be used to determine if the Tn5 insertions are linked. The Southern blots were

probed with a portion of the Tn5 and the banding patterns have been summarized in

Tables 6-1 and 6-2. The results showed that the majority of these mutants have

identical banding patterns (groups C and |) and are linked. Of the remaining

mutants: F10 and F22 appear to be linked, while F3 and F9 are not linked to any of

the others (Tables 6-1 and 6-2). Four of these mutants were isolated at a later date

and were not characterised by Southern (F23-F26).

Southern blot analysis of chromosomal DNA digested using EcoRI

Mutant

Group A
8.1kb

Group B
15 kb

Group C
23 kb

Group D
30kb

Group E
35kb

Fl1

X

F2

X

F3

‘F4

F6

F9

F10

F11

F12

F14

F15

F1i9

F20

F22

X

Table 6-1. Compilation of Southern blot data from EcoRl digestion of shedder mutant
chromosomal DNA. EcoRl does not cut Tn5.

fragment of Tnb.
blots.

The Southern blots were probed with a
Mutants are grouped according the band size seen on the Southern
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Southern blot analysis of chromosomal DNA digested using Sst/

Mutant Group F Group G Group H Group I Group J Group K
93 kb 14 kb 18 kb 20 kb 21 kb 23 kb
F1 X
F2 X
F3 X
F4 ) X
F6 X
F9 X
F10 X
F11 X
F12 X
F14 X
F15 X
F19 X
F20 X
F22 _ X

Table 6-2. Compilation of Southern blot data from Sst digestion of shedder mutant
chromosomal DNA. Sstfl does not cut Tn5. The Southern blots were probed with a fragment of
Tn5. Mutants are grouped according the band size seen on the Southern blot.

Half of the Tn5 and associated chromosomal DNA from a representative of
each of these 16 groups and F23-F26 was cloned by one of two methods. The
majority of Tn5 insertions were cloned by cutting the chromosomal DNA with BamHl.
This cuts the Tn5 in half, but leaves the kanamycin resistance gene intact. This
DNA was ligated into a pUC-based vector and selected on kanamycin. This gives
an insert with Tn5 sequences on one side and chromosomal DNA on the other. A
few mutants proved resistant to this technique and were cloned using an inverse
PCR method, developed by V. Martin (Martin and Mohn, 1999). Sequencing off the
end of the Tnb revealed the insertion site of the Tn5 and this sequence was used to
search the partial TIGR C. crescentus genome library for the DNA surrounding the
Tn5 insertion site. All of the Tn5 insertion sites were found in the partial genome
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sequence. Open reading frames (ORFs) were determined using the sequence from
the partial genome and analyzed for C. crescehtus codon preference. These ORFs
were used to search the known protein databases for similar proteins using the
BLAST algorithm (Altschul et al., 1990). The genes® interrupted by the Tn5
insertions were characterised using this data (Table 6-3).

TnS mutant Similarity to known proteins Location’ ORF
group designation
F1,F7 regulator and transcription repressor Lacl gec 433 Ipsi

F2 perosamine synthetase, RfbE — V. cholerae RATI1 IpsC
F3 nucleotide sugaf epimerase/dehydratase gee 1444 IpsK
F4, F5 similarity to mannosyl transferase WbaZ - E. coli RAT1 IpsD
F6 methyl-accepting chemotaxis receptor. gee 648 orfl
F9, F13, F17 | Phosphomannomutase, RfbB — V. cholerae gee 227 IpsG
F10 none-downstream of kpsT-like ORF (O-antigen transporter) gee 279 orf2
F11 similarity to mannosyl transferase (rfb region) gee 973 IpsE
F12 similarity to mannosyl transferase WbaZ from E. coli RATI1 IpsD
F14,F16 mannose—6-phosphate isomerase gee 506 lpsH
F15,F18 similarity to mannosyl transferase WbaZ from E. coli RATI1 IpsD
F19 similarity to mannosyl trénsferasc WhbaZ from E. coli RAT1 IpsD
F20 similarity to mannosyl transferases gee 395 IpsF
F22 none-downstream of kpsT-like ORF (O-antigen transporter) gee 1290 orf2
F23 Phosphomannomutase gee 227 | IpsG
F24 galactosyl-1-phosphate transferase, WlaH C. jejuni gee 2537 IpsJ
F25 mannose—6-phosphate isomerase gee 506 IpsH
F26 Rhamnosyl transferase gec 2218 IpsL

Table 6-3. List of shedder mutants.  ORFs with similarity to sugar modification enzymes
have been given an /ps designation. * Location gives either the contig (gcc) found in the partial
Caulobacter genome or shows that the gene was found in the RAT1 fragment 3’ of rsaE and had
been sequenced while looking for the third translocator protein, RsaF.

2 For clarity the ORFs will be referred to as genes and the corresponding deduced protein sequences as proteins
even though it is acknowledged that neither assumption has been proven.
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The S-LPS synthesis genes are genetically linked to the RsaA transport genes.
Analysis of the DNA sequence around the rsaA transporter complex (see Ch. 3 and
Ch. 4) revealed 5 ORFs with coding sequences having significant similarity to S-LPS
synthesis enzymes between rsakE and rsafF(973) and one ORF 3’ of rsaF(973) was
found. The first ORF encoded a protein with similarity to GDP-D-mannose
dehydratase (Currie et al., 1995; Stroeher et al., 1995), the second ORF encoded a
protein with similarity to UDP-N-acetylglucosamine acyltransferases (Canter
Cremers et al., 1989; Vuorio et al., 1994) and the third protein had similarity to
perosamine synthetase (Bik et al., 1996; Stroeher et al., 1995). The fourth and fifth
proteins have similarities to mannosyltransferases (Drummelsmith and Whitfield,
1999; Rocchetta et al., 1998). These five ORFs have been designated IpsA, IpsB,
IpsC, IpsD and IpskE (Fig. 6-4). Another ORF, IpsF, was found 3’ of rsaF(973), and
also had similarity to glycosyl transferases (Kido et al., 1998).

Since the S-LPS is required for attachment of the S-layer, it is not that
surprising that some of the genes involved in S-LPS synthesis are physically near
rsaA and the transport genes. Smooth LPS genes have also been implicated in the
proper formation of the transport complex in some type I secretion signals
(Wandersman and Létoffé, 1993). It is thought that smooth LPS is required for
proper insertion of the OMP into the outer membrane. Sequencing of the Tn5
insertions in the shedders has shown that F2 is located within /psC and the four
different insertions F4, F12, F15, and F19 are located within /psD. The presence of
four different Tn5 mutations in /psD suggests that the Tn5 mutations are the cause
of the shedding phenotype and this gene plays a role in S-LPS synthesis. In
addition, F11 is found in IpsE and F20 is found in /psF.

Most of the remaining Tn5 insertions are also in genes that have similarity to
smooth LPS synthesis genes (Fig. 6-5, Table 6-4). Two of these insertions interrupt
genes with similarity to glycosyltransferases. Four Tn5 insertions are found in genes
that have been implicated in pathways for the production of GDP-4-keto-6-D-
deoxymannose, a precursor of GDP-L-fucose and GDP-perosamine. One insertion

appears in a gene with similarity to transcription regulators. Two other insertions are

in unknown genes.
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Organism

Caulobacter | Similar Function Identity/% | Accession
protein Proteins Similarity
LpsA GCA Pseudomonas aeruginosa GDP-mannose dehydratase 65.2/88.6 | Q51366
RfbB Synechocytis species GDP-mannose dehydratase 55.2/83.4 P72586
GMD Escherichia coli GDP-mannose dehydratase 55.7/85.0 P32054
GMD Escherichia coli 0157 GDP-mannose dehydratase 55.7/84.9 085339
LpsB YviD Bacillus subtilis Serine O-acetyltransferase 47.2/83.1 P71063
Wilal Campylobacter jejuni Serine O-acetyltransferase 37.9/83.4 086157
NeuD Escherichia coli acetyltransferase 32.4/71.2 Q46674
WbdR Escherichia coli 0157 N-acetyltransferase 30.3/72.2 085344
LpsC SpsC Synechocytis species Spore coat polysaccharide synthesis 50.0/86.1 P73981
Mth334 Methanobactium thermoautotropicum Perosamine synthetase 46.4/82.4 026434
RfbE Escherichia coli 0157 Perosamine synthetase 45.4/82.4 007894
RfbE Vibrio cholerae Perosamine synthetase 42.3/80.1 Q06953
LpsD WhbaZ-1 Archaeoblubus fulgidus Mannosy! transferase 24.3/69.8 030192
Mth332 Methanobactium thermoautotropicum | LPS biosynthesis 24.5/68.6 026432
ORF18.9 Salmonella enterica Mannosyl transferase 19.6/62.0 Q00483
ExpE4 Sinorhizobium meliloti 25.0/40.7 P96434
LpsE ORF18.9 Salmonella enterica Mannosy! transferase 26.5/89.7 Q00483
Whbaz-2 Archaeoblubus fulgidus Mannosy! transferase 24.5/64.6 029649
WhbaZ-1 Methanobactium thermoautotropicum Mannosy! transferase 24.2/66.5 030192
LpsF WbdA Escherichia coli Mannosyl transferase 19.4/66.2 066234
AF0617 Archaeoblubus fulgidus LPS biosynthesis protein 24.8/69.9 029638
Mth370 Methanobactium thermoautotropicum | LPS biosynthesis protein, RfbU -like | 29.0/65.7 026470
LpsG AlgC Pseudomonas aeruginosa phosphomannomutase 36.0/57.4 P26276
PGM Neisseria gonorrhoeae phosphomannomutase 32.9/50.6 P40390
PmmA Mycobacterium phosphomannomutase 38.0/54.2 086374
PGM Neisseria meningitidis phosphomannomutase 35.0/53.5 P40391
LpsH XanB Xanthomonas campestris Phosphomannose isomerase 38.3/71.7 P29956
ManC Yersinia enterocolitica Mannose-1-phosphate 33.2/64.0 | Q56874
guanyltransferase
RfbM Escherichia coli Mannose-I-phosphate 32.6/65.9 Q59427
guanyltransferase
Lpsl CecpA Bacillus megaterium Catabolite control protein 34.9/74.2 P46828
CcpA Bacillus subtilis Catabolite control protein 33.1/74.5 P25144
DegA Bacillus subtilis Degradation activator 33.1/74.9 P37947
Lacl Bacillus subtilis Lacl repressor like protein 30.0/72.9 034396
Lps] LpsB1 Rhizobium etli galactosyltransferase 59.7/71.0 034301
CapM Staphylococcus aureus unknown 45.7/79.6 P95706
RfbwW Vibrio cholerae galactosyltransferase 47.2/79.8 Q56624
PssA Rhizobium leguminosarum galactosyltransferase 34.6/69.2 Q52856
LpsK’ Wial Campylobacter jejuni amino sugar epimerase 43.8/79.6 | 086159
BplL Bordetella pertussis LPS biosynthesis 31.0/64.4 Q45387
LpsB2 Rhizobium etli dTDP-glucose 4,6, dehydratase 25.9/39.4 034302
CAPD Bacillus subtilis unknown 26.5/69.9 P72370
LpsL CPS23FV | Streptococcus pneumoniae Rhamnosyltransferase 29.8/51.7 086159
CPS23F1 Streptococcus pneumoniae LPS biosynthesis 29.8/51.7 AAC69532
ORF51x5 Vibrio anguillarum unknown 26.7/45.0 031012

Table 6-4. Deduced proteins involved in O-antigen synthesis and their homologues.
BLAST and FASTA alignments were used to determine identity and similarity. Percentage similarity

represents identical amino acids and conserved substitutions.
* incomplete ORF
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As shown by Southern blotting, the Tn5 insertions, F1, F2, F4, F6, F11, F12,
F14, F15, F19 and F20 are linked. Figure 6-4 shows that the Tn5 insertions F2, F4,
F11, F12, F15 and F20 are linked to the RsaA transporter genes. F1, F6, and F14
must be linked as well, but it was not possible to construct the DNA sequence of this
linkage. In addition, of the four mutants not characterised by Southern analysis, F23
is in the same ORF as F9, and F25 is in the same ORF as F14. The other two

mutants, F24 and F26, were not obviously linked to any of the other insertions.

Analysis and proposed function of individual proteins involved in S-LPS
synthesis.

A total of 14 ORFs associated with the formation of the S-LPS were found
(Table 6-4). Four of these ORFs are incomplete. A summary of the characteristics

of these ORFs is listed in Table 6-5. AII of the ORFs start with an ATG codon except

IpsH which starts with a TTG. Sequence similarity and codon preference indicate
that the TTG is the most probable start codon for /jpsH. Using the C. crescentus
promoter consensus for biosynthetic genes (Malakooti et al., 1995), possible
promoters were found 31 bp and 99 bp &' of JpsG, 52 bp 5’ of [psH, 204 bp &’ of Ips/,
154 bp 5’ of IpsJ and 63 bp & of JpsK. In some clusters of smooth LPS genes the
G+C content of the individual clusters varies with respect to the G+C content of the
bacterium suggesting recent acquisition of the genes (Fallarino et al., 1997; Fry et
al., 1998; Stroeher et al., 1995). The G+C content of these ORFs is consistent with
the average C. crescentus content of 67%.
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CRF Translation start Size Predicted joll GHC
‘ (aa) mass (kDa) %

IpsA TGTTACTGGAGTC AGCGGATACGCATG 325 36.3 6.2 65.1
1psB CATOGOGCCEEOGCTCEOGCAACTGATG 215 21.4 8.5 69.3
lpsC GAACGTGACTATGT ACT CGAATGCATG 346 37.8 5.9 63.1
IpsD CTCGATCAGGTCTTERT CTACCCGATG 346 39.1 5.7 65.2
1psk GCCTGACCTCATGAGAACGCCCGCAIG 345 38.2 5.8 65.8
1psF GOGTCTCGOCOGCCTECATCGCCCATG 430 47.0 7.5 69.1
IpsG CATCTCAACTGAAGCGAGCCTTCARTG >469 D 5.0 65.8
lpsH | CCTRAGACTGTIGTGRGGACAAGACTTG 434 45.5 4.6 67.4
IpsI CGGGCTCGCCATGACAGCCTTGTCATG 356 38.7 6.3 65.4
IpsJ | TCTGGCCTAGGOOGAGCOGECTGARTG 187 20.5 10.5 6.0
1psK TTCACCGCTTCAGAGGTTCGTITICATG >459 XD | 10.4 69.8
IpsL” | ND >336 ND 5.5 68.7
orfl” ND >352 D 6.4 73.8
orf2 | GGCCTACCGOGAARCCCAGGCOGCATG 316 34.1 10.2 72.5

Table 6-5. Characteristics of the putative S-LPS synthesis genes. Start codons

are in bold. Putative Shine-Dalgarno sequences are underlined. * - incomplete ORF. ND - not
determined because ORF is incomplete.

LpsA resembles GDP-mannose 4,6-dehydratases. The start codon for IpsA is
143 bp 3’ of rsaE. No promoter matching the consensus sequence was found
upstream of /psA, as would be expected if there is a terminator after rsaE (see
Ch.3). The LpsA sequence has up to 65.2% identity and 88.6% similarity over its
entire length to GDP-mannose 4,6-dehydratases from P. aeruginosa and E. coli.
(Table 6-4). These enzymes convert GDP-mannose to GDP-4-keto-6-
deoxymannose (Stevenson et al, 1996) as part of biosynthetic pathways
polysaccharides. One example of this is the synthesis of perosamine in V. cholerae
and E. coli O157. The significant similarity to GDP-mannose 4,6-dehydratases
suggests that this is also the function of LpsA, although no Tn5 insertion was found
in the gene.

LpsB is similar to N-acetyltransferases. The gene IpsB follows IpsA by 2 bp
suggesting that these genes are transcriptionally coupled. The protein encoded by
the gene shows significant similarity to Wlal from C. jejuni and NeuD from E. coli
(Table 6-4). Wial is involved in the synthesis of the O-antigen (Fry et al., 1998) while
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the function of NeuD is not clear, but is thought to be involved in NeuNAc transfer
(Annunziato et al., 1995). These proteins a'lso show some similarity fo the LpxA
genes from E. coli and S. enterica. The LpxA proteins are UDP-N-
acetylglucosamine O-acetyltransferases that are involved in the first step of Lipid A
biosynthesis and have 24 to 26 unique hexapeptide motifs starting with an
isoleucine, leucine or valine residue often followed by a glycine (Vaara, 1992; Vuorio
et al.,, 1994). LpsB, Wlal and NeuD contain several of these hexapeptide repeats
(Fig. 6-6). The protein WbdR from E. coli 0157 also contains these hexapeptide
repeats and has 72.2% sequence similarity to LpsB. WbdR is thought to encode an
N-acetyltransferase which converts GDP-perosamine to GDP-N-acety! perosamine
(Wang and Reeves, 1998). Since the data in this chapter suggest that the genes
involved in perosamine synthesis in E. coli O157 are also present in C. crescentus
LpsB may acetylate GDP-perosamine like WbdR.
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LpsB
Wial
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Figure 6-6. ClustalW alignment LpsB. Alignment of LpsB with Wial from C. jejuni
(Accession CAA72358) and NeuD from E. coli (ACC43301). Asterisks mark the hexapeptide
motifs found in glycosyl transferase. Identical and similar residues are boxed.

LpsC appears to be a perosamine synthetase. The gene encoding LpsC starts
74 bp 3 of IpsB, but no promoter sequence was found between IpsB and IpsC.
LpsC has considerable identity over its entire length to the rfbE and per gene
products that are thought to synthesize perosamine (Table 6-4). These proteins
likely catalyze the conversion of GDP-4-keto-6-D-deoxymannose to GDP-
perosamine (4-amino-4,6-dideoxymannose) in V. cholerae and E. coli O157
(Stroeher et al., 1995; Wang and Reeves, 1998) and show similarity to two classes
of pyridoxal-binding proteins involved in the synthesis of amino sugars similar to
perosamine. The perosamine synthetic pathway has not been proven chemically,
but the proteins suspected in the synthesis of perosamine are the only highly similar
proteins involved in O-antigen synthesis found in common between Vibrio cholerae,
and E. coli 0157 supporting these predictions (Wang and Reeves, 1998). Based on
the similarity to these genes, it is likely that LpsC is a perosamine synthetase.
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LpsD and LpsE resemble glycosyltransferases. The gene for LpsD follows /psC
by 6 bp and the gene for LpsE follows /psD by 13 bp, suggesting that all three genes
are part of a polycistron. Both LpsD and LpsE have significant similarity to the
WbaZ proteins (Fig 6-7). These proteins also have similarity to the RfbU related
proteins, but size and amino acid similarity indicates that the WbaZ-like protein are a
separate family. WbaZ is a known mannosyltransferase in S. enterica (Liu et al.,
1993). It seems likely that LpsD and LpsE function to link perosamine monomers to
the O-antigen with each providing a different form of linkage.

LpsF is similar to perosamine transferases. The gene for LpsF is separated from
IpsABCDE by rsaF and is transcribed in the opposite orientation. LpsF, like LpsD
and LpsE, appears to be a mannosyltransferase, but has greater similarity to the
RfbU family. The similarity to mannosyltransferases is much less than that seen
with LpsD and LpsE, but it does have significant similarity to the C-terminal of E. coli
mannosyltransferases, WbdB and WbdA (Kido et al., 1998; Sugiyama et al., 1998)
and RfbU, from V. cholerae (Wang and Reeves, 1998). RfbU, from V. cholerae, is
known to transfer a perosamine residue onto the growing O-antigen chain. These
proteins contain a signature motif that is also found in LpsF (Fig 6-8). This motif
consists of the sequence EX[XF]GXXXXE[AG] with a serine preceding the motif by 3
to 5 residues (Geremia et al., 1996; Rocchetta et al., 1998). Again, it seems likely
that LpsF acts to add perosamine residues onto the O-antigen.
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Figure 6-8. Clustalw alignment of LpsF with a number of known mannosyl
transferases. The mannosyl transferase motif is boxed. The conserved serine is marked with
*. RfbU -Vibrio cholerae (Accession Y07788), RfbU — E. coli (BAA31838), WbdA, WbdB - E. coli
(D43637). Identical and similar residues are boxed. ldentical residues have dark shading. Similar
residues have light shading. The consensus sequence is located below the alignment.
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LpsG is similar to phosphomannomutases. Two Tn5 insertions mutants had
interrupted LpsG genes. The LpsG gene does not appear to be linked to any of the
other Ips genes (Table 6-1 and Table 6-2). This protein has very high identity along
its entire length to a number of phosphomannomutase enzymes suggesting that this
is the function of LpsG (Table 6-4). Phosphomannomutase converts mannose-6-
phosphate to mannose-1-phosphate and is one of the enzymes implicated in
perosamine synthesis (Stroeher et al., 1995; Wang and Reeves, 1998).

LpsH may have a dual function as a phosphomannoisomerase and mannose-
1-phosphate guanyltransferase. Two shedder mutants have Tn5 insertions within
IpsH that result in loss of proper O-antigen production. It was not possible to link this
gene with the RsaA transport genes using the TIGR Caulobacter genome sequence,
but Southern analysis showed that /psH is linked (Table 6-1 and Table 6-2). LpsH
has significant identity over its entire length to a large family of enzymes that have
dual functions as a phosphomannoisomerase and mannose-1-phosphate
guanyltransferase (Table 6-4) Both functions are required for the synthesis of
perosamine (Stroeher et al., 1995) and are probably also performed by LpsH in C.
crescentus. These functions are split up in E. coli 0157 into the manA and manC
genes (Wang and Reeves, 1998).

Lpsl has similarity to the Lacl repressor family. The TnS insertion in mutant F1
interrupts /psl. Southern blot analysis indicated that this insertion is linked to the
Rsa locus. This insertion has a different phenotype than every other shedder Tn5
insertion. Analysis of the O-antigen by SDS-PAGE and silver staining reveals that a
lower amount of O-antigen is produced by this mutant. Analysis of Lpsl indicates
that the highest degree of identity is with CcpA, the catabolite control protein in
Bacillus subtilis. CcpA represses carbohydrate utilization enzymes such as o-
amylase and acetyl coe'nzyme A synthetase and has a positive regulatory affect on
excess carbon excretion proteins such as acetate kinase (Henkin et al., 1991).
Lower sequence identity is found to a number of Lacl repressor-like proteins (Table

6-4). Analysis of the genes adjacent to Ips/ revealed the presence of analogues of




glucokinase, 6-phosphogluconate dehydratase and glucose-6-phosphate-1-
dehydrogenase enzymes involved in basic metabolic pathways. This positioning
suggests that Lpsl may regulate the transcription of these genes. If Lpsl has a
repressor effect on these enzymes it could slow the production of O-antigen as
glucose-6-phosphate would tend not be shunted into the perosamine synthetic
pathway. Instead, it would be used for energy production in central metabolism.

LpsJ is similar to galactosyl transferases. The Tn5 insertion F24 interrupts a
gene with sequence similarity to several galactosyl transferases (Fig. 6-9). These
enzymes appear to transfer the first sugar residue (usually a galactose) to
undecaprenol phosphate, the lipid precursor. RfbW is one of these enzymes and its

210 220 230 240 250

k|H
s|lkKleghv ttek £fngkn

Figure 6-9. cClustalw alignment of LpsJ with putative galactosyltransferases.
RfbW-V. cholerae (Accession Y07788), LpsB1-R.etli (U56723), WilaH-C. jejuni (CAA72357),
WbIG - Bordetella pertussis (X90711). Identical and similar residues are boxed. Identical residues
have dark shading. Similar residues have light shading. The consensus sequence is located below
the alignment.
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sequence is 47.2% identical and 79.8% similar to LpsJ over 144 amino acids. RfbW
is involved in the synthesis of the perosémine homopolymer making up the O-
antigen of V. cholerae O1 (Fallarino et al., 1997) suggesting that RfoW may transfer
the first perosamine to the lipid precursor. In C. crescentus, LpsJ may initiate the
formation of the O-antigen by attaching the first sugar residue (probably a
perosamine) to the undecaprenol phosphate.

LpsK has sequence similarify to amino sugar synthesis enzymes. The mutant,
F3, has an interruption in JpsK. It was only possible to determine the sequence for
the 5’ end of [psK from the TIGR genome. The partial sequence of LpsK is similar to
a number of large proteins, usually consisting of over 600 amino acids, suggesting
that approximately 150 amino acids are missing from the C-terminal of the LpsK
coding sequence (Fig 6-10). There is still considerable similarity, especially in the
middle of the protein, to WiaL, RfbV and WIbL from C. jejuni, V. cholerae O1 and B.
pertussis. These proteins contain 5 hydrophobic, predicted transmembrane
domains in the N-terminus. The central portion contains an NAD-binding site and is
homologous to UDP-glucose-4-epimerases. Two motifs have been implicated in
binding of NAD in these proteins, GXGXXG and GAGGSIG (Fallarino et al., 1997).
As seen in Fig 6-10, the second motif is found in all the proteins, but the first only
occurs in RfbV and WIbL suggesting that not all members of this family c;ontain this
motif. The C-terminal 300 amino acids of these proteins have identity with dTDP-
glucose 4,6-hydratases (Bechthold et al., 1995; Linton et al., 1995). These proteins
are usually associated with synthesizing amino 6-deoxy and dideoxy sugars involved
in LPS synthesis or extracellular polysaccharides and probably perform multiple
functions to account for the 3 domains. LpsK was not found linked to the other O-
antigen synthesis genes. This may indicate that LpsK is involved in the synthesis of
a core sugar, possibly the terminal core sugar. Interruption of this gene may prevent
attachment of the O-antigen to the core, resulting in the observed shedding
phenotype.
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Figure 6-10. Clustalw alignment of LpsK. The first NAD binding motif is underlined.
The second NAD motif is boxed. Only RfbV and WIbL contain the first motif. Only a partial
sequence of LpsK has been deduced and the alignment is truncated after the LpsK sequence.
RfbV - V. cholerae (Accession Y07788), WlaL — C. jejuni (CAA72360), WIbL — B. pertussis
(X90711)

87



LpsL may be a glycosyltransferase. - The mutant F26 has an insertion in /psL.
This gene is 5’ to an ORF with similarity to exsG which was implicéted in
extracellular polysacbharide synthesis (Becker et al., 1995). The LpsL amino acid
sequence is 29.8% identical and 51.7% similar over a range of 87 amino acids to a
putative rhamnosyl transferase in Streptococcus pneumoniae (Table 6-4).
Rhamnose is a 6-deoxy derivative of mannose, as is perosamine, suggesting that
LpsL may be another perosamine transferase. |

The functions of some of the Tn5-interrupted genes are still unidentified. The
Tn5 insertions F22 and F10 interrupt an ORF with no identity to any known protein.
But 5’ of this ORF is an ORF corresponding to an ABC-2 transporter. These
transporters are known to transport extra-cellular polysaccharides and O-antigens
through the cytoplasmic membranes (Whitfield, 1995). Unlike the ABC transporters
of the type I secretion systems, the ABC and transmembrane domains consist of
separate proteins. It is possible that the ORF interrupted by F10 and F22 represents
the transmembrane protein part of the ABC-2 transporter, but hydropathy analysis
does not suggest that this protein contains transmembrane segments. The ABC-2
~ transporters are often found adjacent to genes involved in polysaccharide synthesis,
therefore it may be that the ORF interrupted by the F10 and F22 mutants is also
involved in polysaccharide synthesis.

The Tn5 insertion F6 interrupts orf1 which has similarity to a chemotaxis
receptor (Ward et al., 1995). CheY, a chemotaxis regulator, is found linked to a
number of O-antigen synthesis genes with similarity to /psJ, IpsB, IpsC and IpsK in
C. jejuni. It may be that the genes involved in chemotaxis are found close to the O-
antigen synthesis genes in C. crescentus and that the F6 insertion haé a polar effect
on downstream S-LPS genes. It is also possible that this ORF has nothing to do
with LPS synthesis and the Tn5 insertion may not cause the shedding phenotype.
Instead, a second mutation may cause the altered phenotype.
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Summary

As stated at the beginning of the chapter, it seems likely that the S-LPS of C.
crescentus is a fixed length homopolymer of approximately forty 4,6-dideoxy-4-
amino-hexose residues. Proton NMR anomeric traces suggest that the linkages
between the hexose residues may not all be identical. Several of the genes
discussed in this chapter are similar to genes found in the synthesis of perosamine
in V. cholerae and E. coli 0157 (Stroeher et al.,» 1995; Wang and Reeves, 1998) and
as perosamine is a 4,6-dideoxy-4-amino-hexose, it seems likely that the O-antigen
of C. crescentus consists of perosamine residues. All of the enzymes responsible
for perosamine synthesis can be found in the /ps genes listed above. Four enzymes
are involved in converting fructose-6-phospate to perosamine (Fig. 6-11). The first
enzyme in the pathway described by Stroeher et al (1995) is a
phosphomannoisomerase, RfbA. Mutants F25 and F14 are located in LpsH which
has significant similarity to RfbA. The second step in the pathway is performed by
the enzyme RfbB, a phosphomannomutase. Two TnS mutants, F9 and F23, are in
the gene for LpsG, an enzyme with considerable similarity to RfbB. The third step in
the pathway is catalyzed by RfbA. RfbD, a GDP-mannose 4,6-dehydratase,
catalyses the fourth reaction. No Tn5 insertion has been found in a gene with
similarity to RfbD, but the coding sequence of C. crescentus gene immediately 3’ of
rsakE, IpsA, shows considerable similarity to RfbD. The last step of the process
requires RfbE, the perosamine synthetase. LpsC presumably fulfills this role in C.
crescentus, and the shedding mutant F2 has a Tn5 insertion in the LpsC gene.

Two more genes need to be considered as part of the perosamine pathway in
C. crescentus (Fig. 6-11). Bacteria using the Embden-Meyerhof-Parnas pathway
require phosphoglucoisomerase as part of the pathway leading into the bottom half
of glycolysis, but C. crescentus uses the Entner-Doudoroff glycolytic pathway
instead (Riley and Kolodziej, 1976) and as such would not be expected to normally
have the enzyme phosphoglucoisomerase for converting glucose-6-phosphate to
fructose-6-phosphate. But C. crescentus requires phosphoglucoisomerase if it
makes perosmaine by the pathway described here (Fig 6-11). None of the Tn5 hits
were found in such a gene, so the TIGR Caulobacter genome was searched for a

phosphoglucoisomerase analogue and one was found in contig gcc_2205. A
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second enzyme, glucokinase, is required for converting glucose to glucose-6-
phophate. A glucokinase analogue was found next to the F1 Tn5 insertion in the
potential repressor Ipsl. From the position of /ps/ may be deduced that Lpsl has a
regulatory effect on the synthesis of glucokinase. Interruption of Lpsl by the F1
insertion may alter the expression of glucokinase, which in turn would affect
perosamine synthesis, resulting in the phenotype seen in the F1 mutant (less O-
antigen). These data suggest that C. crescentus contains all the genes necessary
for the synthesis of perosamine. Furthermore, 5 separate Tn5 insertions in 3 of the
ORFs cause loss of O-antigen synthesis, strengthening the argument that
perosamine makes up the O-antigen of the S-LPS.

Six of the Tn5 insertions appear to be in glycosyltransferases (lpsD, IpsE,
IpsF, Ipsd, and IpsL) (Fig. 6-4). This is would be expected since proton NMR
suggests there are a number of different linkages between the sugars in the O-
antigen. The similarities of LpsJ to galactosyltransferases, which transfer the initial
sugar to the lipid precursor, suggest that LpsJ may initiate the first addition of a
sugar to the undecaprenol phosphate. The S-LPS chemical composition suggests
that this first sugar is a perosamine, but it is possible that it is galactose. Galactose
is found in the core and it is possible that traces found during analysis of the O-
antigen would be attributed to contamination from the core.

LpsK may be involved in the synthesis of a sugar residue. As all the enzymes
for the synthesis of perosamine are accounted for in the other /ps genes, LpsK may
synthesize an unidentified sugar in the O-antigen (possibly an initial galactose linked
by LpsJ) or a sugar in the LPS core. - |

O-antigens are elongated at either the reducing terminus or the non-reducing.
terminus. If the O-antigen elongates at the reducing terminus, individual sugars are
‘flipped’ across the cytoplasmic membrane by a flippase enzyme and the O-antigen
is assembled in the periplasm. [f synthesis of the O-antigen occurs at the non-
reducing terminus, the chain elongates in the cytoplasm and an ABC-2 transporter is
required to transport the O-antigen chain across the cytoplasmic membrane
(Whitfield, 1995). If the ABC-2 transporter upstream of the F10 and F22 insertions is
involved in the transport of the O-antigen, it suggests that the O-antigen is elongated
by polymerization at the non-reducing terminus. The O-antigen would then be




transported through the cytoplasmic membrane by the ABC-2 transporter where it
would then be transferred to the lipid-A core.

While it has not been proven that any of the ORFs listed here are required for
O-antigen synthesis, the presence of multiple Tn5 insertions in some of the ORFs
confirms that the Tn5 is responsible for causing the defective S-LPS phenotype and
the interrupted OREF is very likely a gene involved in making the S-LPS.
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Chapter 7
Conclusions and Future Considerations

The attachment and secretion of the S-layer appear to be linked, although
RsaA can be secreted even when the S-LPS is defective and the S-layer cannot
attach to the surface. While searching for the secretion components, genes
involved in the synthesis and assembly of the S-LPS were found linked to the
transport complex. In prokaryotes, genetic linkage often implies linkage of the
function. In this case, the most obvious link is that the S-LPS is required for
attachment of the S-layer. Since C. crescentus is a non-pathogenic bacterium, the
only apparent function for the S-LPS is to allow attachment of the S-layer to the
outer membrane. As such, it seems likely that the bacterium coordinates production
of the S-layer and S-LPS and that clustering of the genes allows better control.
Similar linkages between the S-LPS and S-layer translocation have been found in
Acinetobacter sp. and Aeromonas salmonicida (Belland and Trust, 1985; Thorne et
al., 1976). A linkage between type I secretion systems and S-LPS has also been
found. Three genes involved in the synthesis of the smooth LPS have also been
implicated in the secretion of a-hemolysin from E. coli (Stanley et al., 1993;
Wandersman and Létoffé, 1993). It is suspected that these genes are required for
-the proper insertion of the OMP component in the outer membrane.

RsaA is secreted by a type I secretion mechanism. All three main components
of this system have been found and all are linked to the rsaA gene although the
OMP gene is separated from the others by 5 kb. These genes are similar to a
number of other type I secretion mechanisms. The highest similarity was found to
systems secreting proteases and lipases from P. aeruginosa, E. chrysanthemi and
S. marcescens. The identity between these systems is high enough that the
proteases, AprA and PrtB, were successfully secreted by the RsaA transport
machinery. The genetic arrangement of the RsaA transporter genes is unusual.
Typically, either all three genes are on either side of the substrate gene or the OMP
gene is unlinked to the rest of the genes. In the RsaA transport system, 5 genes are
found between the MFP and the OMP, an arrangement that has not been found
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before. These 5 genes appear to be required for the synthesis of the O-antigen.

Another unusual finding was the presence of a homologous ORF of the OMP
component found elsewhere in the genome. This homologue has 60% identity to
rsaF, but is not required for the secretion of RsaA. The function of this homologue
remains to be discovered or even if the gene produces a functional protein.

RsaA accounts for a large portion of the cellular protein (10 to 12%). As far
as can be determined, the RsaA secretion machinery secretes a larger fraction of
total cell protein than any other known type I secretion mechanism. This high level
of protein production is apparently necessary to keep the cell completely covered
with S-layer at all times and is similar to the levels noted for other bacterial S-layer
proteins (Messner and Sleytr, 1992). This means that the RsaA secretion machinery
is either more efficient than that of other type I secretion systems or that a larger
number of transport complexes exist in the membranes or a combination of both
factors. This question is an important one to answer from a fundamental research
perspective, to address such things as what makes a secretion apparatus more
efficient. It is also important because some current research is engaged in
evaluating the potential of the S-layer protein secretion system for the secretion of
heterologous proteins and peptides in a biotechnological context (Bingle et al.,
19973, Bingle et al., 1997b), where increased levels of secretion has obvious utility.

Now that the genes involved in the transport of RsaA have been discovered, it
will be possible to address such issues. For example, gene duplications of the
transporter genes can be made to see if more copies of the transporter components
increase secretion. In addition, with the genes in hand it will be possible to produce
and isolate the individual components and make antisera against them. Antibodies
can then be used to assess the amount of protein present in the cell.

Most of the genes involved in O-antigen synthesis are linked to the transporter
genes. In addition to the O-antigen synthesis genes mentioned above, a number of
other genes involved in O-antigen synthesis have been found by Tn5 mutagenesis.
While the linkage pattern of these genes was not as obvious, Southern blot analysis
showed that the majority of the Tn5 insertions found were linked to the transporter

genes as well. However, it was not demonstrated that all of the Tn5 insertions were




as closely linked to the transporters. As the Southern analysis of the Tn5 insertions
only used two restriction enzymes, further analysis may prbve that these other
genes are also linked. Usually, all the genes involved in the synthesis of the O-
antigen are linked on a 20-30kb fragment of DNA. Sequencing further, past IpsF,
should reveal other genes involved in O-antigen synthesis, possibly including genes
not found here by Tn5 mutagenesis.

vPerosamine appears to be the major cbmponent of the O-antigen. Analysis of

the O-antigen showed that it is composed of a 4,6, dideoxy-4-amino-hexose, of
which perosamine is an example. It was shown in this report that all the genes
required for the synthesis of perosamine are found in the genome of C. crescentus.
Furthermore, three of these genes were disrupted by transposon mutagenesis
leading to an altered O-antigen. It is reasonable to conclude from these data that
perosamine is the 4,6, dideoxy-4-amino-hexose seen in the chemical analysis of the
O-antigen. |

Séveral glycosyltransferases are involved in the synthesis of the O-antigen.
NMR analysis of the O-antigen revealed a number of different anomeric proton
signals, suggesting that there are several different linkages between the sugar
residues. This implies the presence of muitiple glycosyltransferases to produce
these linkages. A number of Tn5 insertions altering the O-antigen were found in
genes with similarity to mannosyltransferases. Since perosamine is a derivative of
mannose the transferases are probably highly similar and this has been found with
the perosamine transporter, RfbV from E. coli 0157 (see Ch. 6). One Tn5 insertion
interrupts a gene with similarity to galactosyltransferases that transfer the first sugar
residue to the lipid precursor of the O-antigen. It may be that this enzyme, LpsJ,
transfers a galactose to the lipid precursor as a first step in the growing O-antigen.
Alternatively, since perosamine is an isomer of galactose, a perosamine may be the
first residue of the O-antigen chain. Galactose may have been missed in the
analysis of the O-antigen since it is also found in the core and a slightly increased
level, relative to other core sugars, would have gone unnoticed.
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Several other genes involved in the proper formation of the smooth LPS have
also been found. One, IpsK, may be involved in synthesis of a core or O-antigen
sugar. Another, Ips/, appears to code for a transciption repressor that affects
smooth LPS production. Tn5 insertions interrupting O-antigen synthesis were found
in two ORFs with no similarity to any known proteins. Two of these insertions are 3’
of an ORF coding for an ABC-2 transporter. ABC-2 transporters export O-antigens
and extracellular polysaccharides. If this is the ABC-2 transporter that exports the
O-antigen, it suggests that the O-antigen is synthesized in the cytoplasm by addition
of sugar residues to the non-reducing terminus.

The information provided here should assist in determining the correct
structure of the S-LPS and may also allow the attachment site(s) of the O-antigen to
RsaA to be determined. A number of possibilities present themselves for future
steps in analysis of the S-LPS. The first obvious step is to isolate the DNA
containing the genes IpsGHIJKL and determine how closely they are linked.
Sequencing of this DNA may reveal other genes involved in O-antigen synthesis and
possibly synthesis of the core (for example LpsK may be involved in synthesis of a
core sugar and the DNA surrounding it may contain the remaining synthesis genes).
The other obvious experiment is to knock-out LpsA and LpsB and confirm that they
are involved in the synthesis of the O-antigen.

There may be more genes involved in the synthesis of the O-antigen that
were not found when screening the Tn5 library. For example, interruption of O-
antigen synthesis genes that did not result in complete detachment of the S-layer
may have been missed by the screen. An example of this might be enzymes
involved in the transfer 6f the sugar residues that are not involved in the attachment
of process. | ,

| The S-layer lies very close to the outer membrane of the bacterium as seen in
electron micrographs (Smit et al, 1981, Smit et al, 1984). If the O-antigen consisted
of a single chain, it would be 40 residues long; long enough to span the distance
between the S-layer and outer membrane numerous times. This suggests that the

" S-layer either attaches to several points along the chain (Fig 1-4) or the O-antigen

has multiple branches. Selective mutation of the various transferases, or by using




the Tn5 mutants, should allow one to determine which of these possibilities is correct
by analyzing the different sized O-antigens that are produced.

Summary

RsaA, the S-layer subunit of C. crescentus, is transported by a type I
secretion system involving three proteins, an ABC-transporter, a periplasmic
spanning Membrane Forming Protein and an outer membrane protein.

It was shown that a number of other FWC species also contain type 1
secretion systems that probably secrete the S-layer subunit. The evolutionary
relationships of these type 1 secretion systems and the S-layer subunit genes was
examined.

A number of genes involved in the synthesis of the smooth LPS were found.
Some of these genes code for enzymes involved in the synthesis of perosamine, the
likely major component of the O-antigen. Other genes code for the
glycosyltransferases that link the sugar residues of the O-antigen to each other.
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Appendix 1

RAT fragment-rsaADE, IpsABCDE, rsaF, IpsF

LOCUS

DEFINITION

ACCESSION
VERSION
KEYWORDS
SOURCE

ORGANISM

REFERENCE
AUTHORS
TITLE

JOURNAL
MEDLINE
REFERENCE
AUTHORS
TITLE

JOURNAL
MEDLINE
REFERENCE
AUTHORS
TITLE

JOURNAL
MEDLINE
REFERENCE
AUTHORS
TITLE

JOURNAL
REFERENCE
AUTHORS
TITLE
JOURNAL

FEATURES

source

gene

NA1OOORATX 16458 bp DNA BCT
Caulobacter crescentus sstl, S-layer subunit
ABC-transporter (rsaD), Membrane Forming Unit (rsaE), putative
GDP-mannose-4, 6-dehydratase (LpsA), putative acetyltransferase
(LpsB), putative perosamine synthetase (LpsC), putative
mannosyltransferase (LpsD), putative mannosyltransferase
Outer membrane protein (rsaF),
(LpsE) genes, complete cds.
NA1QOOORATX

07-0CT-1999
(rsadh),

(LpsE),
and putative perosamine transferase

Caulobacter crescentus.

Caulobacter crescentus )
Bacteria; Proteobacteria; alpha subdivision; Caulobacter group;
Caulobacter.

1 (bases 1230 to 2387)

Fisher,J.A., Smit,J. and Agabian,N.

Transcriptional analysis of the major surface array gene of
Caulcobacter crescentus
J. Bacteriol. 170 (10),
89008089

2 (bases 1336 to 4645)
Gilchrist,A., Fisher,J.A. and Smit,J.

Nucleotide sequence analysis of the gene encoding the Caulobacter
crescentus paracrystalline surface layer protein

Can. J. Microbiol. 38 (3), 193-202 (1992)

93007489 :

3 (bases 1 to 16458)

Awram, P. and Smit,J.

The Caulobacter crescentus paracrystalline S-layer protein is
secreted by an ABC transporter (type I) secretion apparatus

J. Bacteriol. 180 (12), 3062-3069 (1998)

98292737

4 (bases 1 to 16458)

Awram, P.A. and Smit,J.K.

Identification of Genes involved in the Synthesis of the Smooth
Lipopolysaccharide

Unpublished

5 (bases 1 to 16458)

Awram, P.A.

Direct Submission

4706-4713 (1988)

Submitted (07-0CT-1999) Microbiology and Immunology, University of
British Columbia, 300-6174 University Blvd, Vancouver, BC V6T 1Z3,
Canada :

Location/Qualifiers

1..16458

/organism="Caulobacter crescentus"
/strain="NA10Q00"

complement (227..799)

/gene="sstl"
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CDS

gene

CDS

gene

CDS

/note="unknown"

complement (227..799)

/gene="sstl"

/note="unknown"

/codon_start=1

/transl_table=11

/product="Sst1"
/translation="MAAQVLSFFQRSPRYAPQPADWSQQELAEFYRVESALIRAGIRV
GTDRGLSDENEPWFVFYRADDGEVVIHFARIDGEYLIAGPAYEEIARGFDFTSLVRNL
VARHPLIRRSDSGSNLSVHPAALLVAVVGTAFFKTGEARAAETGQSNATSGHNRPVLL
SSSSNASLNDRCRAGRLPAARLCLGATAGQ"

1443..4523
/gene="rsaA"
1443..4523

/gene="rsaA"

/citation=[1]

/citation=[2]

/codon_start=1

/transl table=11

/product="S layer subunit"
/translatlon—"MAYTTAQLVTAYTNANLGKAPDAATTLTLDAYATQTQTGGLSDA
AALTNTLKLVNSTTAVAIQTYQFFTGVAPSAAGLDFLVDSTTNTNDLNDAYYSKFAQE
NRFINFSINLATGAGAGATAFAAAYTGVSYAQTVATAYDKIIGNAVATAAGVDVAAAV
AFLSRQANIDYLTAFVRANTPFTAAADIDLAVKAALIGTILNAATVSGIGGYATATAA
MINDLSDGALSTDNAAGVNLFTAYPSSGVSGSTLSLTTGTDTLTGTANNDTFVAGEVA
GAATLTVGDTLSGGAGTDVLNWVQAAAVTALPTGVTISGIETMNVTSGAAITLNTSSG
VIGLTALNTNTSGAAQTVTAGAGONLTATTAAQAANNVAVDGGANVTVASTGVTSGTT
TVGANSAASGTVSVSVANSSTTTTGAIAVTGGTAVTVAQTAGNAVNTTLTQADVTVTG
NSSTTAVITVTQTAAATAGATVAGRVNGAVTITDSAAASATTAGKIATVTLGSFGAATI
DSSALTTVNLSGTGTSLGIGRGALTATPTANTLTLNVNGLTTTGAITDSEAAADDGET
TINIAGSTASSTIASLVAADATTLNISGDARVTITSHTAAALTGITVTNSVGATLGAE
LATGLVFTGGAGADSILLGATTKAIVMGAGDDTVTVSSATLGAGGSVNGGDGTDVLVA
NVNGSSFSADPAFGGFETLRVAGAAAQGSHNANGFTALQLGATAGATTFTNVAVNVGL
TVLAAPTGTTTVTLANATGTSDVENLTLSSSAALAAGTVALAGVETVNIAATDTNTTA
HVDTLTLQATSAKSIVVTGNAGLNLTNTGNTAVTSFDASAVTGTGSAVTFVSANTTVG
EVVTIRGGAGADSLTGSATANDTIIGGAGADTLVYTGGTDTFTGGTGADIFDINAIGT
STAFVTITDAAVGDKLDLVGISTNGAIADGAFGAAVTLGAAATLAQYLDAAAAGDGSG
TSVAKWFQFGGDTYVVVDSSAGATFVSGADAVIKLTGLVTLTTSAFATEVLTLA"
4766..6502

/gene="rsaD"

4766..6502

/gene="rsaD"

/note="ABC-transporter of RsaA type I secretion system"
/codon_start=1

/transl table=11

/product*"ABC transporter"”
/translatlon—"MFKRSGAKPTILDQAVLVARPAVITAMVFSFFINILALVSPLYM
LOVYDRVLTSRNVSTLIVLTVICVFLFLVYGLLEALRTQVLVRGGLKFDGVARDPIFK
SVLDSTLSRKGIGGQAFRDMDQVREFMTGGLIAFCDAPWTPVFVIVSWMLHPFFGILA
ITACIIIFGLAVMNDNATKNPIQMATMASIAAQNDAGSTLRNAEVMKAMGMWGGLQAR
WRARRDEQVAWQAAASDAGGAVMSGIKVFRNIVQTLILGGGAYLAIDGKISAGAMIAG
SILVGRALAPIEGAVGQWKNYIGARGAWDRLQTMLREEKSADDHMPLPEPRGVLSAEA
ASILPPGAQQPTMRQASFRIDAGAAVALVGPSAAGKSSLLRGIVGVWPCAAGVIRLDG
YDIKQWDPEKLGRHVGYLPQDIELFSGTVAQNIARFTEFESQEVIEAATLAGVHEMIQ
SLPMGYDTAIGEGGASLSGGQRQRLALARAVFRMPALLVLDEPNASLDQVGEVALMEA
MKRLKAAKRTVIFATHKVNLLAQADYIMVINQGVISDFGERDPMLAKLTGAAPPQTPP
PTPPPAPLQRVQ"




gene

CDS

gene

CDS

gene

CDS

gene

CDS

gene

CDS

6570..7880

/gene="rsak"

6570..7880

/gene="rsak"

/note="MFP of RsaA type I secretion system"

/codon_start=1

/transl table=11

/product="Membrane Forming Unit" _
/translation="MKPPKIQRPTDNFQAVARIGYGIIALTFVGLLGWAAFAPLDSAV
TIANGVVSAEGNRKTVQHLEGGMLAKILVREGEKVKAGQVLFELDPTQANARAGITRNQ

. YVALKAMEARLLAERDQRPSISFPADLTSQRADPMVARAIADEQAQFTERRQTIQGQV

DLMNAQRLQYQSEIEGIDRQTQGLKDQLGFIEDELIDLRKLYDKGLVPRPRLLALERE
QASLSGSIGRLTADRSKAVQGASDTQLKVRQIKQEFFEQVSQSITETRVRLAEVTEKE
VVASDAQKRIKIVSPVNGTAQNLRFFTEGAVVRAAEPLVDIAPEDEAFVIQAHFQPTD -
VDNVHMGMVTEVRLPAFHSREIPILNGTIQSLSQDRISDPONKLDYFLGIVRVDVKQL
PPHLRGRVTAGMPAQVIVPTGERTVLQYLFSPLRDTLRTTMREE"

8020..8997

/gene="LpsA"

8020..8997

/gene="LpsA"

/codon_start=1

/transl_table=11

/product="putative GDP-mannose-4,6-dehydratase"
/translation="MAKTALITGVTGQDGAYLAKLLLEKGYTVHGMLRRSASADVIGD
RLRWIGVYDDIQFELGDLLDEGGLARLMRRLOPDEVYNLAAQSFVGASWDQPHLTGSV
TGLGTTNMLEAVRLECPQARFYQASSSEMYGLVQHPIQSETTPFYPRSPYAVAKLYAH
WMTVNYRESFGLHASAGILFNHESPLRGIEFVTRKVTDAVAAIKLGQQKTVDLGNLDA
KRDWGHAKDYVEAMWLMLQQETPDDYVVATGKTWIVRQMCEVAFAHVGLNYQDHVTIN
PKFLRPAEVDLLLGDPAKAKAKLGWEPKTTMQOMIAEMVDADIARRSRN"
8997..9644

/gene="LpsB"

8997..9644

/gene="LpsB"

/codon_start=1

/transl_table=11

/product="putative acetyltransferase"
/translation="MSASLAIGGVVIIGGGGHAKVVIESLRACGETVAAIVDADPTRR
AVLGVPVVGDDLALPMLREQGLSRLFVAIGDNRLRQKLGRKARDHGFSLVNAIHPSAV
VSPSVRLGEGVAVMAGVAINADSWIGDLAIINTGAVVDHDCRLGAACHLGPASALAGG
VSVGERAFLGVGARVIPGVTIGADTIVGAGGVVVRDLPDSVLAIGVPAKIKGDRS"
9716..10756

/gene="LpsC"

9716..10756

/gene="LpsC"

/codon_start=1

/transl_table=11

/product="putative perosamine synthetase"
/translation="MDTTWISSVGRFIVEFEKAFADYCGVKHAIACNNGTTALHLALV
AMGIGPGDEVIVPSLTYIASANSVTYCGATPVLVDNDPRTEFNLDAAKLEALITPRTKA
IMPVHLYGQICDMDPILEVARRHNLLVIEDAAEAVGATYRGKKSGSLGDCATFSFFEGN
KIITTGEGGMITTNDDDLAAKMRLLRGQGMDPNRRYWFPIVGFNYRMTNIQAAIGLAQ
LERVDEHLAARERVVGWYEQKLARLGNRVTKPHVALTGRHVFWMYTVRLGEGLSTTRD
QVIKDLDALGIESRPVFHPMHIMPPYAHLATDDLKIAEACGVDGLNLPTHAGLTEADI
DRVIAALDQVLV" ’

10760..11797

/gene="LpsD"
10760..11797




gene

CDS

gene

CDS

gene

CDs

/gene="LpsD"

/codon_start=1

/transl table=11

/product="putative mannosyltransferase"
/translation="MRIVLLSSIVPFINGGARFIVEWLEEKLIEAGHEVERFYLPFVD
DPNEILHQIAAWRLMDLTQWCDRVICFRPPAYVVDHPNKVLWFIHHIRTFYDLWDTPY
RGMPDDAQHRAIRDNLRALDTQAISEARAVETNSQVVADRLKAFNGLDATPLYPPIYQ
PERFSHTGYGDEIVAISRLEPHKRQALMIEAMQYVKSGVKLRLAGTASSAEYGRQLVK
MTHDLGVADRVILEDRWISEDEKADMLKQALAVAYLPKDEDSYGYPSLEGAHARKPVI
TTTDSGGVLELVEHGRNGLISAPDPRALAEQFDRLHADKAATAKMGTASLNRLAEMKI
DWSTVVERLTS"

11808..12845

/gene="LpsE"

11808..12845

/gene="LpsE"

/codon_start=1

/transl table=11

/product="putative mannosyltransferase"
/translation="MKVLVVNNAAPFQRGGAEELADHLVRRLNATPGVQSELVRVPEFT
WEPAERLIEEMLISKGMRLYNVDRVIGLKFPAYLIPHHQKVLWLLHQFRQAYDLSEAG
QSHLDFDDTGRAVKAAIRAADNACFAECRKIYCNSPVTONRLMKFNGVASQVLYPPLN
DGELFTGGEHGDYVFAGGRVAAGKRQHLLIEALALLPGSLRLVIAGPPENQAYADRLT
KLVEDLDLKDRVELRFGFHPREDIARWANGALICAYLPFDEDSVGYVTMEAFAAGKAV
LTVTDSGGLLEIVSADTGAVAEPTPQALAEALDRLTSDKARAISLGDAARRLWRDKNV
TWEETVRRLLD"

12902..14485

/gene="rsaF"

12902..14485

/gene="rsaF"

/note="OMP of RsaA type I secretion system"

/codon_start=1

/transl table=11

/product="Outer membrane protein"
/translation="MRVLSKVLSVRTSLIALAMAMAVVGRADLAHAETLAEAITAAYQ
SNPNIQAQRAAMRALDENYTQARSAYGLQASASVAEVYGWSKGVNAKNGVEAASQTST
LSLSQSLYTNGRFSARLAGVEAQIKAARENLRRIEMDLLVRVTNAYISVRRDREILRI
SQGGEAWLQKQLKDTEDKYSVRQVTLTDVQQAKARLASASTQVANAQAQLNVSVAFYA
SLVGRQPETLKPEPDIDGLPTTLDEAFNQAEQANPVLLAAGYTEKASRAGVAEARAQR
LFSVGARADYRNGSSTPYYARGGLREDTVNASITLTQPLFTSGQLNASVRQSIEENNR
DKLLMEDARRSMVLSVSQYWDSLVAARKSLVSLEEEMKANTIAFYGVREEERFALRST
TEVLNAQAELONAQINFVRGRANEYVGRLHLLAQVGTLEVGNLAPGVQPYDPERNFRK
VRYRGALPTELIIGTFDKIALPLEPKKPAPGDTSPIRPPSSELPARPVSADKVTPPAS
MNDLPALTDDTPVQTAPRN"

complement (14591..15880)

/gene="LpsE"

complement (14591..15880)

/gene="LpsE"

/codon_start=1

/transl table=11

/product="putative perosamine transferase"
/translation="MTSRLLEIWRRLPTPIRRSAHVVAGAPRAALEALDKALAEHRHR
SAERTALARARRRAGPRGLSPTLPVTVIGFHSAVEGLGEGARMLARGFGDMGLGVRAL
DLSASVGFAAEIAPAYSSPDPDERGVTISHINPPELLRWARETEGRFLEGRRHIGYWA
WELEEVPSDWLPAFDFVDEVWTPSAFAADAIRRVAPRGVKVTPVPYPLYLNPRPQADR
QRFGLODDRVVVLMAFDLRSTAQRKNPDAALRAFRDATVKATRPATLVCKVVGADLYP
ETFQALAAEVADDPSIRLLTDNLSAQDMAALTASSDIVLSLHRSEGYGLLLAEAIWLG
KPTLATGWSSNVEFMDPASSQFVDYRLVPVEGDGVIYRAGRWADADVGDAAEKLARMI
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BASE COUNT
ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181

2845 a

gagctcaccg
ggccccgcecg
agccgcagcg
acggaagtcc
ttgcaccgag
tggcgttega
ggccggtcte
ccagcagggc
gatggcgggce
cataggcggg
cgccgtcegtce
cagtgccgac
gctcctgetg
acaggacctg
ccgtcggccce
atctcgtagg
acctccaggg
tccagctgag
gacaggccgg
tgcacctccg
accgagggca
gcgectttteg
aatgctgtac
ctgctcecccat
tcatggccta
cgcctgacgce
gcctctcgga
ttgccatcca
tcctggtcga
ctcaggaaaa
cgacggcttt
atgacaagat
tggctttect
cgcegttceac
tcctgaacgce
tcaacgacct
ccgectatcce
ccctgacggg
ccctgacegt
aagctgctgce
acgtgacgtc
ccctgaacac
tgaccgccac
tcaccgtcge
cttcgggcac
ccgtgaccgg
cgttgacgca
cccaaaccgc
cgatcaccga
tgggcagctt
gcacgggcac
ccctgaccct
ctgctgacga
ccagcctggt

SDDAWRNTLAAATARNGHVSFNRDAWVAMTSARLPLT"

5542 c

cgtgaaccgg
ccaaaaccac
gcggcggtca
gaggccagca
gcataggcgg
gctgctgcetg
ggcggcgcege
ggcggggtga
gacgaggttg
gccggcgatce
cgctcggtag
gcggatgccce
gctccagtcc
tgcggccata
aaacacgcta
tgatcggatc
ccttggccca
agatgaaggt
cggcctegeg
aggcgctgeg
ggagcgcggg
gcggggggta
ccctgaaatt
gcgcgccact
tacgacggcce
cgccaccacg
cgccgetgcg
gacctaccag
ctcgaccacc
ccgcttcatce
cgcecgecgee
catcggcaac
gagccgcecag
ggccgctgcce
cgccacggtyg
gtcggacggce
gtcgtcggge
caccgccaac
tggcgacacc
ggttacggct
gggcgctgceg
caacaccagc
gaccgccecgcet
ctcgacgggce
cgtgtcggtg
tggtacggcc
agccgacgtg
cgccgccace
ctctgccgcece
cggecgecgcece
ctcgectegge
gaacgtcaat
tggtttcacc
ggccgccgac

5354 g

cgtgttgtcg
tgatgccgge
ggcccgageg
gggcggcgge
gctgctggaa
agcaggacgg
gcttcgccgg
accgacaggt
cgcaccaggc
agatactcgce
aagacgaacc
gcgcggatca
gccggttgeg
cggcggaagc
gcagacgaca
atagaagcgg
gtcgcggtaa
gtaataatca
catctccttce
gcgttgcggg
cgecgcetcact
caaggaacgc
cggctattgt
cggtcgcagg
cagttggtga
ctgacgctcg
ctgaccaaca
ttcttcaccg
aacaccaacg
aacttctcga
tacacgggcg
gccgtecgega
gccaacatcg
gacatcgatc
tcgggcatcg
gccctgtcga
gtgtcgggtt
aacgacacgt
ctgagcggcg
ctgccgaccg
atcaccctga
ggcgcggcete
caagccgcga
gtgacctcgg
agcgtcgega
gtgaccgtgg
accgtgaccg
gccggcegeta
gcctcggcececa
acgatcgact
atcggccgeg
ggtctgacga
accatcaaca
gcgacgaccce
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acggtctgag
cggcaaggcce

cacggccggyg
cagaaccagc

gccgaccggce
ggcgattgtg
tcttgaagaa
tgctgececget
tggtgaagtc
cgtcgatacg
agggttcgtt
gggcgctctce
gcgcgtagceg
ttcececcaagce
cgataaccga
agcagttcgce
cggtccggeg
gcgccgaccet
agccagcggce
ttaccataca
cacccgccag
tatataggaa
cgacgtatga
gggtgtggga
ctgcgtacac
acgcgtacgc
ccctgaaget
gcgttgeccc
acctgaacga
tcaacctgge
tttcgtacgce
ccgccgcetgg
actacctgac
tggccgtcaa
gtggttacgce
ccgacaacgc
cgaccctctc
tcgttgeggg
‘gtgctggcac
gcgtgacgat
acacgtcttc
aaaccgtcac
acaacgtcgc
gcacgaccac
actcgagcac
ctcaaacggce
gtaactccag
cggtcgeegg
cgaccgccgg
.cgagcgctct
gcgctctgac
cgaccggcgce
tcgectggtte
tgaacatctc

tcggcggggyg
gaggcgtcgce
tccaggctceg
accgcctcecat
gcgacaccgg
gcccgaggtce
ggcggtgcecg
gtcggagcgg
gaagccgcgc
cgcaaagtgg
ctcgtcgctce
gacacggtag
cggcgagcgce
ctaggtgaaa
actagtcttc
gcacgaacgt
gaatgcggcecce
tagcggccag
caccttecgeg
ttataaagcc
gtgaacagtc
tttgctgtac
cgtttgcectet
ttttttttgg
caacgccaac
gactcaaacc
ggtcaacagc
gtcggccgcet
cgcgtactac
cacgggcgcc
ccagacggtc
cgtcgacgtc
cgccttegtg
ggccgccctg
gaccgccacg
ggctggcgtg
gctgaccacc
tgaagtcgcec
cgacgtcctg
ctcgggceatc
gggcgtgacyg
cgececggeget
cgtcgacggce
ggtcggegec
gaccaccacg
cggcaacgcc
caccacggcc
tcgcgtcaac
caagatcgcc
gacgaccgtc
cgecacgecyg
gatcacggac
gaccgcctct
gggcgacgcet

gaggcgcegcet
tgaagtcgag
cggcgtceccac
tggccggcag
tcgttcaggce
gcattgctct
accacggcca
cggatcagcg
gcaatctctt
atcaccacct
aggccgcgat
aactcggcca
tgaaagaacg
agccgacccc
gctgaacagg
cttctccgag
gcgacccgtce
ctggcgttge
gcggaggtcet
tcgegegttg
tttatatata
cggttagaaa
atagccatcg
gagacaatcc
ctcggcaagg
cagacgggcg
acgacggcetg
ggtctggact
tcgaagttcg
ggcgccggeg
gccaccgcect
gcggccgecg
cgcgccaaca
atcggcacca
gccgcgatga
aacctgttca
ggcaccgaca
ggcgctgcga
aactgggtgc

gaaacgatga

ggtctgaccg
ggccagaacce
ggcgccaacg
aactcggeceg
ggcgcectateg
gtgaacacca
gtgacggtca
ggcgctgtga
acggtcaccc
aacctgtcgg
accgccaaca
tcggaagcegg
tcgacgatcg
cgcgtcacga



3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601

tcacctcgceca
ccectecggege
tcctgetggg
tcagctcgge
tggtggccaa
cccteegegt
tgcaactggg
tgaccgttct
ccteggacgt
cgctggcetgg
tcgacacgct
gtctgaacct
ccggcacggyg
cgatccgcecgg
tcatcggtgg
gtggcacggg
cgatcaccga
ctatcgctga
agtacctgga
agttcggcgg
gcgctgacgc
ccgaagtcect
actaagagac
gccggccttg
ccgccacaat
tcgcgeggceg
cgaccaggcce
catcaacatt
gaccagccgce
ggtctacggce
cgacggcgtg
gggcatcggc
cctgatcgcce
gcacccgttc
gatgaacgac
ccagaacgac
gggcggcetyg
cgccagcgac
gaccctgatc
gatgatcgcc
tcagtggaag
cgaggaaaag
cgaagccgcce
ccgtatcgac
gctgctgcge
ctacgacatc
ggacatcgag
atcgcaggaa
gccgatgggce
ccagcgcectg
gccgaacgcc
taaggccgcet
cgactacatc
gctggccaag
gccgttgcag
cagaacgcgc
acaacttcca

caccgctgece
cgaactggcg
cgccacgacce
gaccctgggce
cgtcaacggt
cgctggcgeg
cgcgacggceg
ggcggctecg
gttcaacctg
cgtcgagacg
gacgctgcaa
gaccaacacc
ctcggectgtg
cggcgctggce
cgctggcgcet
cgcggatatc
cgecegetgte
cggcgcectte
cgctgctgct
cgacacctat
ggtgatcaag
gacgctcgcece
ccecgtettece
cctagttcceg
ttcgtggteg
tcctgaaggce
gtgctggtcg
ctggccctgg
aacgtttcga
ctgctcgagg
gcccgggatce
ggccaggegt
ttctgcgatyg
ttcggecatcee
aacgccacca
gceggtteca
caagcccgcet
gccggcggceg
ctgggcggceg
ggctecgatcce
aattatatcyg
agcgccgacg
tcgatcctge
gccggcecgecg
ggtatcgtcg
aagcagtggg
ctgttctcgg
gtcatcgagg
tatgacacgg
gcecctggege
agcctcgacc
aagcgcacgyg
atggtgatca
ctgaccgggg
cgcgtccagt
ccatcaggct
ggctgtggcce

gcectgacgg
accggtctgg
aaggcgatcg
gctggtggtt
tcgtcecgttca
gcggctcaag
ggtgcgacga
accggtacga
accctgtcgt
gtgaacatcg
gccacctcgg
ggcaacacgg
accttcgtgt
gccgactcge
gacaccctgg
ttcgatatca
ggcgacaagc
ggcgctgcgg
gccggcgacyg
gtegtegttg
ctgaccggtce
taagcgaacg
gaaagggagg
gtggctatga
agacggcgcc
tcacaatgtt
ccecgcccgge
tcagcccget
ccctgategt
cgctgcgcac
cgatcttcaa
tcecgcegacat
cgccctggac
tggcgatcat
agaacccgat
ccctgcgcaa
ggcgcgcegeg
cggtgatgtc
gcgectatcet
tggtcggcecg
gcgcgegcegyg
accacatgcc
¢gccgggege
cggtggcect
gcgtctggcce
atcccgagaa
gcaccgtcgce
ccgcgaccect
cgatcggcga
gtgcggtgtt
aggtgggcga
tgatcttcgce
accagggtgt
ctgcgccgcece
aagcgccttc
tgaatctcaa
cgtatcggcet

gcatcacggt
tcttcacggg
tcatgggcgce
cggtcaacgg
gcgctgaccce
gctcgcacaa
ccttcaccaa
cgaccgtgac
cctcecggecge
ccgecaccga
ccaagtcgat
ctgtcaccag
cggccaacac
tgaccggttce
tctacaccgg
acgctatcgg
tcgacctcegt
tcaccctggg
gcagcggcac
acagctcggce
tggtcacgct
tctgatccte
cggggtcttt
tttagcggga
ttagttgtta
caagcgcagc
ggtgatcacc
gtacatgctg
gttgacggtc
ccaggtgctyg
gtcggtgetg
ggaccaggtc
gcecggtgtte
cgcctgtatce
ccagatggcc
cgccgaggte
ccgcgacgag
gggcatcaag
ggccatcgac
cgccectggeg
cgcctgggat
gctgcccgag
gcaacagccg
tgtcggtccecce
ctgcgcggceg
gctgggtcge
ccagaacatc
ggcgggcgtyg
gggcggcegec
ccgcatgcecg
agtggcgctg
cacccacaag
gatcagcgac
ccagacgccg
gtcagtccgce
tgaagcccce
acggcatcat

gaccaacagc
cggcgetgge
cggcgacgac
cggcgacggce
ggccttegge
cgccaacggce
cgttgcggtyg
cctggccaac
tctggccget
caccaacacyg
cgtggtgacg
cttcgacgcece
cacggtgggt
ggccaccgcec
cggtacggac
cacctcgacc
cggcatctcg
cgctgctgeg
ctcggttgcc
tggcgcgacce
gaccacctcg
gcctaggcga
cttatgggceg
ctggggggct
ctgtacatgg
ggcgcgaagc
gccatggtct
caggtctatg
atctgcgtct
gtgcgcggceg
gactccacgc
cgagagttca
gtcatcgtct
atcatcttcg
accatggcecct
atgaaggcca
caggtggcect
gtgttccgcea
ggcaagatct
cccatcgagg
cgcctgcaga
ccgcgcggceyg
accatgcgcc
agcgceggcegyg
ggcgtcatcc
cacgtcggct
gcccgettea
cacgagatga
tcgetgtcecg
gccectgetgg
atggaagcga
gtgaacctgt
tttggcgaac
ccgccgacgce
ctctcecctte
caagatccag
cgccctgacce

gttggtgcga
gctgactcga
accgtcaccg
accgacgttc
ggcttcgaaa
ttcacggctc
aatgtcggcc
gccacgggca

ggtacggttg
accgctcacg

ggcaacgccyg
agcgccgtca
gaagtcgtca
aatgacacca
accttcacgg
gctttcgtga
acgaacggcg
accctggctc
aagtggttcc
ttcgtcagcg
gccttcgceca
ggatcgctag
ctacgcgctg
tgctcacttt
ccgegteggt
cgacgatcct
tcagcttctt
accgcgtgct
tcctgttect
gtctgaagtt
tcagccgcaa
tgaccggcgg
cgtggatgct
gcctggeccegt
cgatcgccgce
tgggcatgtg
ggcaggccege
acatcgtcca
cggccggege
gcgcegtggg
ccatgctgcg
tgctgtcggce
aggccagcett
gcaagtecctc
gcctegacygy
acctgccgca
ccgagttcga
tccagagcct
gcggccageg
tgctggacga
tgaagcggct
tggcccaggce
gcgacccgat
cgecgeccgce
ctggccgttt
cgtccgacgg
tttgtcggtc
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6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921
7981
8041
8101
8161
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601
9661
9721
9781
9841
9901
9961
10021

tgttgggcetyg
ccgccgaggyg
tggtccgcga
aggccaacgc
cgcgcctget
gccagcgcegce
agcgtcgceca
agagcgagat
tcgaggacga
gtctgctggce
cagaccgctc
agcaggagtt
aggtgaccga
ccgtcaacgg
ccgagccgcet
agccgaccga
tccactcgeg
tttccgatce
agctgccecgcece
cgaccggcga
ccacgatgcg
tgggcggcgce
gtcaggaccc
accggtgtga
accgtccacg
tggatcggcg
ctggecgcgec
ttcgtcecggeg
accaacatgc
tcgtccgaaa
cccegcectege
gagagctttg
ggcatcgagt
caaaagaccg
tatgtcgagg
accggcaaga
aactatcagg
ctgctgggceg
caacagatga
gcgctteect
tcatcgagag
cgcggcgegce
gcgagcaggyg
tgggccgcaa
tcgtttcgece
acgctgacag
actgccgect
ccgtgggaga
gcgccgacac
ttgcgatcgg
ttccgtcgee
cacgacctgg
ctactgtggc
cctggtggceg
cgcctcggcec
gcggaccttc
gatcatgccc

ggccgegttce
taatcgcaag
aggcgagaag
cgececgecggce
ggccgagcge
cgatccgatg
gacgatccag
cgagggcatc
gctgatcgac
cctggagcgce
caaggccgtc
cttcgagcag
gaaggaggtc
cacggcgcag
ggtcgacatc
tgtggacaat
ggaaatcccg
gcagaacaag
gcatctgcgce
gcgcaccgtg
cgaggagtag
gggcgagtta
ttcgttgtta
ccggtcagga
gcatgctgcg
tctatgacga
tgatgcggcg
cctcgtggga
tcgaagccgt
tgtacggtct
cctatgeggt
gcctgcacgce
tcgtgacccg
tcgatctggg
ccatgtggct
cctggaccgt
accacgtgac
atccggccaa
tcgccgaaat
cgccatcggg
cctgegggece
ggtgttgggc
gctgtccaga
ggcgcgcegac
tagcgtacgt
ctggatcgge
gggcgcggcce
gcgggcetttt
gatcgtcgge
cgtgcecggec
gcgcecgcgcece
atctcgtcgg
gtcaagcacg
atggggatcg
aattcagtca
aacctggacg
gtgcacctct

gcceecgeteg
accgtgcagc
gtgaaggccg
atcacccgca
gaccagcgtc
gtcgceccgeg
ggccaggtcg
gaccgtcaga
ctgcgtaagce
gagcaggcct
cagggcgcect
gtcagccaga
gtcgcctceceg
aacctgcgcet
gcgcecgagyg
gtccatatgg
atcctgaacg
ctcgactact
ggcagggtca
ctgcagtacc
ggcaaaggtt
aattcgccgg
ctggagtcag
cggggcgtac
tcgecteggece
catccagttc
cctgcagccg
ccagccgcac
gcgtctggaa
ggtgcagcac
ggccaagctc
ctecggeecggce
caaggtcacc
caatctcgac
gatgctgcag
gcgccagatg
gatcaatccg
ggccaaggcc
ggtcgacgcc
ggcgtcgtca
tgcggtgaga
gttccggtag
ctgttcgtgg
cacggctttt
ctgggcgagg
gacctggcga
tgccacctgg
ctcggtgteg
gccggceggtyg
aagatcaaag
tcgacggcaa
tcggacgcett
cgatcgcctg
gacccggcga
cctattgcegg
ccgcgaagtt
acggtcagat

acagcgcggt
acctcgaagg
gccaggtget
accagtacgt
cgtccatcag
ccatcgccga
acctgatgaa
cccagggcect
tctatgacaa
cgctgtcggg
ctgacaccca
gcatcaccga
acgcccagaa
tcttcaccga
acgaggcctt
gcatggtcac
gcacgatcca
tcctcgggat
ccgecggceat
tgttctcgcee
tcaagggcct
cgctgettte
cggatacgca
ctcgccaagce
tcggecgatg
gagctgggcg
gacgaggtct
ctgacgggct
tgcccgcagg
ccgatccagt
tacgcccact
atcctgttca
gacgcggtgg
gccaagcgcg
caggagacgc
tgcgaagtgg
aagttcctge
aagctcggct
gacatcgcgce
tcatcggcgg
cggtggcgge
tgggcgatga
cgatcggcga
cgctggtcaa
gggttgcggt
tcatcaacac
gacccgcctce
gcgeeecgggt
tcgtegtgeg
gagaccgttc
cgaacgtgac
catcgttgag
caacaacggt
cgaggtgatc
cgcgacgcct
ggaggcgctg
ttgcgacatg

gatcgccaac
cggcatgctg
gttcgagctg
ggctttgaag
cttccecegece
cgaacaggcc
cgcccagegt
gaaggaccaa
gggcctggtg
ctcgatcggce
gctcaaggtt
gacccgggtt
gcggatcaag
gggcgctgte
cgtgatccag
cgaagttcgg
gtcgctgtceg
cgtgecgegtg
gccggcececag
gctgcgagac
gatttccaaa
cattcgcggg
tggcgaaaac
tgctgctgga
tgatcggcga
acctcttgga
acaacctggc
cggtgacggg
cgcggttcta
cggagacgac
ggatgacggt
accacgagag
cggccatcaa
actggggtca
cggacgacta
ccttcgcecca
gtccggcgga
gggaacccaa
ggcgctcgceyg
cggcggcecac
cattgtcgat
cctggcgcetyg
caaccggctyg
cgccatccat
gatggcegge
cggcgctgtt
ggccctggcece
catacctggc
cgaccttcceg
gtgagtgacc
tatgtactcg
ttcgaaaagg
acgaccgcect
gttccgagcece
gtgctggtcg
ataacgccgce
gatccgatcc

ggcgtcgtcect
gccaagatcc
gacccgaccce
gccatggaag
gacctgacca
cagttcactg
ttgcagtatc
ctcggcttca
cceceggecgce
cgtctgaccg
cgccagatca
cgcctggecg

atcgtgtcge
gttcgcgcecg
gcgcatttcc
ctgccggect
caggaccgca
gacgtcaagc
gtgatcgtgc
accctgcgca
gcttttcgga
caatagtgta
ggctttgatc
gaagggttac
ccgcctgege
cgagggcggt
ggcccagagc
cctgggcacg
tcaggcctcg
gccgttctat
gaactatcgc
cccgetgege
gctgggtcag
cgccaaggac
tgtggtcgeg
tgtcggcectg
agtggacctg
gacgaccatg
caactgatga
gccaaggtgg
gcggatccga
ccgatgcttce
cgccagaagce
ccctctgecg
gtcgcgatca
gtcgaccatg
ggcggcgtat
gtcacgatcg
gactcggtcc
tgccgegeat
aatgcatgga
ccttcgecga
tgcacctgge
tgacctatat
acaacgatcc
gcacgaaggc
tcgaagttgce




10081
10141
10201
10261
10321
10381
10441
10501
10561
10621
10681
10741
10801
10861
10921
10981
11041
11101
11161
11221
11281
11341
11401
11461
11521
11581
11641
11701
11761
11821
11881
11941
12001
12061
12121
12181
12241
12301
12361
12421
12481
12541
12601
12661
12721
12781
12841
12901
12961
13021
13081
13141
13201
13261
13321
13381
13441

tcgcaggceat
gggcaagaag
catcaccacc
gcgettgetg
cttcaattac
cgacgaacac
cctgggcaat
gtacactgtg
cgacgcgttg
tgcgcatctg
cctgceccgacce
tcaggtgttg
c€ggcggcgeg
ggtcgagcgg
cgcctggcegg
ggcctatgtg
ctacgacctyg
ccgcgacaat
caactcccag
gtatccgcecceg
ggccatctcg
cgtgaagagc
acagctggtc
ctggatcagc
gcccaaggac
ggtgatcacc
cttgatcagc
caaggctgceg
cgactggagc
tcgtcaacaa
tcegecgect
gggagccggce
atgtggaccg
tgctgtggcet
atctggactt
cctgettege
tgaagttcaa
tcaccggcgg
gccagcacct
ccggaccgcce
atctgaagga
gggccaacgg
tcacgatgga
tgctggagat
ccgaggcgcet
cgcgcaggcet
attaagccac
aatgcgagtg
catggcggtc
cgcagcctat
cgagaactac
ggtctatggc
ctcgaccctce
gggtgtcgag
gctggtccegce
cagccaaggc
cgtccgtcag

aacctgctcg
tcaggctegce
ggcgagggcg
cgaggccagg
cggatgacca
ctggcecgege
cgggtcacca
cgcctgggceg
ggcattgaga
gccacggatg
cacgcggggce
gtctagccga
cgcttcatceg
ttctacctgce
ctgatggacc
gtggaccatc
tgggacacgc
ctececgegege
gtggtggcceg
atctatcagce
cggctggagc
ggcgtgaagc
aagatgaccc
gaggacgaga
gaggacagct
acgaccgact
gcecceccggacce
acagccaaga
accgtecgtgg
cgeccgegeeyg
gaacgccacg
cgagcgtctg
ggtcattggce
gctgcaccag
cgacgacacg
cgagtgccgce
cggggtcgcece
cgagcatggce
gttgattgag
ggagaaccag
tcgegtcgag
ggccctgatc
ggccttcgcece
cgtcagcgcg
tgatcgtttg
atggcgcgac
aaacattggg
ctgtcgaaag
gtcggtcgcg
cagagcaatc
acccaggccce
tggtccaagg
tctctgagcece
gcgcagatca
gtgaccaacg
ggtgaagcct
gtgaccttga

tgatcgagga
tgggcgactg
ggatgatcac
gcatggatcc
acatccaggc
gcgaaagggt
agccccatgt
agggcctttce
gccgtccggt
atctgaagat
tgactgaagc
tgcgcatcgt
tcgagtgget
cgtttgtcga
tgacccagtg
cgaacaaggt
cctatcgcgg
tcgacaccca
accgcttgaa
ccgagcgcett
cgcacaagcg
tgcgectgge
acgacctggg
aggccgatat
atggctatcc
ccggeggggt
cgcgegceget
tggggaccge
agcgcctgac
ttccaacgceg
ccecggegtece
atcgaggaga
ctcaaatttc
ttccgtcagg
ggcagggcgyg
aagatctact
agccaggtgc
gactatgtct
gccctagect
gcctatgcecg
ctgcggtttg
tgcgcectatce
gcaggcaagg
gataccggtg
acctcggaca
aagaatgtca
ttgaagacca
ttctgtcegt
ctgatctcgce
cgaatattca
gttcggccta
gcgtcaacgce
agagcctcta
aggccgegeg
cctatatctc
ggctgcagaa
ccgacgtgca

tgcggccgag
cgccaccttce
caccaatgat
caaccgccgce
cgcgatcggt
cgtgggctgg
cgecgctgacce
caccacgcgce
gttccacccg
cgccgaagcce
cgatatcgac
cctgctgtcc
cgaggagaag
cgatccgaac
gtgcgaccgg
cttgtggttc
catgcctgac
ggcgatttcg
ggcgttcaac
ttcccatacc
tcaggccctg
gggcacggceg
cgtcgccgac
gctgaaacag
ttcgctggag
gctggaactg
ggccgagceag
ctcgctgaac
ctcatgagaa
gcggcgcecga
agtccgagcect
tgctgatctc
cggectatct
cctacgacct
tgaaggcggce
gcaactcgcc
tctatcecgee
tcgegggegy
tgctgeceegg
accgcctgac
gcttccatcc
tgcecetttga
ccgtgctgac
cggtcgccga
aggcgcgggce
catgggaaga
cgttaagacg
gcgaacgtct
ccacgccgag
ggcccaacgc
tgggctgcaa
caagaacggc
caccaacggt
cgagaacctg
ggtgcgeege
gcaattgaag
gcaggccaag

gcggtgggceg
agcttcttcg
gatgacctgg
tactggtttc
ctggcgcagc
tacgagcaga
ggtcgccacg
gatcaggtga
atgcacatca
tgcggggtceg
cgtgtcatceg
tcgatcgtge
ctgatcgagg
gagatcctgc
gtgatctgcet
atccaccaca
gacgcgcagc
gaagcccgcg
ggcctggacg
ggctatggcg
atgatcgagg
tccagcgecg
cgggtcattc
gctctggececg
ggcgctecacyg
gtcgagcatg
ttcgaccgece
cgtctggeceg
cgcccgceatyg
ggagctggcec
ggtgcgcgtg
caaggggatg
gatcccgceat
gtccgaagceg
gatccgcegeg
cgtcacccag
gctgaacgac
ccgggtegeg
cagtctgcgg
caagctggtc
gcgcgaggac
cgaggatagt
cgtgaccgac
gcccacgccg
gatatcgctg
gacggtccgc
gggtcggcta
ctgatcgcct
accttggccg
gccgcecatge
gccagcgcect
gtcgaggceceg
cgtttctecgg
cgccgcatceg
gaccgcgaga
gacaccgagyg
gcccgectgyg

cgacctaccg
gcaacaagat
cggccaagat
cgatcgtecgg
tggagcgggt
agctggegeg
tgttctggat
tcaaggatct
tgccgcececta
acggcttgaa
cggcgctega
cgttcatcaa
ccggceccacga
accagatcgc
tcecggecgece
tccgcacctt
accgggccat
cggtgttcac
ccacgccegcet
acgagatcgt
ccatgcagta
agtatggtcg
tcgaggatcg
tggcctatct
cccgcaagcec
gccgcaacgg
tgcacgctga
agatgaagat
aaggttctgg
gaccatctgg
cccttcacct
cggctctaca
caccaaaagg
ggccagagcc
gccgacaacg
aaccgcctga
ggtgagctgt
gcgggcaagce
ctggtgatcg
gaggatctgg
atcgcccgtt
gtaggttacg
tccggcggece
caagccctgg
ggcgacgcgg
cgtcttcttg
cagtctagga
tggccatggce
aggcgatcac
gcgcgctgga
cggtcgctga
ccagccagac
ccecgectggce
agatggacct
tcctgeggat
acaagtacag
cgtcggecag
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13501
13561
13621
13681
13741
13801
13861
13921
13981
14041
14101
14161
14221
14281
14341
14401
14461
14521
14581
14641
14701
14761
14821
14881
14941
15001
15061
15121
15181
15241
15301
15361
15421
15481
15541
15601
15661
15721
15781
15841
15901
15961
16021
16081
le141
16201
16261
16321
16381
16441

cactcaggtg
ggtggggcge
cctcgacgag
caccgagaag
cggcgcgcege
gcgcgaggac
gctgaacgcce
agacgcacgt
gcggaagtcg
ggtgcgcgaa
cgaattgcag
gctccatctt
gcecctacgat
gctgatcatc
gggggacacc
cgacaaggtyg
ggtccagacc
atcaaagggg
ggagaacgct
tgaacgagac
cggagatcat
cggcgcgata
tggacgccgg
cgagccatat
cgatgtcgcet
gccggatgga
ggtcecgegcece
cccgaaaggce
aggccatcag
ggcgcggatt
cgcgacggat
aggcggggag
ggcggccctce
tgatgtgcga
tctcggcgge
cgccaaaccce
agccgatgac
cgcgcgccaa
gcgcctccag
tgggcaggcyg
acgcatgggc
cgcgtcagge
gaggggggaa
gtttggctat
ccgccacgcet
ctccatccac
acaggcggcce
cgaggccttc
ccacggcatc
tcgcaagcete

gcgaacgcce
cagccggaga
gcgttcaatc
gcctctcgeg
gcggactatc
accgtcaacg
tcggtgcegge
cgcagcatgg
ctggtcagcc
gaagagcgtt
aacgcccaga
ctggcgcagg
cctgagcgta
ggaaccttcg
tcgceccgatcc
acgcecgceccecgg
gcgcceccgca
ttctatttca
ctaggtcagg
gtgaccgttc
ccgcgccagce
gatgacgcca
gtccatgaac
cgcttcggceg
gctggeggty
cggatcgteg
gacgacttta
gcgcagcgcce
cacgacgacc
gagatagagc
agcgtcagcecg
ccagtcggac
caggaaacgg
gatcgtgacc
gaagccgacg
gcgcgceccagce
cgtcaccggg
ggcggttctt
agcggcgcegce
gcgccatatc
gaccgtatag
gatcttgtca
tacgtgtcga
tatggcgagt
cccaagatcg
gccgcagcecc
ttcgccgeag
gccgagttct
tggacctgga
cgcceggg

aggcgcagct
cgctgaagcece
aggccgaaca
ccggegtege
gcaatggctc
cctcgatcac
agtcgatcga
tcectgagegt
tcgaagagga
tcgegetteg
tcaatttcgt
tcggcacgcet
acttcaggaa
acaagatcgce
ggccgceccgtce
cgtcgatgaa
actagagccc
gaagtttaga
ggcagccgeg
cgcgecgteg
ttttcggegg
tcgccctcecceca
tccacgttcg
agcagcaggc
agggcggcecea
gccacctecgg
cagacaaggg
gcgtcgggat
cggtcgtcct
gggtagggga
gcgaaggcgg
gggacctctt
cctteggtcet
ccgcgttegt
gacgccgaca
atccgtgegce
agcgtgggtyg
tcegeactcee
ggggcgccgg
tcaagcaggc
ccgttcaggce
tgcgaaaggt
ctgagtggag
tgaacccgcet
agaacgcctg
agccggggat
agatggtccg
gtaatcgcaa
tctcecgacca

gaatgtcagc
tgaacccgat
agccaatccg
cgaggcgegyg
cagcacgccg
cctgacccag
ggagaacaac
ctcgcagtac
aatgaaggcc
cagcacgatc
ccgcgggcegce
tgaggtcggc
ggtccggtac
cttgccgcete
gagcgaactg
cgatctgccecce
tttcegateg
acgttcttcg
cgctcgtcat
cggcggccaa
cgtcgcccac
cgggaaccag
atgaccagcc
cgtaaccctc
tgtcctgcege
cggcgagecgce
ttgcgggacg
tcttgegetg
gcaggccaaa
ccggcegtaac
agggggtcca
ccagctccca
ccecgcegecca
cgggatccgg
ggtccaaggc
cttcgcccag
acaaacccct
ggtgtcggtyg
cgacgacatg
gtgaggtcat
cgagccgaca
ttgcatgcag
cgccggctat
ccgectgccege
cgagctcggg
caactggtac
tctgtecgggce
ggacctgccg
aaatcgccac

gtagcgttcet
attgacggcece
gtecctgetgg
gcccagegec
tactacgcgce
ccgctgttca
cgcgacaagce
tgggacagcc
aacacgatcg
gaagtgctga
gccaacgagt
aatctcgctc
cgcggecgcett
gagcccaaga
ccggceccaggc
gccctgaccg
gatcgcctca
gtcaccgttt
cgccacccag
ggtgttgcgce
atcagcgtcg
ccgatagtcg
tgtcgccagg
ggaccggtgce
cgacaggttg
ttgaaaggtc
tgtcgeccttg
ggcggtcgaa
gcgctggcga
ctttacgccce
gacctcgteg
ggcccagtag
tcgcagaagc
tgaagaatag
gcggacccecca
accgtgcacc
gggaccggcg
ctcggccaag
cgccgagege
gggcgatgcea
ccagcaaagc
caatggcggc
gtcacggacyg
cttccgcectcee
tttggccagg
ggaaccgact
gcggaggceca
gacttcgact
gtgctggtcg

acgcgtccct
tgcctacaac
cggcgggcta
tgttctcggt
gtggcggtct
ccagcggtca
tgctgatgga
tggtggccege
ccttctatgg
acgcccaagce
atgtcggtcg
ccggcgtcecca
tgccgacgga
agccggecgcec
ctgtttcgge

acgacacgcc
atccgatcgg
cgcacggatc
gcgtcgeggt
caggcgtcgt
gcccagegcec
acgaactggc
gtgggcttgce
agggacagca
tcecgtcagaa
tcgggataga
actgtggcgt
cgcagatcga
tcggectgeg
cgcggcgeca
acgaaatcga
ccgatgtgcc
tctgggggat
gccggggcga
aggcccatgt
gcgctatgga
cgtctgegeg
gccttgtcecca
cggatgggcg
ggcgggcgag
tgcgcgggge
ccactgcgcce
tcaactatac
tgacggtcgg
gtctttcegt
tcaacccctce
agctctacga
tcatcgggcet
acttcattceg




Appendix 2
ATC15252 S-layer subunit and transporter genes

LOCUS JS3001A19 4255 Dbp mRNA BCT 07-0CT-1999
DEFINITION Caulobacter crescentus S-layer subunit (rsaA) and ABC-transporter
(rsaD(partial)) mRNAs, complete cds.
ACCESSION Js3001a19
VERSION
KEYWORDS .
SOURCE Caulobacter crescentus.
ORGANISM Caulobacter crescentus
Bacteria; Proteobacteria; alpha subdivision; Caulobacter group;
Caulobacter.
REFERENCE 1 (bases 1 to 4255)
AUTHORS Bingle,W.H., Awram,P.A., Nomellini,J.F. and Smit, J.K.
TITLE The Secretion Signal of C. crescentus S-layer Protein is Located in
the C-terminal 82 Amino Acids of the Molecule
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 4255)
AUTHORS Bingle,W.H., Awram,P.A., Nomellini,J.F. and Smit,J.K.
TITLE Direct Submission
JOURNAL Submitted (07-0CT-1999) Microbiology and Immunoclogy, University of
British Columbia, 300-6174 University Blvd, Vancouver, BC V6T 1Z3,

Canada
FEATURES Location/Qualifiers

source 1..4255
/organism="Caulobacter crescentus"
/strain="Js3001"

gene 637..3717

" /gene="rsaA"
CDS 637..3717

/gene="rsaA"

/codon_start=1

/transl table=11

/product="S-layer subunit"
/translation="MAYTTAQLVTAYTNANLGKAPDAATTLTLDAYATQTQTGGLSDA
AALTNTLKLVNSTTAVAIQTYQFFTGVAPSAAGLDFLVDSTTNTNDLNDAYYSKFAQE
NRFINFSINLATGAGAGATAFAAAYTGVSYAQTVATAYDKIIGNAVATAAGVDVAAAV
AFLSRQANIDYLTAFVRANTPFTAAADIDLAVKAALIGTILNAATVSGIGGYATATAA
MINDLSDGALSTDNAAGVNLFTAYPSSGVSGSTLSLTTGTDTLTGTANNDTFVAGEVA
GAATLTVGDTLSGGAGTDVLNWVQAAAVTALPTGVTISGIETMNVTSGAAITLNTSSG
VTGLTALNTNTSGAAQTVTAGAGQNLTATTAAQAANNVAVDGGANVTVASTGVTSGTT
TVGANSAASGTVSVSVANSSTTTTGAIAVTIGGTAVTVAQTAGNAVNTTLTQADVTVTG
NSSTTAVIVTQTAAATAGATVAGRVNGAVTITDSAAASATTAGKIATVTLGSEFGAATI
DSSALTTVNLSGTGTSLGIGRGALTATPTANTLTLNVNGLTTTGAITDSEAAADDGET
TINIAGSTASSTIASLVAADATTLNISGDARVTITSHTAAALTGITVTNSVGATLGAE
LATGLVFTGGAGADSILLGATTKAIVMGAGDDTVTVSSATLGAGGSVNGGDGTDVLVA
NVNGSSFSADPAFGGFETLRVAGAAAQGSHNANGEFTALQLGATAGATTEFTNVAVNVGL
TVLAAPTGTTTVTLANATGTSDVENLTLSSSAALAAGTVALAGVETVNIAATDTNTTA
HVDTLTLQOATSAKSIVVTGNAGLNLTNTGNTAVTSFDASAVTGTGSAVTEFVSANTTVG
EVVTIRGGAGADSLTGSATANDTIIGGAGADTLVYTGGTDTFTGGTGADIFDINAIGT
STAFVTITDAAVGDKLDLVGISTNGAIADGAFGAAVTLGAAATLAQYLDAAAAGDGSG
TSVAKWFQFGGDTYVVVDSSAGATEFVSGADAVIKLTGLVTLTTSAFATEVLTLA"
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gene

CDS

BASE COUNT
ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701

722 a

aagcttcccce
gacacgataa
gcggagcagt
gtaacggtcc
atcagcgccg
cttcagccag
cgggttacca
cactcacccg
acgctatata
ttgtcgacgt
cagggggtgt
gtgactgcgt
ctcgacgcgt
aacaccctga
accggcgttg
aacgacctga
tcgatcaacc
ggcgtttegt
gcgaccgcecg
atcgactacc
gatctggccg
atcggtggtt
tcgaccgaca
ggttcgaccc
acgttcgttg
ggcggtgcetg
accggcgtga
ctgaacacgt
gctcaaaccg
gcgaacaacg
tcgggcacga
gcgaactcga
gtggctcaaa
accggtaact
gctacggtcg
gccacgaccg
gactcgagcg
cgcggecgcectce
acgacgaccg
aacatcgctg
accctgaaca
acgggcatca
ctggtcttca
atcgtcatgg
ggttcggtca
ttcagcgectg

3960..4253

/gene="rsaD (partial)"

3960..4253

/gene="rsaD (partial)"
/codon_start=1

/transl_table=11

/product="ABC~-transporter"
/translation="MFKRSGAKPTILDQAVLVARPAVITAMVFSFFINILALVSPLYM

LQVYDRVLTSRNVSTLIVLTVICVFLFLVYGLLEALRTQVLVRGGLKEFDGVARD"

1512 ¢

aagcctaggt
ccgaactagt
tcgecgecacga
ggcggaatgc
accttagcgg
cggccacctt
tacattataa
ccaggtgaac
ggaatttgct
atgacgtttg
gggatttttt
acaccaacgc
acgcgactca
agctggtcaa
cccegtcegge
acgacgcgta
tggccacggg
acgcccagac
ctggecgtega
tgaccgcctt
tcaaggccgce
acgcgaccgce
acgcggctgg
tctcgctgac
cgggtgaagt
gcaccgacgt
cgatctcggg
cttcgggcegt
tcaccgecgg
tcgecgtega
ccacggtcgg
gcacgaccac
cggccggcaa
ccagcaccac
ccggtegegt
ccggcaagat
ctctgacgac
tgaccgccac
gcgcgatcac
gttcgaccgce
tctcgggcga
cggtgaccaa
¢gggcggcegce
gcgccggcga
acggcggcga
acccggcctt

1296 g

gaaaagccga
cttcgctgaa
acgtcttctc
ggccgcgacce
ccagctggcg
c¢gcggcggag
agcctcgcge
agtctttata
gtaccggtta
ctctatagcce
ttgggagaca
caacctcggce
aacccagacg
cagcacgacyg
cgctggtctg
ctactcgaag
cgccggcegec
ggtcgccacc
cgtcgeggcece
cgtgcgcgcec
cctgatcgge
cacggeccgceyg
cgtgaacctg
caccggcacc
cgcecggegcet
cctgaactgg
catcgaaacg
gacgggtctg
cgctggccag
cggcggcgcece
cgccaactcg
cacgggcgcet
cgccgtgaac
ggcecgtgacy
caacggcgct
cgccacggtce
cgtcaacctg
gccgaccgcece
ggactcggaa
ctcttcgacg
cgctcgegtce
cagcgttggt
tggcgctgac
cgacaccgtc
cggcaccgac
cggcggcttce

725 t

ccceceegteg
caggatctcg
cgagacctcc
cgtctccagce
ttgcgacagg
gtcttgcacc
gttgaccgag
tatagcgcectt
gaaaaatgct
atcgctgcetce
atcctcatgg
aaggcgcctg
ggcggcectcet
gctgttgcca
gacttcctgg
ttcgctcagg
ggcgcgacgg
gcctatgaca
gccgtggett
aacacgccgt
accatcctga
atgatcaacg
ttcaccgcct
gacaccctga
gcgaccctga
gtgcaagctg
atgaacgtga
accgccctga
aacctgaccg
aacgtcaccg
gccgcettegg
atcgcecgtga
accacgttga
gtcacccaaa
gtgacgatca
accctgggca
tcgggcacgg
aacaccctga
gcggctgetg
atcgccagcece
acgatcacct
gcgacccteg
tcgatcctge
accgtcagct
gttctggtgg
gaaaccctcc

gcccaaacac
taggtgatcg
agggccttgg
tgagagatga
ccggcggect
tccgaggcecgce
ggcaggagcg
ttcggcgggg
gtacccctga
ccatgcgecge
cctatacgac
acgccgccac
cggacgccge
tccagaccta
tcgactcgac
aaaaccgctt
ctttcgcecge
agatcatcgg
tcctgagecg
tcacggccgce
acgccgecac
acctgtcgga
atccgtcgtc
cgggcaccgc
ccgttggega
ctgcggttac
cgtcgggecgce
acaccaacac
ccacgaccgc
tcgcctcgac
gcaccgtgtc
ccggtggtac
cgcaagccga
ccgccgcecge
ccgactctge
gcttcggege
gcacctcgcet
ccctgaacgt
acgatggttt
tggtggcege
cgcacaccgce
gcgccgaact
tgggcgccac
cggcgaccct
ccaacgtcaa
gcgtcgetgg

gctagcagac
gatcatagaa
cccagtcegeg
aggtgtaata
cgcgcatctce
tgcggcgttg
cgggcgcgcet
ggtacaagga

aattcggcta

cactcggtcg
ggcccagttg
cacgctgacg
tgcgctgacce
ccagttcttc
caccaacacc
catcaacttc
cgcctacacg
caacgccgtce
ccaggccaac
tgccgacatce
ggtgtcgggce
cggcgecectg
gggcgtgtcg
caacaacgac
caccctgagc
ggctctgeceg
tgcgatcacc
cagcggegeg
cgctcaagcc
gggcgtgacc
ggtgagcgtc
ggccgtgacc
cgtgaccgtg
caccgccggce
cgccgcecteg
cgccacgatc
cggcatcggce
caatggtctg
caccaccatc
cgacgcgacg
tgccgeectg
ggcgaccggt
gaccaaggcg
gggcgctggt
cggttcgtceg
cgcggcggcet
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2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
//

LOCUS
DEFINITION

ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

caaggctcgc
acgaccttca
acgacgaccg
tcgtectegg
atcgccgcecca
tcggccaagt
acggctgtca
gtgtcggceca
tcgctgaccg
ctggtctaca
atcaacgcta
aagctcgacc
gcggtcaccce
gacggcagcg
gttgacagct
ggtctggtca
aacgtctgat
gaggcggggt
atgatttagc
cgccttagtt
tgttcaagcg
cggcggtgat
cgctgtacat
tcgtgttgac
gcacccaggt

JS4000RAT

ABC-trans
complete
JS4000RAT

acaacgccaa
ccaacgttgce
tgaccctgge
ccgctectgge
ccgacaccaa
cgatcgtggt
ccagcttcga
acaccacggt
gttcggccac
ccggcggtac
tcggcacctc
tcgtcggcecat
tgggcgcetge
gcacctcggt
cggctggcgce
cgctgaccac
cctecgectag
ctttcttatg
gggactgggg
gttactgtac
cagcggcgceg
caccgccatg
gctgcaggtce
ggtcatctgce
gctggtgcgce

1 7493 bp
Caulobacter crescentus S-layer subunit
(rsabD),

porter
cds.
1

cggcttcacg
ggtgaatgtc
caacgccacg
cgctggtacg
cacgaccgct
gacgggcaac
cgccagcgcece
gggtgaagtc
cgccaatgac
ggacaccttc
gaccgctttce
ctcgacgaac
tgcgaccctg
tgccaagtgg
gaccttcgte
ctcggectte
gcgaggatcg
ggcgctacgc
ggcttgctca
atggccgegt
aagccgacga
gtcttcagct
tatgaccgcg
gtcttecctgt
ggcggtctga

DNA

Caulobacter crescentus.
Caulobacter crescentus

Bacteria;
Caulobact

Proteobacteria;

er.

gctctgcaac
ggcctgaccg
ggcacctcgg
gttgcgctgg
cacgtcgaca
gccggtectga
gtcaccggca
gtcacgatcc
accatcatceg
acgggtggca
gtgacgatca
ggcgctatcg
gctcagtacc
ttccagttcyg
agcggcgcetg
gccaccgaag
ctagactaag
gctggccgge
ctttcecgcececa
cggttecgege
tcctecgacca
tcttcatcaa
tgctgaccag
tcectggtcta
agttcgacgg

BCT
(rsaA(truncated)),
and Membrane Forming Unit

alpha subdivision;

tgggcgcgac
ttctggcggce
acgtgttcaa
ctggcgtega
cgctgacgct
acctgaccaa
cgggctcgge
gcggcggcege
gtggcgetygg
cgggcgcgga
ccgacgccgce
ctgacggcgce
tggacgctgce
gcggcgacac
acgcggtgat
tcctgacgcet
agaccccecgtce
cttgcctagt
caatttcgtg
ggcgtcctga
ggccgtgcetg
cattctggcc
ccgcaacgtt
cggcctgcectce

cgtggcccgyg

07-

ggcgggtgeg
tccgaccggt
cctgaccctg
gacggtgaac
gcaagccacc
caccggcaac
tgtgaccttc
tggcgccegac
cgctgacacc
tatcttcgat
tgtcggcgac
cttecggeget
tgctgccgge
ctatgtcgtc
caagctgacc
cgcctaagceg
ttccgaaagg
tccggtggcet
gtcgagacgg
aggctcacaa
gtcgccecegee
ctggtcagcc
tcgaccctga
gaggcgctgce
gatcc

OCT-1999

(rsaE) genes,

Caulobacter group;

REFERENCE 1 (bases 1 to 7493)

AUTHORS Bingle,W.H., Awram,P.A., Nomellini,J.F. and Smit, J.K.
TITLE The Secretion Signal of the C. crescentus S-layer protein is
Located within the C-Terminal 82 Amino Acids of the Molecule
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 7493)
AUTHORS Bingle,W.H., Awram,P.A., Nomellini,J.F. and Smit,J.K.
TITLE Direct Submission
JOURNAL Submitted (07-0OCT-19899) Microbiology and Immunology, University of
British Columbia, 300-6174 University Blvd, Vancouver, BC V6T 123,
Canada
FEATURES Location/Qualifiers
source 1..7493
/organism="Caulobacter crescentus"”
/strain="Js4000"
gene 637..1716"°
/gene="rsaA (truncated)"
CDhs 637..1716




/gene="rsaA (truncated)"
/note=" The RsaA protein is truncated because of a deleted
G basepair. A stop codon results after translation of 359
amino acids."
/codon_start=1
/transl table=11
/product="S-layer subunit"
/translation="MAYTTAQLVTAYTNANLGKAPDAATTLTLDAYATQTQTGGLSDA
AALTNTLKLVNSTTAVAIQTYQFFTGVAPSAAGLDFLVDSTTNTNDLNDAYYSKFAQE
NRFINFSINLATGAGAGATAFAAAYTGVSYAQTVATAYDKIIGNAVATAAGVDVAAAV
AFLSROQANIDYLTAFVRANTPFTAAADIDLAVKAALIGTILNAATVSGIGGYATATAA
MINDLSDGALSTDNAAGVNLFTAYPSSGVSGSTLSLTTGTDTLTGTANNDTFVAGEVA
GAATLTVGDTLSGGAGTDVLNWVQAAAVTALPTGVTISGIETMNVTSGAAITLNTSSG
VTGLTALNTNTSGAAQTVTAGAGQT"
gene 3959..5695
/gene="rsaD"
CDS 3959..5695
/gene="rsaD"
/codon_start=1
/transl_table=11
/product="ABC-transporter"
/translation="MFKRSGAKPTILDQAVLVARPAVITAMVFSFFINILALVSPLYM
LOVYDRVLTSRNVSTLIVLTVICVFLFLVYGLLEALRTQVLVRGGLKFDGVARDPIFK
SVLDSTLSRKGIGGQAFRDMDQVREFMTGGLIAFCDAPWTPVFVIVSWMLHPFFGILA
ITACIIIFGLAVMNDNATKNPIQMATMASIAAQNDAGSTLRNAEVMKAMGMWGGLQAR
WRARRDEQVAWQAAASDAGGAVMSGIKVFRNIVQTLILGGGAYLAIDGKISAGAMIAG
SILVGRALAPIEGAVGQWKTYIGARGAWDRLOQTMLREEKSADDHMPLPEPRGVLSAEA
ASILPPGAQQPTMRQASFRIDAGAAVALVGPSAAGKSSLLRGIVGVWPCAAGVIRLDG
YDIKQWDPEKLGRHVGYLPQDIELFSGTVAQNIARFTEFESQEVIEAATLAGVHEMIQ
SLPMGYDTAIGEGGASLSGGQRQRLALARAVFRMPALLVLDEPNASLDQVGEVALMEA
MKRLKAAKRTVIFATHKVNLLAQADYIMVINQGVISDFGERDPMLAKLTGAAPPQTPP
PTPPPAPLQRVQ"
gene 5763..7073
/gene="rsak"
CDS 5763..7073
/gene="rsakE"
/codon_start=1
/transl_table=11
/product="Membrane Forming Unit"
/translation="MKPPKIQRPTDNFQAVARIGYGIIALTFVGLLGWAAFAPLDSAV
IANGVVSAEGNRKTVQHLEGGMLAKILVREGEKVKAGQVLFELDPTQANAAAGITRNQ
YVALKAMEARLLAERDQRPSISFPADLTRLRADPMVARAIADEQAQEFTERRQTIQGQV
DLMNAQRLQYQSETEGIDRQTQGLKDQLGFIEDELIDLRKLYDKGLVPRPRLLALERE
QASLSGSIGRLTADRSKAVQGASDTQLKVRQIKQEFFEQVSQSITETRVRLAEVTEKE
VVASDAQKRIKIVSPVNGTAQNLRFFTEGAVVRAAEPLVDIAPEDEAFVIQAHFQPTD
VDNVHMGMVTEVRLPAFHSREIPILNGTIQSLSQDRISDPONKLDYFLGIVRVDVKQL
PPHLRGRVTAGMPAQVIVPTGERTVLQYLFSPLRDTLRTTMREE"
BASE COUNT 1261 a 2627 ¢ 2358 g 1247 t '
ORIGIN
1 aagcttcccce aagcctaggt gaaaagccga ccccccgtcg gcccaaacac gctagcagac
61 gacacgataa ccgaactagt cttcgctgaa caggatctcg taggtgatcg gatcatagaa
121 gcggagcagt tcgcgcacga acgtcttctc cgagacctcc agggccttgg cccagtcgeg
181 gtaacggtcc ggcggaatgc ggccgcgacc cgtctccagc tgagagatga aggtgtaata
241 atcagcgccg accttagcecgg ccagctggcg ttgcgacagg ccggcggcect cgcgcatctce
301 cttcagccag cggccacctt cgcggcggag gtcttgcacc tccgaggcgce tgcggegttg
361 cgggttacca tacattataa agcctcgcgce gttgaccgag ggcaggagcg cgggcgcgct
421 cactcacccg ccaggtgaac agtctttata tatagcgctt ttcggcgggg ggtacaagga
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481
541
601
661
721
781

841,

301
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841

acgctatata
ttgtcgacgt
cagggggtgt
gtgactgcgt
ctcgacgegt
aacaccctga
accggcgttg
aacgacctga
tcgatcaacc
ggcgtttegt
gcgaccgccg
atcgactacc
gatctggccg
atcggtggtt
tcgaccgaca
ggttcgaccc
acgttcgttg
ggcggtgcetg
accggcgtga
ctgaacacgt
gctcaaaccg
cgaacaacgt
cgggcacgac
cgaactcgag
tggctcaaac
ccggtaactc
ctacggtcgce
ccacgaccgce
actcgagcgc
gcggcgctet
cgacgaccgg
acatcgctgg
ccctgaacat
cgggcatcac
tggtcttcac
tcgtcatggg
gttcggtcaa
tcagcgctga
aaggctcgca
cgaccttcac
cgacgaccgt
cgtcctcggce
tcgccgcecac
cggccaagtc
cggctgtcac
tgtcggccaa
cgctgaccgg
tggtctacac
tcaacgctat
agctcgacct
cggtcaccct
acggcagcgg
ttgacagctc
gtctggtcac
acgtctgatc

aggcggggtce
tgatttagcg

ggaatttgct
atgacgtttg
gggatttttt
acaccaacgc
acgcgactca
agctggtcaa
cccegteggce
acgacgcgta
tggccacggg
acgcccagac
ctggcgtcga
tgaccgcectt
tcaaggccgce
acgcgaccgc
acgcggctgg
tctcgectgac
cgggtgaagt
gcaccgacgt
cgatctcggg
cttcgggegt
tcaccgccgg
cgccgtcegac
cacggtcggce
cacgaccacc
ggccggcaac
cagcaccacg
cggtcgcgtc
cggcaagatc
tctgacgacc
gaccgccacg
cgcgatcacg
ttcgaccgcece
ctcgggcgac
ggtgaccaac
gggcggceget
cgccggcgac
cggcggcgac
cccggecttce
caacgccaac
caacgttgcg
gaccctggcc
cgctctggcece
cgacaccaac
gatcgtggtyg
cagcttcgac
caccacggtg
ttcggeccacce
cggcggtacg
cggcacctcg
cgtcggcatc
gggcgctget
cacctcggtt
ggctggegeg
gctgaccacce
ctcgectagg
tttcttatgg

ggactggggyg

gtaccggtta
ctctatagcc
ttgggagaca
caacctcggce
aacccagacg
cagcacgacyg
cgctggtctg
ctactcgaag
cgccggcgcce
ggtcgccacc
cgtcgecggcce
cgtgcgcecgece
cctgatcgge
cacggccgcg
cgtgaacctg
caccggceacce
cgcecggegcet
cctgaactgg
catcgaaacg
gacgggtctg
cgctggccaa
ggcggcgceca
gccaactcgg
acgggcgcta
gccgtgaaca
gccgtgacgg
aacggcgctg
gccacggtca
gtcaacctgt
ccgaccgcca
gactcggaag
tcttcgacga
gctcgcgtca
agcgttggtg
ggcgctgact
gacaccgtca
ggcaccgacg
ggcggetteg
ggcttcacgg
gtgaatgtcg
aacgccacgg
gctggtacgyg
acgaccgctc
acgggcaacg
gccagcgcceg
ggtgaagtcyg
gccaatgaca
gacaccttca
accgctttcg
tcgacgaacg
gcgaccctgg
gccaagtggt
accttcgtceca
tcggecetteg
cgaggatcgc
gcgctacgeg
gcttgctcac

gaaaaatgct
atcgctgctce
atcctcatgg
aaggcgcctyg
ggcggcctct
gctgttgcca
gacttcctgg
ttcgctcagg
ggcgcgacygyg
gcctatgaca
gccgtggett
aacacgccgt
accatcctga
atgatcaacg
ttcaccgect
gacaccctga
gcgaccctga
gtgcaagctg
atgaacgtga
accgccctga
acctgaccgce
acgtcaccgt
ccgectteggg
tcgececgtgac
ccacgttgac
tcacccaaac
tgacgatcac

ccctgggcag

cgggcacggg
acaccctgac

cggctgctga
tcgeccagecet
cgatcacctc
cgaccctegg
cgatcctgct
ccgtcagctce
ttctggtggce
aaaccctccg
ctctgcaact
gcctgaccgt
gcacctcgga
ttgecgetgge
acgtcgacac
ccggtctgaa
tcaccggcac
tcacgatccg
ccatcatcgg
cgggtggcac
tgacgatcac
gcgctatcgce
ctcagtacct
tccagttcgg
gcggcgcetga
ccaccgaagt
tagactaaga
ctggccggcece
tttccgccac

gtacccctga
ccatgcgcgce
cctatacgac
acgccgccac
cggacgccgce
tccagaccta
tcgactcgac
aaaaccgctt
ctttcgccge
agatcatcgg
tcctgagceceg
tcacggccge
acgccgccac
acctgtcgga
atccgtecgtce
cgggcaccgce
ccgttggcga
ctgcggttac
cgtcgggege
acaccaacac
cacgaccgcc
cgcctcgacg
caccgtgtcg
cggtggtacg
gcaagccgac
cgccgccgcece
cgactctgcece
cttcggecgece
cacctcgctc
cctgaacgtc
cgatggtttc
ggtggccgece
gcacaccgct
cgccgaactg
gggcgecacy
ggcgaccctyg
caacgtcaac
cgtcgctgge
gggcgcgacyg
tctggcggcet
cgtgttcaac
tggcgtegag
gctgacgctg
cctgaccaac
gggctcggct
cggcggcgcet
tggcgetgge
gggcgcggat
cgacgccgcet
tgacggcgcce
ggacgctgct
cggcgacacc
cgcggtgatc
cctgacgctc
gaccccgtet
ttgcctagtt
aatttcgtgg

aattcggcta
cactcggtcg
ggcccagttg
cacgctgacyg
tgcgctgacc
ccagttcttc
caccaacacc
catcaacttc
cgcctacacg
caacgccgtc
ccaggccaac
tgccgacatc
ggtgtcgggce
cggcgceccetg
gggcgtgtcg
caacaacgac
caccctgage
ggctctgccg
tgcgatcacc
cagcggcegceg
gctcaagccg
ggcgtgacct
gtgagcgtcg
gccgtgacceg
gtgaccgtga
accgccggceg
gcegectegg
gccacgatcg
ggcatcggcc
aatggtctga
accaccatca
gacgcgacga
gccgcecctga
gcgaccggte
accaaggcga
ggcgctggtyg
ggttcgtcgt
gcggcggcetce
gcgggtgega
ccgaccggta
ctgaccctgt
acggtgaaca
caagccacct
accggcaaca
gtgaccttcg
ggcgccgact
gctgacaccc
atcttcgata
gtcggcgaca
ttcggcecgcetg
gctgccggceg
tatgtcgtcg
aagctgaccg
gcctaagcga
tccgaaaggg
ccggtggeta
tcgagacggce
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3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261

gccttagttg
gttcaagcgc
ggcggtgatc
gctgtacatg
cgtgttgacg
cacccaggtg
caagtcggtyg
catggaccag
gacgccggtg
catcgcctgce
gatccagatg
caacgccgag
gcgeccecgcgac
gtcgggcatc
tctggccatc
ccgcgecctg
cggcgcectgg
gccgetgece
cgcgcaacag
ccttgtcggt
gccctgcgceg
gaagctgggt
cgcccagaac
cctggcgggce
cgagggcggce
gttccgcecatg
cgaagtggcg
cgccacccac
tgtgatcagc
gccccagacg
ttcgtetgte
caatgaagcc
gctacggcat
tcgacagcgce
agcacctcga
ccggccaggt
gcaaccagta
gtccgtccat
gcgccatcge
tcgacctgat
agacccaggg
agctctatga
cctegetgte
cctctgacac
agagcatcac
ccgacgcceca
gcttcttcac
aggacgaggc
tgggcatggt
acggcacgat
acttcctcgg
tcaccgecgg
acctgttctc
gtttcaaggg
cggcgctgct
cagcggatac
tacctcgcca

ttactgtaca
agcggcgcga
accgccatgg
ctgcaggtct
gtcatctgcg
ctggtgcgcg
ctggactcca
gtccgagagt
ttcgtcateg
attatcatct
gccaccatgg
gtcatgaagg
gagcaggtgg
aaggtgttcc
gacggcaaga
gcgcccatcg
gatcgtctgc
gagccgcgceg
ccgaccatgce
cccagcgcgg
gccggcgtca
cgccacgteg
atcgcccgcet
gtgcacgaga
gcctcgetgt
ccggcecectge
ctgatggaag
aaggtgaacc
gactttggcg
ccgccgcecga
cgcectctecce
ccccaagatc
catcgcccectg
ggtgatcgce
aggcggcatg
gctgttcgag
tgtggcgttg
cagcttcccece
cgacgaacag
gaacgcccag
cctgaaggac
caagggcctg
gggctcgatc
ccagctcaag
cgagacccgg
gaagcggatc
cgagggcgcet
cttcgtgatc
caccgaagtt
ccagtctctg
gatcgtgcgc
catgccggcc
gccgctgcga
cctgatttcce
ttccattege
gcatggcgaa
agctgctgcet

tggcecgegte
agccgacgat
tcttcagctt
atgaccgcgt
tcttectgtt
gcggtctgaa
cgctcagcceg
tcatgaccgg
tctcgtggat
tcggcectgge
cctcgatcge
ccatgggcat
cctggcaggce
gcaacatcgt
tctcggcecgg
agggcgeggt
agaccatgct
gcgtgctgtce
gccaggccag
cgggcaagtc
tccgectcga
gctacctgcc
tcaccgagtt
tgatccagag
ccggeggeca
tggtgctgga
cgatgaagcg
tgttggccca
aacgcgaccce
cgccgcececgcece
ttecctggeceg
cagcgtccecga
acctttgtcg
aacggcgtcg
ctggccaaga
ctggacccga
aaggccatgg
gccgacctga
gcccagttca
cgtttgcagt
caactcggct
gtgccccggce
ggccgtctga
gttcgccaga
gttcgcctgg
aagatcgtgt
gtcgttcgeg
caggcgcact
cggctgeegyg
tcgcaggacc
gtggacgtca
caggtgatcg
gacaccctge
aaagcttttc
gggcaatagt
aacggctttg

ggagaagggt

ggttcgcgeg
cctcgaccag
cttcatcaac
gctgaccagc
cctggtctac
gttcgacggc
caagggcatc
cggcctgatce
gctgcacccyg
cgtgatgaac
cgcccagaac
gtggggcggc
cgccgcecagce
ccagaccctg
cgcgatgatc
gggccagtgg
gcgcgaggaa
ggccgaagcce
cttccgcatce
ctecgetgetg
cggctacgac
gcaggacatc
cgagtcgcag
cctgeecgatg
gcgccagcgce
cgagccgaac
gctcaaggcce
ggccgactac
gatgctggcce
cgcgeegttg
tttcagaacg
cggacaactt
gtctgttggg
tctccgeega
tcectggtecg
cccaggcecaa
aagcgcgcect
ccegectgeg
ctgagcgtcg
atcagagcga
tcatcgagga
cgcgtctgcet
ccgcagaccg
tcaagcagga
ccgaggtgac
cgccggtcaa
ccgccgagcece
tccagcecgac
ccttccacte
gcatttccga
agcagctgcc
tgccgaccgg
gcaccacgat
ggatgggcgg
gtagtcagga
atcaccggtg
tacaccgtcce

gcgtcctgaa
gccgtgetgg
attctggcce
cgcaacgttt
ggcctgceteg
gtggcccggg
ggcggccagg
gccttectgeg
ttcttcggca
gacaacgcca
gacgccggtt
ctgcaagccce
gacgccggceg
atcctgggcg
gccggcetega
aagacctata
aagagcgccg
gcctcgatcc
gacgccggceg
cgcggcatcg
atcaagcagt
gagctgttct
gaagtcatcg
ggctatgata
ctggccctgg
gccagcctcg
gccaagcgcea
atcatggtga
aagctgaccg
cagcgcgtcc
cgcccatcag
ccaggctgtg
ctgggccgcg
gggtaatcgc
cgaaggcgag
cgccgccgec
gctggccgag
cgccgatceg
ccagacgatc
gatcgagggc
cgagctgatc
ggccctggag
ctccaaggcc
gttcttcgag
cgagaaggag
cgggacggcyg
gctggtcgac
cgatgtggac
gcgggaaatc
tccgcagaac
gccgcatctg
cgagcgcacc
gcgcgaggag
cgcgggcegag
cccttegttg
tgaccggtca
acggcatgct

ggctcacaat
tcgceccgecec
tggtcagccc
cgaccctgat
aggcgctgceg
atccgatctt
cgttccgecga
atgcgccctg
tcctggcgat
ccaagaaccc
ccaccctgeg
gctggcgege
gcgecggtgat
gcggcgecta
tcectggtegg
tcggcgegeg
acgaccacat
tgccgeccggg
ccgcecggtgge
tcggcgtcetg
gggatcccga
cgggcaccgt
aggccgcgac
cggcgatcgg
ccecgegeggt
accaggtggg
cggtgatctt
tcaaccaggg
gggctgecgcece
agtaagcgcc
gcttgaatct
gccegtateg
ttcgececcege
aagaccgtgc
aaggtgaagg
ggcatcaccc
cgcgaccage
atggtcgceccc
cagggccagg
atcgaccgtc
gacctgcgta
cgcgagcagg
gtccagggcyg
caggtcagcc
gtcgtcgect
cagaacctgc
atcgcgcececcg
aatgtccata
ccgatcctga
aagctcgact
cgcggcaggg
gtgctgcagt
taggtcaaag
ctaaattcgc
ttactggagt

ggacggggcyg
gcgtcgeteg
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7321 gccteggecg atgtgatcgg cgaccgectg cgctggatcg gegtctatga cgacatccag
7381 ttcgagctgg gcgacctctt ggacgagggc ggtctggcgc gecctgatgcg gcgcctgcag
7441 ccggatgagg tctacaacct ggcggcccag agcttcgtcg gcgecctegtg gga

//
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Appendix 3

Sequences of IpsGHIJK, orf1 and orf2

LOCUS gce227 4883 bp mRNA : BCT 15-0CT-1999
DEFINITION gcc227. :
ACCESSION gcc227
VERSION
KEYWORDS .
SOURCE Caulobacter crescentus.
ORGANISM Caulobacter crescentus
Bacteria; Proteobacteria; alpha subdivision; Caulobacter group;
Caulobacter.
REFERENCE 1 (bases 1 to 4883)
AUTHORS Awram, P.A.
TITLE Analysis of the S-layer Transporter Mechanism and Smooth
Lipopolysaccharide Synthesis in Caulobacter crescentus
JOURNAL  Unpublished
REFERENCE 2 (bases 1 to 4883)
AUTHORS Awram, P.A.

TITLE Direct Submission
JOURNAL Submitted (15-0CT-1999) UBC
FEATURES Location/Qualifiers
source 1..4883

/organism="Caulobacter crescentus"
/strain="NA1000"

gene complement (1..1242)
/gene="orf3"
CDS complement (1..1242)

/gene="orf3"

/codon_start=1

/product="putative glycolipid transporter"”
/translation="MSAAASTPQEYKRLTQYEVDVICAKHDRLWSARMGGARAVFAFC
DLSGLSVPGRNLCDADFTGAILVGCDLRKAKLDNANFYGADLQGADLTDASLRRADLR
GSSLRGANLTGADMFEADLREGTIAAADRKEGYRVIEPTQREAFAAGANLSGANLERS
RLSGIVATKADFSDAILKDAKLVRANLKQANFNGANLAGADLSGANLAGADLRNAVLV
GAKTLSWNVNDTNMDGALTDKPSGTSVSDLPYEQMIADHARWIETGGGEGKPSVEDKA
DLRNLRSVRGENLTALSAKGSVEFYGLDMEGVQMQGAQLDGADLRACNLRRADLRGARL
KGAKLTGADLRDAQLGPLLIAADRLLPVDLTGAILTNADLARADLRQARMAGADVSRA
NFTGAQLRDLDLTGAIRLAARG"

gene complement (1335..2048)
/gene="orf4"
CDS complement (1335..2048)

/gene="orf4"

/codon_start=1

/product="putative phosphoglycerate mutase"
/translation="MPTLVLLRHGQSQWNLENRFTGWVDVDLTAEGEAQARKGGELIA
AAGIEIDRLETSVQTRAIRTGNLALDAAKQSFVPVTKDWRLNERHYGGLTGLNKAETA
EKHGVEQVTIWRRSYDIPPPELAPGGEYDFSKDRRYKGASLPSTESLATTLVRVLPYW
ESDIAPHLKAGETVLIAAHGNSLRAIVKHLENVPDDQIVGVEIPTGNPLVIDLDAALK

PTGARYLDDSRAEALPKVG"
gene 2421..3377
/gene="orf5"
CDS 2421..3377

129




gene

CDSs

BASE COUNT
ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801

807 a

gccgcgcgcec
aaagttggcg
gagatcggcg
gatgagcagc
caaccgcgcg
caactgcgcg
cgccgacagg
gtcgaacacc
gatcatctgc
gccgtccata
gttgcgcaga
gccgttgaaa
gtcactgaag
gcccgacagg
accttccttg
ggcgccggtce
ggcgtcggte
ggcctttecge
gcgccccggce
catccgcgcc
caggcgcttg
agttaacggg
aagctttcgg
cgcgegecgg
atctccacac
agcgagttgc
tcgecttteece
aggcttgcge
tceggeggcg
tcggcggtcet
cagtccttgg

/gene="orf5"
/codon_start=1

/product="putative sugar phosphate isomerase

KpsF-1ike"

/translation="MSAFNAVQVGRRVLAVEADALRVLADSLGEAFANAVETIFNAKG
RVVCTGMGKSGHVARKIAATLASTGTQAMFVHPAEASHGDLGMIGPDDVVLALSKSGA
GRELADTLAYAKRFSIPLIAMTAVADSPLGQAGDILLLLPDAPEGTAEVNAPTTSTTL
QIALGDAIAVALLERRGFTASDFRVFHPGGKLGAMLRTVGDLMHGADELPLVAADAAM
PDALLVMSEKRFGAVGVVDNAGHLAGLITXGDLRRHMDGLLTHTAGEVMTHAPLTIGP
GALAAEALKVMNERRITVLFVVERERPVGILHVHDLLRAGVI"

3477..4883

/gene="1psg"

3477..4883

/gene="1psg"

/codon_start=1
/product="phosphomannomutase"
/translation="MFSSPRADLVPNTAAYENEALVKATGFREYDARWLFGPEINLLG
VQALGLGLGTYIHELGQSKIVVGHDFRSYSTSIKNALILGLISAGCEVHDIGLALSPT
AYFAQFDLDIPCVAMVTASHNENGWTGVKMGAQKPLTFGPDEMSRLKAIVLNAEFVER
DGGKLIRVQGEAQRYIDDVAKRASVTRPLKVIAACGNGTAGAFVVEALQKMGVAEVVP
MDTDLDFTFPKYNPNPEDAEMLHAMADAVRETGADLAFGFDGDGDRCGVVDDEGEETF
ADKIGLMLARDLAPLHPGAXFVVXVKSTGLYATDPILAQHGCKVIYWKTGHSYIKRKS
AELGALAGFEKSGHFFMNGELGYGYDCGLTAAAAILAMLDRNPGVKLSDMRKALPVAF
TSLTMSPHCGDEVKYGVVADVVKEYEDLFAAGGSILGRKITEVITVNGVRVHLEDGSW
VLVRASSNKPEVVVVVESS"

1647 c

gccagcctga
cgcgagacat
ttggtaagaa
ggccccagcet
cctcgcaggt
ccctgcatct
gccgtgagat
gagggcttge
tcatacggca
ttggtgtcgt
tcagcgcecgg
ttggcctgtt
tcecgectteg
ttcgegeegg
cggtcggcgg
aggttggcge
aagtcggcgce
aggtcacagce
acggagaggc
gaccacagac
tattcttgtg
acaccttgcg
cgttttaacc
tcggcttcaa
cgacgatctg
cgtgggcggce
agtagggcag
ccttgtagceg
ggatatcgta
cagccttgtt
tcacggggac

1587 g

tggcgccggt
ccgcgcecggce
tcgctececgt
gtgcgtcacg
cggcgcggcyg
gcacgccttc
tgaagccteg
cctcgecgcece
ggtcagagac
tgacgttcca
cgaggttage
tgaggttggce
tcgegacgat
ccgcgaaggce
cggcgategt
cgcgcagact
cttgcagatc
cgacgagaat
cagacaggtc
ggtcatgctt
gcgtgetgge
cagagcaaaa
aactttggga
cgcagcatcc
gtcgtccgge
gatcagcaca
aacgcgaacc
gcgatccttg
cgaacggcgc
caggccggtc
gaagctctgce

837 t

cagatccagg
cattcgggcece
cagatcgacc
caggtccgcet
caggttgcag
catgtcgagg
gacagatcgc
gcecggtceteg
gcttgtgccecce
ggacagggtc
gcccgacaga
ccgaaccagce
gccecgacagg
ttcgegttgg
gccctecege
ggatccgcgce
cgcgccatag

ggcgceggtg

gcagaacgcg
ggcgcagata
ggcggegete
ttaacgcecgt
agcgcctcag
aggtcgatca
acgttgaaca
gtctcacccg
agcgtcgtceg
ctgaagtcgt
cagatggtca
agcccgccat

ttggcggcgt

5 others

tcgecgtaget
tgccgcaggt
ggcagcaagc
ccecgtcagcet
gctcgcagat
ccgtagaaca
agattccgea
atccatcgtg
gacggcttgt
ttggccccaa
tcggecccceceg
ttggcgtect
cgcgaacgct
gtcggttcga
agatcggcct
aggtcagccc
aagttggcgt
aaatcggcgt
aaaaccgcgce
acgtccactt
atggctcget
gtttccaaca
cccgactgte
ccagcggatt
gatgcttgac
ccttgagatg
ccaggctttce
actcgccgcee
cctgctcgac
agtggcgctce
ccagcgccag

gcgcgceggt
cggcgcgcegce
ggtcggctge
tggcgcccett
cggcgccatc
ccgacccctt
gatcggcectt
cgtggtcggc
cggtcaacgc
ccagcacggce
ccaggttggce
tcaggatagc
cgaggttggc
tgacgcgata
cgaacatgtc
gccgcaacga
tgtccagcett
cgcagagatt
gcgcgceccccce
cgtactgcgt
gggtatcccecg
ccttececgett
gtccaggtag
gccggtcgga
gatggcgcgc
cggagcgatg
cgtgctgggce
cggcgcecagce
gccgtgettt
gttcaggcgce
attgcctgtg
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1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861

//

LOCUS

cggatggcgc
atcagctcgce
caaccggtga
gtcggcatcg
cttcagcgtce
ccaggccgcece
ggactcatcg
cgctcectggyg
attcagcggg
gccatggatc
tcgcecgtaga
atgcggtcga
cggggcatgt
tcgtccaccce
ttctggecget
agcgcttctc
cgggcgacat
cgaccacgtc
ageggcgegyg
ctatgctgcg
ccgacgccge
gcgtcegttga
acatggatgg
tcggecececgg
tgcttttegt
gcgcgggtgt
gtcgtgccge
tctcctcegcece
tcaaggcgac
tcctgggegt
cgaagatcgt
tcctggggcet
ccgcctattt
acaacgaaaa
ccgacgagat
gcggcaagct
gcgccagegt
ccttegtggt
acctcgactt
cgatggctga
gcgaccgctg
tgatgctggce
agtcgacggyg
actggaagac
gcttcgaaaa
gcctgaccgce
cggacatgcg
gtgacgaggt
ccgceggegg
gggtgcacct
tcgtegtegt

gcc506

DEFINITION gcc506.

gggtctgaac
cgececttecg
agcggttttc
ggctteccttce
aagcgccgaa
gcgcgtgceta
ccgecgegcet
gccccttegg
aaaaggactc
agctttcgcea
agccgatgcg
gacgatcttc
ggcgcggaag
cgccgaagcece
gtccaagtcg
gatcccgctg
cctgctgctg
gaccaccctg
cttcaccgcce
cacggtcggc
catgcccgac
taacgcgggt
gctgctgacc
cgcecctggceg
cgtcgagcgc
gatctaggtc
gtccgcacgg
ccgcgcecgat
gggctttcgce
gcaggccctg
ggtcggccat
gatcagcgcc
cgcccagtte
cggctggacc
gagccgccte
gatccgcgtg
cacccgtccecce
cgaggccctg
caccttcccc
cgctgtccgt
cggtgtggtce
gcgcgacctg
cctmtacgcece
cggccacagc
gagcggccac
cgccgceggcec
caaggccectg
gaagtacggc
ttcgatcctg
ggaggacggc
ggtcgaaagc

8012 bp

cgaggtgaac
ggcctgagcet
caggttccac
ggagatcagg
gcgaccaagg
taggcgagcce
gatcgccctce
ccacacgcce
ggcgcgccgt
atgagcgcect
ctgcgegtcece
aacgccaagg
atcgccgceca
tcgcacggcg
ggcgccggcece
atcgccatga
ctcceccecgacg
cagatcgcgc
agcgacttcc
gacctgatgc
gctttactgg
cacctggeceg
cacaccgccg
gctgaagcgc
gaacgccecg
acatcgaaac
ctaaagccat
ctggttccga
gagtacgacg
ggcctgggte
gacttccget
ggctgcgagg
gacctcgaca
ggcgtgaaga
aaggccatcg
cagggcgagyg
ctgaaggtga
cagaagatgg
aagtacaatc
gagacgggcg
gatgacgagg
gcccegcetac
accgatccga
tacatcaagc
ttcttcatga
atcctggcca
ccggtggect
gtcgtcgcecg
ggccgcaaga
tcctgggtcce
agc

mRNA

aagcggtcga
tcgecectcag
tggctttgge
gaaatgtcag
acccgatcgg
atgcctgatc
tctetegtet
gttcagcaga
cgggacgagg
tcaacgctgt
tcgcagactce
gtcgcgtcgt
ccectegette
acctgggcat
gcgaactggc
ccgccgtggce
¢gcccgaggg
tgggcgacgc
gcgtcttcca
acggcgccga
tcatgagcga
gcttgatcac
gcgaggtcat
tgaaggttat
tcggcattct
tttgcaaaac
accatctcaa
atacggccgce
cgcgctgget
tgggaaccta
cgtattcgac
tgcacgacat
tcecegtgegt
tgggcgccca
tgctgaacgc
cccagcgcta
tcgeecgectg
gtgtcgctga
ccaaccccga
cggacctggce
gcgaggagat
atccgggcgce
tcctggcecca
gcaagagcgc
acggcgagct
tgctggaccg
tcacctccecet
acgtggtgaa
tcaccgaggt
tggtcecgcege

BCT

tctcgatgcece
cggtgaggtc
catggcgcag
ggcgggctaa
cceggtgege
gcatcttcat
ggccccaggg
ccecggagat
cggcgaaaaa
tcaggtggge
gctgggcgag
ctgcacgggc
gaccggcacc
gatcgggcca
cgacaccctg
cgacagcccg
gacggcggaa
gatcgctgtg
cceceggegge
tgagcttcce
aaagcgtttce
gkacggtgat
gacgcacgct
gaacgagcgg
acatgtgcac
cttgtcatgce
ctgaagcgag
ctacgaaaac
gtttgggccg
tatccacgaa
ctcgatcaag
tggcctggcec
ggccatggtc
gaagccgctg
cgagttcgtc
tatcgacgac
cggcaacggc
ggtcgtgcecg
agacgccgag
gttcggecttc
cttecgccgac
grcyttcgtce
gcacggctgc
ggagctgggce
gggctatggc
caatcccgge
gaccatgagc
ggaatacgag
gatcacggtc
ctcgtccaac

15-

ggccgcageg
cacatcaacc
caggacgagc
ggccagececg
gcececectecce
gcctetgatg
ccagggcgac
gaaggccaag
ggctgtcgag
cgccgcegtcece
gccttcgceca
atgggcaagt
caggcgatgt
gacgacgtgg
gcctacgceta
ctcggtcagg
gtgaacgccc
gctctgctgg
aagctcggcg
ctggtcgeceg

ggcgcggteg:

ctgcgtcgac
cccecctgacca
cggatcaccg
gacctgctte
gaacgcgcta
ccttcaatgt
gaagccctgg
gagatcaatc
ctgggccaat
aacgccctga
ctgtcgccca
acggccagcc
accttcggcc
gagcgcgatg
gtggccaagc
acggccggceyg
atggacaccg
atgctgcacg
gacggcgacg
aagatcggcc
gtgratgtga
aaggtgatct
gceectggecg
tacgactgcg
gtgaagctgt
ccgcactgceg
gacctgttcg
aacggcgtgce
aagcccgagg

OCT-1999
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ACCESSION
VERSION
KEYWORDS

_ SOURCE

ORGANISM

REFERENCE
AUTHORS
TITLE

JOURNAL
REFERENCE
AUTHORS
TITLE
JOURNAL

FEATURES
source

gene

CDS

gene

CDS

gene

gcc506

Caulobacter crescentus.

Caulobacter crescentus

Bacteria; Proteobacteria; alpha subdivision; Caulobacter group;

Caulobacter.

1 (bases 1 to 8012)

Awram, P.A.

Analysis of the S-layer Transporter Mechanism and Smooth

Lipopolysaccharide Synthesis in Caulobacter crescentus

Unpublished

2 (bases 1 to 8012)

Awram, P.A.

Direct Submission

Submitted (15-0CT-1999) UBC
Location/Qualifiers
1..8012
/organism="Caulobacter crescentus"”
/strain="NA1000"
complement (1845..3860)
/gene="orfe"
complement (1845..3860)
/gene="orf6"
/codon_start=1
/product="putative transketolase"
/translation="MRVRPSRSPAKHIKTEAPMPVSPIKMADAIRVLSMDAVHKAKSG
HQGMPMGMADVATVLWGKFLKFDASKPDWADRDRFVLSAGHGSMLLYSLLHLTGFKAM
TMKEIENFRQWGALTPGHPEVHHTPGVETTTGPLGQGLATAVGMAMAEAHLAARYGSD
LVDHRTWVIAGDGCLMEGVSHEAISIAGRLKLSKLTVLFDDNNTTIDGVATIAETGDQ
VARFKAAGWAVKVVDGHDHGKIAAALRWATKQDRPTMIACKTLISKGAGPKEGDPHSH
GYTLFDNEIAASRVAMGWDAAPFTVPDDIAKAWKSVGRRGAKVRKAWEAKLAASPKGA
DFTRAMKGELPANAFEALDAHIAKALETKPVNATRVHSGSALEHLIPAIPEMIGGSAD
LTGSNNTLVKGMGAFDAPGYEGRYVHYGVREFGMAAAMNGMALEGGIIPYSGTFLAFA
DYSRAAIRLGALMEARVVHVMTHDSIGLGEDGPTHQPVEHVASLRAIPNLLVFRPADA
VEAAECWKAALQHQRTPSVMTLSRQKTPHVRTQGGDLSAKGAYELLAAEGGEAQVTIF
ASGTEVGVAVAARDILQAKGKPTRVVSTPCWELFDQQPAAYQAAVIGKAPVRVAVEAG
VKMGWERFIGENGKFIGMKGFGASAPFERLYKEFGITAEAVAEAALA"

4281..6041
/gene="orf7"
4281..6041

/gene="orf7"

/codon_start=1

/product="putative NH(3)-dependent NAD(+) synthetase"
/translation="MIVVGGPLRDAGRLYNTAIVIQGGKVLGVVPKSFLPNYREFYER
RWFTPGAGLTGKTLTLAGQTVPFGTDILFRGEGVAPFTVGVEICEDVWTPTPPSTAQA
LAGAEILLNLSASNITIGKSETRRLLCASQSSRMIAAYVYSAAGAGESSTDLAWDGHV
DIHEMGALLAETPRFSTGPAWTFADVDVQRLRQERMRVGSFGDAMALSPASTPFRIVP
_FAFDAPEGDLALARPIERFPFTPSDPARLRENCYEAYNIQVQGLARRLEASGLKKLVI
GISGGLDSTQALLVAAKAMDQLGLPRSNILAYTLPGFATSDRTKSNAWALMKAMAVTA
AELDIRPAATQOMLKDLDHPFGRGEAVYDVTFENVQAGLRTDYLFRLANHNAALVVGTG
DLSELALGWCTYGVGDHMSHYNPNCGAPKTLIQHLIRFVAHSGDVGAETTALLDDILA
TEISPELVPGEAVOATESFVGPYALQDFNLYYMTRYGMAPSKIAFLAWSAWHDADQGG
WPVGLPDNARRAYDLPEIKRWLELFLKRFFANQFKRSAVPNGPKISSGGALSPRGDWR
MPSDATADAWLAELRTNAPI"

6121..7446

/gene="1psH"

132



CDS

BASE COUNT
ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521

6121..7446

./gene="1psH"

/codon_start=1
/product="putative mannose-6-phosphate isomerase"
/translation="VWGQDLAAIYPVILCGGSGTRLWPASRSDHPKQFLKLVSDRSSF
QETVLRVKDIPGVAEVVVVTGEAMVGFVSEQTAEIGAWATILVEPEARDSAPAVARAA
AYVEAQDPAGVVLMLAADHHIAQPEIFQQAALTATKAAEQGYIVTFGVQPTVPATGEG
YIRPGAPLLDGSVREVAAFVEKPDQATAERYLLEGYLWNSGNFAFQAATLLGEFETFE
PSVAAAAKACVAGLQLEAGIGRLDREAFAQAKKISLDYAIMERTQKAAVAPAAFAWSD
LGAWDAIWEASTRDGDGNAQTGDVDLHGSSNVLVRSTGPYVGVIGVNDIVVVAEPDAV
LVCHRKDSQAVKTLVDGLKAKGRSIASRKSASPNGTETLVSTDGFDVELRRVPAGETL
MLPVSTLQVLEGVIEMDGDVYAAGAIIALDDSVQARAIGAATLLVTKPR"

1292 a

gcttgaagct
agggcgttgg
agatagccga
atgacgacgt
gcgtcggacg
agggcgatga
tgaagcgcca
acccagcgca
cgcagatagg
tcagcgctca
taaccctagt
gtgtccggeg
ataaaatccc
ggctgggtcc
tcgtacggcce
cgecgegecece
gtcaagcgcec
cgtcaccgcce
gatagttctg
cgagcgacgg
aatccagcac
agctgaggat
tgaagaaaac
gccgcgceceac
atctccgeceg
ggtcaggggt
cgatcggatc
gcgacgactc
agggtcccca
ggcgaccatc
gcggtcegggyg
tcggccacgg
gcgccgaage
atcttgacgc
taggcggcgg
ttgcececttgg
gcgaagatcg
gccgacaagt
accgacggcg
tcggcecggac
ggctggtggg
acgcgggcct
aggaaggtgc

2635 ¢

tgcgcgaggce
ccaggggtgc
cgtacggcgt
tcatcagcgce
cgaacagggg
cggagaagcg
gccaggtctce
agccaacgac
tattgacgcg
tgggcgctcce
cacgaggggc
cgcaccggaa
aataatgccg
acgccctcca
gagcraggaa
tcgacgggceg
caaccctegg
acgccgtcag
cacgcccgaa
gatcaggcgt
ctggtacaca
cgccgagatg
gaattgaatg
gcgcgcecgetg
ctccttgggg
tcgattcccece
gcccatcgga
gccacagcct
tcgctgtggg
aggtgtttct
gcggagctcc
cttcagcggt
ccttcatgcc
ccgcettcgac
gctgctgatce
cctgcaggat
tcacctgcge
cgccgccectyg
tgcgttgatg
ggaagaccag
tgggaccgtc
ccatcagggc
ccgaataggg

2741 g

gaccgccacg
atcgggattg
cgctgcggeg
ccecggecagce
aatcgccagg
gcgccagcga
caggaactgg
gaggtgcagg
tcgcgaggceg
gcccececcecee
taagaggaaa
gatttttgcg
acccgcegcta
gttcgagacg
tcttcagggt
gactggcgac
cggcgtcteg
ccaagaagag
atgatcagca
tggaacgggc
gcggtgttge
acgatggccc
atggcggtca
gcaagcaagg
ccgtagctca
tcggctcececac
ctccgtecge
gggttcgagg
gcaggcatgg
gtttcggacc

ggactccacc
gatgccgaac
gatgaacttg
ggcgacgege
gaacagctcc
gtcgcgcgceg
ctcgeccecgcecce
ggtgcggacg
ttgcagggcce
caggttcgga
ttcgccgaga
gcccaggcgyg
gatgatcccg

1342 ¢

gccgcgatga
gcctgeeggyg
atggtcgctg
agcatgccgce
aatccgaaga
tcagggctgce
atcgcggtgt
gtcgcgcaga
acagcgcgtt
aaggagatcg
tgaaagacca
cgttactgce
gttcggcgge
ctttagcecge
ctttgccaga
cctcaccttc
cccgcececcte
cgatcagcgt
gaacaacgat
gaagcaccgg
ggcggttgat
accaaaggag
tgggtttccecce
agccgettga
gatggtagag
caaggacctc
attttcttge
aacagcggceg
ggccagggtc
gcgctatcga
cccgegcage
tctttataca
ccgttetege
accggggect
cagcagggcg
gcgacggcga
tcggccgceca
tgcggggtct
gccttccagce
atggcgcgca
ccgatggagt
atggccgcge
ccgtgcaggyg

2 others

gcaggagcgc
ccacgatggg
agcgaaggcece
ccaaggtcgg
cggcggaggt
tctgcggtcg
agagcgctcc
tcgcaaaggt
ccaggtcaat
cagagcaatc
gcgtttcegtce
attggggcag
ccgaacgegce
gcggtttege
aaggcgatga
agatagaggc
ggggtcaggc
gccttgaagc
cgggctgatg
tccggtecacyg
cacgtcgaac
gctgagcagg
gtccggactt
cgagcgcgct
cgcctegtte
ccttagcecte
ctaacgtcgce
cctcgcecgge
aggcgcgagc
tcegecctgg
gatttcaggc
ggcgctcgaa
caatgaagcg
tgccgatgac
tggagaccac
cgccgacctce
gcagctcgta
tctggcgcega
actcggcggce
agctggcaac
cgtgggtcat
ggctgtagtc
ccatgccgtt

gccaaaccac
gatgaccagg
gccgtggacg
cgcgaaccgg
tagaaagggc
cttgatgagc
ccagatccaa
cgagctgagg
atccttcgtce
ccttacccaa
aacggcttgg
gttttggggc
gtgcgacatc
cagccgccag
gggccgeatt
ggccgtcgge
gcaccacgag
gcaggcagca
tcgacgccge
cgatccagga
gcgaccagcce
ccgecgagga
tccgettcett
ttggggccgt
gcaatgagga
gatcacgacc
gtgcgcccct
aagatcggcc
ctgctctgta
cccttattet
cagagccgcet
cggagccgag
ctcccagcecce
ggcggcctgg
gcgggtcggce
ggtgcccgag
ggcgcccttg
cagggtcatc
ctcgacggca
gtgctcgacc
cacgtggacyg
ggcgaaggcec

catggccgceg
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2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941

gccatgcecga
aacgcgccca
atcatctcgg
gcgttgaccg
ttcgecggea
agcttggecect
ttggcgatgt
gcggcgatct
ccecgegecct
gcccagcgca
cagccggegg
tcgatggtgg
gcgatgctga
caggtgcggt
gccatgccga
ggcgtgtgat
atctccttca
gagccgtgac
tcgaatttca
cectggtygge
gccatcttga
cgcgagggge
cgtgcggaac
cagacttatg
tcttctcgcece
tggcggatcc
agggcgtgge
ttctgcagca
ccagcgcagg
tctacaatac
tcctgeccaa
caggcaagac
ggggcgaggg
cgaccccgec
ccagcaacat
cgcggatgat
tggcctggga
ggttttcgac
agcggatgeg
tccggatcgt
tcgaacgctt
cctacaacat
tcgtcatecgg
ccatggacca
cgacgtccga
ccgecgagcet
tcgggcgegg
ccgactatct
tgtcggagcet
accccaactg
cgggtgacgt
cgcecggaget
ccctgcagga
ccttectgge
ccgacaacgc
tgaagcggtt
cgtcgggcgg

actcacgcac
tgcccttgac
ggatcgccgg
gcttggtctc
gctcgceccecctt
cccaggcectt
cgtcgggcac
cgttgtcgaa
tcgagatcag
gggccgcage
ccttgaagcg
tgttgttgtc
tcgcctcatg
ggtcgacgag
c€ggcggtggce
gcacttccgg
tcgtcatgge
cggccgacag
ggaacttgcc
cggacttcge
tgggcgaaac
gcactcgcat
gcctgtegtg
ctcagtttca
ctaccgtcac
cgccgccaat
tgtggtcgtg
agaggcgttg
cctggcgcecg
cgcgatcgte
ctatcgcgag
cctgaccctg
cgtcgceeceg
cagcaccgcc
caccatcgge
cgcggcctat
cggccatgtc
gggcccggcee
cgtcggcagce
tcecgttegece
tcceecttcacg
ccaggtccag
tatttccggce
gctgggectg
tcgcaccaag
cgatatccgg
cgaggcggte
gttccgtcetg
ggcgctgggce
cggtgcecgcececc
cggcgecgag
ggtgcccggc
cttcaatctc
ctggagcgcc
tcgcegegcece
cttcgccaac
cgcgttgteg

gccatagtgg

cagggtgttg
gatcaggtgce
cagggccttg
catggcgcegg
gcggaccttg
ggtgaagggc
cagggtgtag
cgtcttgcac
gatcttgccg
cgcgacctgg
gtcgaagagg
gctgacgccc
gtcagagccg
caggccctgg
gtggcccggg
cttgaagccg
cacgaagcgg
ccataggacc
cttgtgcacg
gggcatgggg
gggaaccccce
gacgctatgce
gcataacccg
ggtttcgtcc
gctcagaacg
ttcceggaac
ctggacgcgg
atgatcgtgg
atccagggcg
ttctacgagc
gccggccaga
ttcacggtgg
caggccttgyg
aagtccgaaa
gtctattcgg
gatattcacg
tggaccttcg
ttcggcgacg
tttgacgcge
ccgtccgacc
ggcctggege
gggctcgact
ccgcgcecagca
tccaacgcect
cccgcagcga
tatgacgtca
gccaaccaca
tggtgcacct
aagacgctga
accacggctc
gaggcggttc
tactacatga
tggcatgacyg
tacgacctgce
cagttcaagc

¢cgcgggggy

acatagcggc
ttcgagccgg
tccagggecg
gcgatgtggg
gtgaagtcgg
gcgccgcegac
gcagcgtccc
ccgtggectgt
gcgatcatgg
tggtcgtggce
tcgececggtcet
accgtcagct
tccatcaggc
tagcgggcegg
cccagcggac
gtcagcgccce
gtcagatgca
tcgcggtcecgg
gtcgccacgt
gcgtccatgg
gcttcegtcet
gggggtcaac
aacatcgtcc
gaaaggccgc
gggtcgcgac
tcgtggctcet
tggggctgac
ttgaggccgce
tcggaggtcce
gcaaggtgct
gtcgctggtt
ccgttecgtt
gcgtcgagat
cgggggccga
cgcggegtet
c€ggccggcege
agatgggcgce
ccgatgtgga
ccatggcgtt
ccgagggcega
cagccaggct
ggcgcctcga
ccacccaggc
acatcctggc
gggcgctgat
cccagatgct
ccttcgagaa
acgccgccct
acggcgtcgg
tccagcacct
tgctggacga
aggcgaccga
ccegetacgg
ccgaccaggg
ctgagatcaa
gctcggctgt
actggcgcat

cttcgtagcc
tcaggtcgge
agccggagtg
cgtccagcge
ccceettggg
ggccgacgcet
agcccatggc
gggggtcgcece
tcgggcggtce
cgtcgacgac
cggcgatggt
tcgagagcectt
atcecgtecgece
ccaggtgcgc
cggtcgtggt
cccactgacg
gcagggaata
cccagtcagg
cggccatgcc
agaggacgcg
ttatatgttt
ccgcgcaggg
gtcggcgtta
tcccttgggt
cgcecgttecg
ggcccgegag
gggctacacg
gatcgccacc
gctgcgcgac
gggcgtggtc
cacgccgggce
cgggaccgac
ctgcgaggat
gatcctgctg
gctctgcgece
gggcgagagce
gctgctecgcec
cgtccagcgce
atcgccggece
cctggcgcetg
gcgcgagaac
ggcttegggt
tctgctggtg
ctacactctg
gaaggcgatg
caaggacctc
tgtgcaggcc
ggtcgtcgge
cgaccacatg
gatccgcttc
catcctcgcg
gagcttcgtc
catggcgcceg
cggctggece
gcgctggetg
acccaacggg
gccgtecggat

gggcgcgteg
cgagccgeceqg
gacgcgggtg
ctcgaaggcg
cgaggcggcc
cttccaggcc
cacgcgcgag
ttcettgggg
ctgcttggtg
cttgaccgcece
ggccaccccg
caggcggcecg
ggcgatcacc
ctcggccatg
ctcgacgeceg
gaagttctcg
gagcagcatc
cttagacgcg
catcggcatg
gatcgcgtcg
tgcagggctg
cggctaaggc
taggtggagg
agtccgtcgt
aaggtcaagce
gcccatgcgg
atcgacgacc
ctgaccgagg
gcaggccgcce
ccgaaaagct
gcecggcettga
attctgttce
gtctggaccc
aacctgtcgg
agccagtcgt
tcgaccgacc
gagaccccgce
cttcggcagg
tcgacccecegt
gcccecggecga
tgctacgagg
ctcaagaagc
gcggccaagg
ccgggetttg
gccgtcaccg
gaccacccgt
ggcctgecgaa
acgggggacc
agccactaca
gtggcccatt
accgagatct
ggcccctacg
tccaagatcg
gtcggcectge
gagctgttce
ccgaaaatct
gcgacagccg
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6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921
7981
/7

LOCUS
DEFINITION
ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

REFERENCE
AUTHORS
TITLE

JOURNAL

REFERENCE

AUTHORS
TITLE

_ JOURNAL
FEATURES

sourc

atgcctggcet
ctctgtttgce
gtgtggggac
cgcctctggce
cggtcctect
gtcgtcgtga
gcctgggceca
gcggcggect
caccacatcg
gagcagggct
tatatccgcce
gagaagcccg
ggcaatttcg
gtcgccgcecg
ctggatcgcg
cgcacccaga
gacgcgatct
gacttgcacg
ggggtcaacg
gacagccagg
tcgcgcaaga
gtggagttgce
gtgctggaag
ttggacgact
cgttgatcac
ggacgggctc
tcgcecegtgeg
gcgcecttggece
acagtcgggc
ctcgcgatag
tagcgtcggce
gatgcccecgg
agaactcacg
tctecgteggn

gccéd33
gcc433.
gcc4d33

ggcggaactyg
ctttaagcag

aagacttggc
ccgcatcgeg
tccaggagac
ccggcgaggce
caatcctggt
atgtcgaggc
cccagcccga
atatcgtcac
ctggcgcgcce
accaggcgac
cgttccaggce
ccgccaaggce
aggccttcge
aggccgctgt
gggaggcctc
gctcgtccaa
acatcgtcgt
cggtgaagac
gcgcctcgcece
gtcgcgtacc
gcgtgatcga
cggttcaggce
ccggtccatc
ttcgataaag
cagataggcc
ggtgatctcc
gccgtcegtcg
gtcaacgccg
gcggccggea
ctcgcagatc
gatctggccg
cagggtgcgce

9041 bp

cgcacaaatg
tcgacgcaat
tgcgatctat
gagcgaccat
tgtcctgegg
gatggtcggg
cgaacccgag
ccaggatccg
aatcttccag
gttcggggtt
gcttctggat
cgccgagcgce
ggcgaccttg
gtgcgtggcce
ccaggccaag
cgcccctgeg
cacccgcgac
tgttctggtyg
cgtggccgag
cctggtcgat
gaacgggacc
ggcgggagag
gatggacggc
tcgggcgatce
tccaggatcg
gtttcgtcgg
atcaggccct
gccgccagea
tgggtcgaga
tgggtctcgg
agctggcccc
cgacccgcga
ctgggcgegt
cagatcgggt

mRNA

Caulobacter crescentus.
Caulobacter crescentus

Bacteria;

Proteobacteria;

Caulobacter.

1 (bases 1 to 9041)

Awram, P.A,
Analysis of the S-layer Transporter Mechanism and Smooth
Lipopolysaccharide Synthesis in Caulobacter crescentus

Unpublished

2 (bases 1 to 9041)

Awram, P.A.
Direct Submission

Submitted

e

(15-0CT-1999)

UBC

Location/Qualifiers

1..9041

cgccgatttg
agcacccgat
ccggtaatce
cccaaacagt
gtgaaggata
tttgtgtccg
gctcgcgaca
gcecggegteg
caggccgcecce
cagccgacgg
ggttcggtgc
tatcttctgg
ctgggcgagt
ggcctgcagce
aagatctcgce
gcgttcgecet
ggcgacggta
cgctcgacgg
cccgacgcgyg
ggcctgaagg
gagaccctgg
accttgatgc
gacgtctatg
ggggcggcga
ccaaggcgat
gctggtactt
cagcggcggce
cggccgcectt
aatcatcgag
cgtcatcgat
agcgcatcag
cgcctggcge
gaatgaacct
cc

BCT

alpha subdivision;

aggaaaactc
aaggggcgaa
tgtgtggcgg
tccttaaact
ttccgggtgt
agcagaccgc
gcgcgeegge
tgttgatgct
tcaccgccac
tceceggcegac
gtgaggtcgc
aaggctatct
tcgagacctt
tggaggccgg
tcgactacgc
ggtcggacct
acgcccagac
gtccctatgt
tgctggtectg
ccaagggccg
tctcgaccga
tgccggtatce
ctgcgggcge
ccttgctggt
atggtagaac
gtcgcgecag
ggcggccatg
gatccgcteg
cagggcgttg
catgcgcaag
cagccagcecce
ggggttccag
ggagagcgcce

15-

ttcgttacag
gactaagact
ctcgggcacc
cgtgagcgat
ggccgaggtyg
cgagatcggc
cgtggcggcg
ggccgccgac
taaggcggcce
cggctttggt
cgccttegtce
ctggaacagc
tgaaccgtcg
catcggccgce
catcatggag
tggggcctgg
gggcgacgtc
cggcgtgatc
ccatcgcaag
ctccatcgec
cggcttcgat
gacgcttcag
gatcatcgcc
cacgaagccg
gagctggccg
aggccgggga
tcccagtagce
gtttggggcece
atcgccacgce
gccgecgecyg
cattcgaact
tcgaggtcga
agttcggcga

OCT-1999

Caulobacter group:
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/organism="Caulobacter crescentus"
/strain="NA100Q"

gene 913..2295
/gene="orf8"

CDS 913..2295
/gene="orf8"

/codon_start=1

/product="putative Glucose-6-Phosphate l-Dehydrogenase™"
/translation="MLLPSLYFLELDRLLPHDLRIIGVARADHDAASYKALVREQLGK
RATVEEAVWNRLAARLDYVPANITSEEDTKKLAERIGAHGTLVIFFSLSPSLYGPACQ
ALQAAGLTGPNTRLILEKPLGRDLESSKATNAAVAAVVDESQVFRIDHYLGKETVQONL
TALRFANVLFEPLWDRSTIDHVQITIAETEKVGDRWPYYDEYGALRDMVQONHMLQLLC
LVAMEAPSGEFDPDAVRDEKVKVLRSLRPFTKETVAHDTVRGQYVAGVVEGGARAGYVE
EVGKPTKTETFVAMKVAIDNWRWDGVPFFLRTGKNLPDRRTQIVVQFKPLPHNIFGPA
TDGELCANRLVIDLQPDEDISLTIMNKRPGLSDEGMRLQSLPLSLSFGQTGGRRRIAY
EKLFVDAFRGDRTLFVRRDEVEQAWRFIDGVSAAWEEASIEPAHYAAGTWGPQSAQGL

ISPGGRAWKA"
gene 2298..2996

/gene="orf9"
CDS 2298..2996

/gene="orf9"

/codon_start=1

/product="putative 6-phosphogluconolactonase”
/translation="MPFTPIKLEAFGSREDLYDAAASVLVGALTTAVARHGRVGFAAT
GGTTPAPVYDRMATMTAPWDKVTVTLTDERFVPATDASSNEGLVRRHLLVGEAAKASF
APLFFDGVSHDESARKAEAGVNAATPFGVVLLGVGPDGHFASLFPGNPMLDQGLDLAT
DRSVLAVPPSDPAPDLPRLSLTLAALTRTDLIVLLVTGAAKKALLDGDVDPALPVAAT

LKQDRAKVRILWAE"
gene 2997..4811

/gene="orfl0"
CDS 2997..4811

/gene="orf1l0"

/codon_start=1

/product="putative phosphogluconate dehydratase”
/translation="IAMSLNPVIADVTARIVARSKDSRAAYLANMDRAIENQPGRAKL
SCANWAHAFAASPGVDKLRALDPNAPNIGIVSAYNDMLSAHQPLEAYPALIKDAARDV
GATAQFAGGVPAMCDGVTQGRPGMELSLFSRDVIAMATAVALTHDAFDSALYLGVCDK
IVPGLVIGALTFSHLPALFVPAGPMTSGLPNSEKARIRALYAEGKVGREELLAAESAS
YHGPGTCTFYGTANTNOQMLMELMGFHLPGSAFVHPNTPLREALVKESARRVAAVTNKG
NEFIPVGRMIDEKSFVNGVVGLMATGGSTNLALHIIAMAAAAGVQLTLEDLDDISKAT
PLLARVYPNGSADVNHFQAAGGMAFVIRELLKAGLVHEDVQTIAGAGLSLYAKEPVLE
DGMLTWRDGAHESLDPAIVRPVSDPFSKEGGLRLMAGNLGRGVMKISAVKPEHHVIEA
PCAVFQEQEDFIAAFKRGELDRDVVVVVRFQGPSANGMPELHNLSPSISVLLDRGHKV
ALVTDGRMSGASGKTPAAIHVTPEAAKGGPLAYVQDGDVIRVNAETGELKIMVDEATL
LARTPANVPASKPGFGRELFGWMRSGVGAADAGASVFEFA"

gene 5856..6926
/gene="1psI"
CDS 5856..6926

/gene="1psI"

/codon_start=1

/product="putative repressor similar to LacI"
/translation="MAKYSPKRANRTGEGRKLSAKVTIHDVARESGVSIKTVSRVLNR
EPNVKADTRDRVQAAVAALHYRPNISARSLAGAKAYLIGVFFDNPSPGYVTDVQLGAT
ARCRQEGFHLIVEPIDSTADVEDQVAPMLTTLRMDGVILTPPLSDHPVVLAALEREGV
AYVRIAPGDDFDRAPWVSMDDRLAAYEMTKHLVDLGHKDIAFIVGHPDHGASHRRHQG
FLDAMRDSGLRVRDDRVAQGWFSFRSGFEAAEKLLGGADRPTAIFASNDDMALGVMAV
ANRLRLDVPTQLSVAGFDDTPGAKITWPQLTTVRQPIHAMAGAAADMLMQGVEREEGA
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BASE COUNT
ORIGIN

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161

1492 a

ggacgcgctg
cgagcgtcgt
ggatctggtc
gaagcaacgc
caggacaggc
ctacagtctc
catcgagaca
cgcggtgtcece
gatcggtcge
gggcggctag
aaggttcgcc
ccecgggaatce
gtttggccta
gccttteeeg
aacaacgacg
ttggccctcece
cacgatctgc
ctggtccgceg
gccgegcegcece
gccgaacgga
tacggcccgg
atcctcgaaa
gccgetgtgg
gtccagaacc
agcacgatcg
ccctactacg
ctgtgtctgg
aaggtcaagg
gtgcgtggcc
gaagtgggca
tggcgttggg
acccagatcg
ggcgagctgt
acgatcatga
ctgtcgctgt
gtcgacgcecct
tggcgcettca

PPPSRLLDFELVVRESTGPASH"

7224..9041

/gene="orfll"

7224..9041

/gene="orfll"
/codon_start=1

/product="putative 1,4-B-D-glucan

glucohydrolase"
/translation="MLPRRFAFASALALTIACGSAGVVLAQTPPNATANPAVWPMSAS
PAAITDAKTEAFIAQLMSRMTVEEKVAQTIQADGASITPEELKKYRLGSVLVGGNSAP

" DGNDRASPQRWIEWIRAFRAAALDKRGDRQEIPIIFGVDAVHGHNNVVGATIFPHNVG

LGAAHEPDLIRRIGEVTAKEMAATGADWTFGPTVAVPRDSRWGRAYEGYGENPEIVKA
YSGPMTLGLQGALEAGKPLAAGRVAGSAKHFLADGGTENGRDQGDAKISEADLVRLHN
AGYPPAIEAGILSVMVSFEFSSWNGVKHTGNKSLLTDVLKERMGFEGFVVGDWNAHGQVE
GCSNTSCAQAYNAGMDMMMAPDSWKGLYDNTLAQVKAGQIPMARIDDAVRRILRVKVK
AGLFEDKRPLEGKLELLGAPEHRAVAREAVRKSLVLLKNEGVLPLKSSARVLVAGDGA
DDIGKASGGWTLTWQGTGNKNSDFPHGQSIYAGVAEAVKAGGGSAELSVSGDFKQKPD
VAIVVFGENPYAEFQGDITSIEYQAGDKRDLALLKKLKAAGIPVVSVFLSGRPLWTNP
ELNASDAFVAAWLPGSEGGGVADVLVGDKAGKPRHDFQGK"

3016 c

aacaccatca
ctggctaccg
gaaaccgaca
gcctggcecgg
ggggcgctcea
gccgatgacg
gccagcaacc
gcgtccgact
ctcaaggaac
cgctcgctge
tgaaagcgcg
cctcaaacag
gttagagccc
cgcaggcatg
tcggcgagaa
ggatgctgcet
ggatcattgg
agcaactggg
tcgactacgt
tcggtgcgceca
cttgccaggc
agccgcttgg
tcgacgagag
tgacggccct
accatgtgca
acgaatacgg
tcgccatgga
tgctgcgctce
agtacgtcgc
agcccaccaa
acggcgtgcce
tcgtccagtt
gcgccaaccg
acaagcgtcc
cgtttggcca
tccgcggcga
tcgacggegt

3052 g

acgcgacccg
cgcgcgcecect
ccagccgtga
ccgcecggege
gcgcggccga
acgcggceget
ctgaaggtct
ttggacgggt
gtttccggac
ggtgatcgca
ctcaagaggc
ttcctctgaa
¢gcecgggcegce
tcatgacaac
cggccgcgaa
gccttetetg
cgtcgcccgg
caagcgcgceg
gcctgcgaac
tggcacgctg
tttgcaggcce
ccgcgatctce
ccaagtgttc
gcgcttcgece
gatcaccatc
cgcgetgegg
agcgccctca
cctgcggccce
cggtgtggtce
gaccgagact
gttcttcctg
caagcctttg
cctagtcatc
gggtctctcg
gaccggcyggy
ccgtacgcetg
ctcggecggcece

1480 t

cacgacgatc
gatgggtctg
cgggcaggag
gctctatgag
ggaggcgagg
cggtcgcctg
tcgecgtageg
ttccgecgac
aggacaaccg
ggttcgegeg
tttatggaag
accggattgg
cgatccgagg
gttgtcatag
gtcttggtgc
tatttcctgg
gccgaccatg
acagtggagg
atcaccagtg
gtcatcttct
gccggcectga
gaaagctcca
cgcatcgacc
aacgtgctgt
gccgagaccg
gacatggtgc
ggcttcgatc
ttcaccaagg
gagggcggceg
ttcgtggceca
cgcaccggca
ccgcacaaca
gacctgcagc
gacgagggca
cgccgtcgcea
ttcgtgcgtce
tgggaagagg

1 others

ctgccgeeccg
ggacgctatg
atccgcggceg
cggtcectgyg
ttgctgcgeg
cgcgcceget
ctacagggca
aacgaggcecct
gcecgggtceac
cgttagaagg
gcagggcegtt
tcttatggceg
gcggcgaagc
ggtggacgac
tgctgggcegg
agctcgaccg
acgcggccag
aggcggtttg
aggaagacac
tctegetgtce
cggggcccaa
aggccaccaa
actatctggg
tcgagcccect
aaaaggtcgg
agaaccacat
ccgatgcggt
agaccgtggce
cgcgcgetgg
tgaaggtcgc
agaacctgcc
tctteggtece
cggacgaaga
tgcgactgca
tcgcttacga
gcgatgaggt
ccagtatcga

ccctgaacgce
acgcggcgct
agatcgcttg
gcgaccecgcett
cctecggtgge
ggtcgggett
tgtcgatggg
tcaatggctg
ccgcecgegce
gcggcagggce
tccgaatgge
ggcegeceggge
gcggtcgett
attggctaag
agcgggcgat
actgctgccg
ctacaaggcg
gaatcgcecctc
caagaagctg
gcccagectce
cacgcgcttg
cgccgecgtce
caaggaaacc
gtgggatcgce
cgaccgctgg
gctgcaactg
gcgcgacgag
ccacgacacc
ctatgtcgag
gatcgacaac
ggaccgccgce
ggcgaccgat
catctcgetg
gtcgctgcecg
aaagctgttc
cgagcaggcc
accggcgcac
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2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581

tatgcggcgg
gcctggaagg
aggacctcta
gtcacggcag
gcatggcgac
ttgttccege
gcgaggcggc
gcgcgcgcaa
gcgtggggec
gtctggacct
acctcccacg
tggtcaccgg
tcgccgcececat
ccatgagcect
acagccgcegce
ccaagctgtc
tcecgtgcetcet
tgtcagccca
tgggcgcgac
gcecgteecgg
tggccectgac
tgccgggect
ccggeccgat
ccgagggcaa
cgggcacctg
gcttccattt
tcaaggaatc
tcggecggat
gcggctcgac
tgaccctcega
cgaacggttce
gtgagctgct
tgtcgectgta
ctcacgagag
gcggectgeg
agcccgagca
tcgccgettt
ggccgtcege
tggatcgegg
agacgcccgce
tccaggacgg
acgaggcgac
gccgggaact
tctttgettg
cggcgacatce
gcgcctgatce
cgaggagtat
cgggccgatce
cggcctgcge
ggcgctggcc
gtcgggggag
tgtcecgtege
gccggtcgat
tcgggtgteg
ggcggccgcet
cgtagagggc
aacggcgggce

gcacctgggg
cctgagcatg
tgacgcggcc
ggtcggcttce
catgaccgcc
caccgacgcc
caaggccteg
ggccgaggceg
ggatgggcat
cgccaccgac
cctgagcctg
cgcggccaag
tctgaaacag
gaatcccgtce
ggcctatctc
ctgcgccaac
ggatccgaac
ccagccgcetg
cgcccagtte
catggagctg
ccatgacgcc
ggtgatcggc
gacctcgggce
ggtcggtcgt
caccttctat
gcectggeteg

cgcccgecge,

gatcgacgag
caacctggcg
agacctggac
ggccgacgtg
gaaggcgggt
cgcgaaggaa
tctggatcce
cctgatggcg
ccacgtgatc
caagcgcggce
caacggcatg
tcacaaggtg
cgccatccac
cgatgtgatc
cctgctcgcece
gtttggatgg
aggaagcgcet
ggcggtacga
gagccgacgg
ctccgcaagg
gaccacggtc
cgcgcaggcg
gcgcecgcegeg
ggcgatctgg
catggccagg
gacgtcgaga
gtcgagcgga
gaagggcgcg
tgcgececgaca
gacatcgctc

accgcagtcc
cccttcacgce
gcctcggttce
gccgccaccg
ccctgggaca
agcagcaatg
ttcgcgeege
ggcgtcaatg
ttcgecttege
cgttcggtge
accctggcceg
aaagctttgt
gaccgcgceca
atcgccgacg
gccaacatgg
tgggcccacg
gcgccgaaca
gaagcctatc
gccggcegggg
tcgetgttet
ttcgactcgg
gcactgacct
ctgcccaaca
gaggaactgc
ggcacggcca
gccttcgtcce
gtggctgcgg
aagtcgttcg
ctgcacatca

gatatctcca,

aaccacttcc
ctagtgcacg
ccggtgetceg
gccatcgtgce
ggcaatctgg
gaggcgecegt
gagctggatc
cctgaactgce
gccctggtca
gtgacgccgyg
cgcgtcaatg
cggaccccecg
atgcggtcgg
aggtcatgga
acgcccgcett
cctatagggg
tcggtgtcaa
aggtccacat
gttttcggaa
ttggccctaa
cgatcctggg
agatcccgcet
tcgaggtgcet
tcctgtcggg
gtgtcgaggc
gcctggcgac
tgaccttggg

gcccagggcce
ccatcaagcect
tggtcggcge
gcggcacgac
aggtcacggt
agggtctggt
tgttcttcga
ccgecacccee
tgtttccggg
tggcecgtgcece
ccctgacccg
tggacggcga
aggtccgcat
tcaccgceceg
atcgggcgat
ccttegeege
tcggcatcgt
ccgcgctgat
tgccggecat
cgcgcgacgt
cgctgtatct
tcagccatct

gcgagaaggce

tggcggccga
acaccaacca
atcccaacac
tgaccaacaa
tcaacggcgt
tcgccatggce
aggccacgcc
aggccgcecgg
aagacgtcca
aggacggcat
ggcecggtcetce
gccgceggegt
gcgcecgtgtt
gcgacgtggt
ataacctgtc
ccgacggccg
aagcggccaa
ccgagaccgg
cgaacgtccc
gggtcggcgc
cggcaatcac
cgecccetggtce
cgaggactac
gcatcctgac
gaccaatctg
cgccaagctg
ggacctgcgc
tccaggcacc
ggccaccgag
ccgcgcecectg
tccecggcatg
gctgaccgcce
ggtgaaccgt
cgcacgcggce

tgatctcgcece
cgaagcattt
tttgacgacyg
gccggcegcecg
cacgctcacc
gcgtcgcecac
cggcgtgagce
gttcggcgtc
caatccgatg
gcccagcgat
caccgacctg
cgttgatccg
cctctgggcg
gatcgtggcg
cgagaaccag
ctcgecggge
ctcggcctat
caaggacgcc
gtgcgacggt
gatcgccatg
gggcgtctge
gcccgcecctg
ccgcatcecge
gagcgccagce
gatgctgatg
gcecgctgegt
gggcaatgaa
ggtcgggttg
cgccgctgcg
gctgctggceg
cggcatggcet
gacgatcgcg
gctgacctgg
cgacccgtte
gatgaagatc
ccaggaacag
cgtggtggtce
gccgtcgatce
catgtccggc
gggcgggccyg
ggaactgaag
ggcgtccaag
ggccgacgcce
agcggcegggce
gagttcgacg
ggcacggccg
caggcggtgg
gactggcgga
atcaacgact
cagatcggcg
ggcttcggceg
ggtggtcacg
acccggcgcec
gaggacctcc
aagcagatca
ttctgcgcececa
ggtgttttca

cggcggccga
gggtcccgeg
gcggtcgcetce
gtctatgacc
gacgagcgct
ctgctcgtgg
cacgacgaga
gttctcctgg
ctggatcagg
ccegcgecegg
atcgtgctgce
gcecctgeegg
gagtagatcg
cgcagcaagg
€cggggcgcg
gtcgacaagc
aatgacatgc
gcccgggacyg
gtcacccagg
gcgaccgcbg
gacaagatcg
ttcgtgceccg
gcgctctacg
tatcatggcc
gagctgatgg
gaggccctgg
ttcatccegg
atggcgaccg
ggcgtgcaac
cgcgtctatc
ttcgtgatcc
ggcgcecggec
cgtgacggceg
agcaaggaag
tcggcecegtga
gaagacttca
cgcttccagg
tcggtgttgce
gcctctggca
ctggcctatg
atcatggtgg
ccgggcetttg
ggcgcctceg
tcggcectegt
gtcaggaccc
aggacgccat
tcgetgtgge
tctcecgagga
tcaccgccca
aattgccgac
tcgcaggcect
tcgcecttege
tggacggcgg
atgtggatct
ccgagcgggce
tcctgggcetce
tcgcecggegg
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5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501
7561
7621
7681
7741
7801
7861
7921
7981
8041
8101
816l
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001

catcgcacca
caaggggcgt
caccgccctg
gtcgttttct
cgaatcggac
gcgagagcgg
aggctgacac
tctcggceceg
ccagcccegg
ggttccatct
cgatgctgac
cggtegttcet
acgatttcga
ccaagcatct
acggcgcttc
gtgttcgtga
ccgagaagct
tggcgctggg
cagtcgccgyg
ttcgccaacc
agcgggaaga
agtccaccgyg
tattcctett
cgaaaaggcg
cgccctgtge
cgcggacacc
ggacgcccct
ccctgacgat
ctgcaaaccc
ccgaggcectt
ccatccaggce
cggtgctggt
ggatcgaatg
aaatcccgat
cgatcttccce
tcggcgaggt
cggtcgcecgt
cggagatcgt
ccggcaagcce
gtggcaccga
gtctgcacaa
cgttctccag
tgaaggagcg
tcgagggctg
tggctcccga
agatccccat
ccggectgtt
agcaccgggce
gcgtgctgcec
ttggcaaggc
acttcccgcea
gcagcgcegga
tgttcggecga
ctggcgacaa
tgtcggtgtt
cctttgtege
gcgacaaggc

cgcatcatcg
ctgtccgget
atcggtgcgg
tggggctcge
cggcgaggga
agtctcgatc
ccgtgatcege
tagcctggcg
ctacgtcacc
gatcgtcgag
gacgttgcgc
ggcggcgctt
ccgtgegecg
ggtcgatctg
gcaccggcegt
tgatcgtgtg
gctgggegge
cgtcatggcg
cttcgacgac
gatccacgcc
gggcgcgcecece
cccagegtceg
gacagcgctg
gcgtcaggag
gcacgatcac
ccgcaagcegce
tcaaggatcg
cgcctgtgga
cgecegtttgg
catcgcccag
cgatggcgcc
cggcggcaac
gatccgcgcce
catcttcgge
gcacaatgtc
gaccgctaag
gcctcgegat
gaaggcctat
gctggcggcec
gaatggccgce
cgeccecggcetac
ctggaacggg
catgggcttt
cagcaacacc
cagctggaag
ggcgcggatce
cgaggacaag
cgtggcgegce
gctgaagagc
ctcgggeggt
cggccagtceg
actgtcggtt
gaacccctac
gcgtgacctg
cctgagcggc
ggcgtggcetg
gggtaagccg

acattctgga
tcaccecgttce
cggtggcgct
catgacagcc
cggaaattga
aagaccgtct
gtgcaggccg
ggggcgaagg
gatgtgcagc
ccgatcgact
atggacggcg
gagcgggaag
tgggtcagca
ggccacaagg
catcaggggt
gcgcagggct
gcggatcgac
gtcgccaatc
acgccgggag
atggccggag
ccgccatecgce
cactgacgag
tcegatcgac
gaaacgccat
tccectcecaa
cgcgccgagce
cccatgctge
tcggeeggeg
ccgatgtcgg
ctgatgagce
tcgatcacgce
tcagcgcecgg

ttcecgegegg

gtcgacgccg
ggcctgggeg
gaaatggccg
tcacgectggg
tcgggceccga
ggcegegtygg
gaccagggcg
ccgccggcga
gtcaagcaca
gagggcttcg
agctgcgcecce
ggcctytacg
gacgatgccg
cggcctttgg
gaggcggtgce
tcggectegtyg
tggaccctga
atctatgcag
tcgggcgatt
gccgagttcc
gcgctgctga
cggeccectgt
ccecggetegg
cgccacgact

gaagagcccg
gatcccgacg
cacgccggag
ttgtcatggce
gcgccaaagt
cgcgtgtect
cggtagctgce
cctatctgat
tcggcgccat
cgaccgccga
tgatcctgac
gggtggccta
tggatgatcg
acatcgcctt
tcectegatge
ggttttcgtt
cgacggcgat
gcttgcggct
cgaagataac
cggccgccga
ggctcctgga
tgcgcgattg
gtgagatcgc
gacctcgcect
gcggacctga
gcctttectt
cgcgccgttt
tggtcctggce
ctagtccagc
ggatgaccgt
ccgaggaact
acggcaatga
ccgegcectgga
tgcatggtca
cagcgcacga
ccaccggggce
gccgecgecta
tgaccctggg
cgggctcgge
acgcgaagat
ttgaagccgg
ccggcaacaa
tcgtcggcga
aggcttataa
acaacacctt
ttcgecegeat
agggcaagct
gcaaatcgct
tgctggtege
cctggcaggg
gcgtegegga
tcaagcagaa
agggcgacat
agaagctcaa
ggaccaaccc
agggcggcgg
tccagggcaa

ttccgegage
cacgtgatcc
ggccgtgegg
taagtactcg
cacgatccac
gaatcgcgag
gctgcactat
cggcgtttte
cgcecegttge
tgtcgaggat
ccegecegete
tgtgcgcatce
gctggeccgcce
tattgtaggg
aatgcgcgac
tcgectcggge
cttcgcctcg
tgacgttcct
ctggcctcag
catgctgatg
cttcgaactc
gcaaggtggt
atagatcaag
ggccagtcca
agccgcttat
taaacaccgc
cgcctteget
ccagacgccg
cgccatcacc
cgaggagaag
gaagaagtac
ccgcgccage
caagcgcgge
caacaacgtc
gcccgacctg
ggactggacc
tgagggctat
gctgcagggy
caagcacttc
ctccgaggcece
catcctgtcg
aagcctgcetg
ctggaacgcc
cgccggceatg
ggcgcaggtg
cctgcgagte
ggagctcctce
ggtgctgctg
cggagacggc
caccggcaac
ggccgtgaaa
gcccgacgtg
caccagcatc
ggctgcgggce
cgaactcaac
cgtggccgac
g9

gcttcgacag
tgcatccgca
cggtgtcgta
ccgaagcgag
gacgtggccc
cccaacgtca
cgccccaata
ttcgacaacc
cggcaggaag
caggtcgcgce
agcgatcatc
gccccaggceg
tacgagatga
caccccgacce
agcggcctge
ttcgaggcegg
aacgatgaca
actcaactgt
ctcaccacgg
caaggcgtcg
gtcgtgcggg
accgcaatca
acagtcgcca
gcggcetgteg
cttcgctcgg
tccgcccgac
tcegecectgg
ccgaacgcca
gacgccaaga
gtcgcccaga
cggttgggat
ccgcagcgct
gaccggcagg
gtgggcgcca
atccgtcgta
tttggtccga
ggcgagaatc
gcgctggaag
ctcgccgatg
gatctggtgce
gtgatggtct
accgacgtge
cacggccagg
gacatgatga
aaggccggge
aaggtcaagg
ggcgcgectg
aagaacgaag
gccgacgaca
aagaacagcg
gccggeggeg
gcgatcgttg
gagtatcagg
attccggtgg
gcgtccgacg
gttctggtcg
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/1

LOCUS
DEFINITION
ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

mRNA BCT

gcc2537 15-0CT-1999

gcc2537.
gcc2537

1177 bp

Caulobacter crescentus.
Caulobacter crescentus
Bacteria; Proteobacteria;
Caulobacter.
1 (bases 1 to 1177)
Awram, P.A.
Analysis of the S-layer Transporter Mechanism and Smooth
Lipopolysaccharide Synthesis in Caulobacter crescentus
Unpublished
2 (bases 1 to 1177)
Awram,P.A.
Direct Submission
Submitted (15-0CT-1999) UBC
Location/Qualifiers
1..1177
/organism="Caulobacter crescentus"
/strain="NA1000"
complement (1..1177)
/gene="1psj"
complement (441..998)
/gene="1psj"
/codon_start=1
/product="putative galactosyl-l-phosphate transferase"
/translation="TGDAPCGQHRDDGADQDPQIEQKRAPAQIFGVKGDLVGDRQLVS
PIDLRPPRHAGTQGVNAGCTARGDQVILIEQSRPGSDQAHVTDEHAPELGQLIETELA
HQAADRRQPLIRIVEKVGGHLGRIDAHGAKLRHRKQRRGAPHALRPVETRPRRSQPHK

alpha subdivision; Caulobacter group;

REFERENCE
AUTHORS
TITLE

JOURNAL
REFERENCE
AUTHORS
TITLE
JOURNAL
FEATURES
source

gene

CDS

BASE COUNT
ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141

169 a

gccgaagccg
ccgggcgatg
ccecacgcetce
gacggagagg
gtccgtcgcece
tatgcgggcea
ctgctgtcct
gcctaggecg
tggcggtect
ggcctggtcet
agtttcgcac
atcaatggct
agctctggag
atcaggatga
tgacggggtg
ttgacgeccga
ccgtcatccce
tttccagcgce
gggccaggaa
ggaggcgatc

RPQHGQRQDQDRQPDRCSQHIKHTLH"

387 ¢

acggcaattg
cggggctggg
tgttgccgeg
gcgcgcgaga
tgttcteccga
tgatcgacga
ccgacgctgg
agccggctga
ggtcctgccg
ctactggtcg
catgcgcatc
gacgccgatc
cgtgctcegte
cttgatcgcce
ggcgcagatc
atatctgcgce
ggtgctgacc
cgaaacgaag
ggcggcgacyg
ttgcagcggg

416 g

gagttggcgt
tgagaagctc
cggacggatc
ggtggtcaag
cgcgacgctg
ggcggccegge
gcgggcctat
atgaagcgta
ctggececgtge
cagcgcgtgg
gatacgcccg
ggcggcectga
ggtcacatga
gcgcgeegtg
aatgggcgag
cggcgetegce
gcacggggcg
cggggatcge
tctgcgctgg
tcgacgatgg

205 t

ggtctcctga
gccgcagaga
gacgagatcg
cgcctggcgce
aagggcaaca
caggatcgcg
ctgctgctcg
tgtttgatgt
tgtgggcgcet
ggcgcgcectce
aggtggccac
tgcgcaagcet
gcctggtcgg
cagccggegt
acgagttgtc
ttctgttcga
tcacccgtta
cggccagcga
cctcteecegt
cttcacc

cgggcatcga
tcaccgccat
ccgceecgeget
cggcecgcegat
ccgagcgett
aaggcttcct
acgcggcgag
gctggctgcea
tgtgcggctg
ggcgctgttt
ccaccttctc
cagtctcgat
accccggcecg
tgacgccttg
gatcgccgac
tctgcgggtce
gccgagatcg
cgccgggaac
ggecgeecagyg

gagcagcectceg
gggcatcgac
ccagacgcgt
ccgtegettg
cctcaagcgc
gctcgecgcece
cggcgatctg
gcgatcgggce
acttcgccgg
ccgatgccga
gacaatcctg
gagttgcccc
gctctgttca
cgtcccggeg
aaggtcgceccc
ctggtcagca
gcgtaggcect
accgagtcca
cccagagcca



//

LOCUS gccldés 2031 bp mRNA BCT 15-0CT-1999
DEFINITION gccldd4.
ACCESSION gcclddd
VERSION
KEYWORDS
SOURCE Caulobacter crescentus.
ORGANISM Caulobacter crescentus
Bacteria; Proteobacteria; alpha subdivision; Caulobacter group;
Caulobacter.
REFERENCE 1 (bases 1 to 2031)
AUTHORS Awram, P.A.
TITLE Analysis of the S-layer Transporter Mechanism and Smooth
’ Lipopolysaccharide Synthesis in Caulobacter crescentus
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 2031)
AUTHORS Awram, P.A.

TITLE Direct Submission
JOURNAL Submitted (15-0CT-1999) UBC
FEATURES Location/Qualifiers
source 1..2031

/organism="Caulobacter crescentus"
/strain="NA1000"

gene 3..569
/gene="orfl5"
CDS 3..569

/gene="orf15"

/codon_start=1

/product="putative molybdenum cofactor biosynthesis
protein”
/translation="GEAIRLSPQGDDAQAIASAVSPAPVDVIVTIGGASVGDHDLVKP
ALRTLGLALSVETVAVRPGKPTWSGRLPDGRRVVGLPGNPASALVCAELFLRPLLAAL
TGAAPDIRLIPAGLAAPLPAGGPREHWMRAALSTDPDGRVVATPEFPDQDSSLVSVFAR
ADALLRRRPGAPPAATGEVVDVLPLRRG"

gene 658..2031
/gene="1psK"

CDS 658..2031
/gene="1psK"

/codon_start=1
/product="putative nucleotide sugar epimerase/dehydratase
protein"”
/translation="MGHAGKIATHVLLAFVALLAGRYLVIDMPFTRDTLLQATLYGLA
AFIVELAFRVERAPWRFVSATDHLRLLRSAVLTAAAFLVITRLTHPGIDGGLRTVAGA
ALTIQAALLSALRVIRRSLHERMLLDSVLRLGPASMHPALPRLLIIGSASEAEAFLRAP
AGLGERYAPIGVVSPLDRETGDELRGVCVLGSIADFDSVLARLRDSGLSPAAILFLTD
SAMSTFGAERLGRLKTEGVRLLRRHGVVEMGAAANTPQLREISIEELLSRPPVRLDPE
PVRALVSGRRVLVTGAGGSIGSELCRQIAASGCAHLTMVDASEYNLFHIEREIAERHP
LLSRREALCDVRDAARVQRVFTEMKPDIIFHAAALKHVTLVENHPCEGVRTNVLGTRN
VAVAAKACGAAHLALISTDKAVAPTSVMGAAKRVAEAVARQYGGGGDMRVSIVREGNV
LGSAGSVV"
BASE COUNT 255 a 722 ¢ 703 g 350 t 1 others
ORIGIN
1 gcggtgaggc gatccgactt tccccgcagg gcgacgacgc ccaggcgatc gccagcgccg
61 tttcgcccge gceccgtcgac gtcatcgtca cgatcggcgg cgecctecggtc ggcgaccatg
121 acctggtcaa acccgcactc cgaacgctgg geccttgecget ttecggtcgag acggtcgecg
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181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981

//

LOCUS
DEFINITION
ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

tgcgeccecceegg
tgccaggaaa
cggctctcac
ttccggeggyg
ggcgagtcgt
gcgccgatgce
tcgatgttct
cccggatttg
gggcatgcag
cgctatctcg
ggcctcgcag
gtcteggeca
ctggtcatta
gcggccecctga
gagcgaatgc
ccgecgectge
gggcttggcg
gatgaactgc
cgtctgcgcg
agcaccttcg
cgccacggcg
atcgaggaac
gtgtccggtc
cgtcagatcg
ctgttccaca
ctctgcgacg
atcatcttcc
ggcgtccgcea
gcggcgecatce
gcggccaagc
gtcagcatcg

gcc2218
gcc2218.
gcc2218

caagccgace
cceggecteg
gggcgcggeg
c€ggaccgcgg
cgcgacaccc
tctgctacgg
gccgectceecgg
agttcgcecgg
gaaagatcgc
tcatcgacat
cattcatcgt
ccgaccacct
ccegectgac
tccaggcecggce
tgctcgattc
tgatcatcgg
aacgttacgc
gcggcgtctg
acagcggcct
gcgecgagceg
tggtcgagat
tcttgagecg
gacgggtgct
ccgceccagegg
tcgagcgcga
tccgcgacge
acgctgcggce
ccaatgtgcect
tcgecttgat
gtgtcgccga
tgcgetttgg

2142 bp

tggagcgggc
gcgctggtgt
ccggatatcc
gagcattgga
ttceceegatce
cgacggcctg
cgcggctgaa
gcgtgacccg
gacccacgtt
gccgttcacg
ggagttggct
gcgacttctc
ccatccaggce
gctgctgtcg
ggtgctgcgce
ctcggectce
cccgatcgge
cgttctgggce
gtcgcecggcece
tctgggccge
gggcgcggeyg
gcecgectgte
ggtgacaggc
ctgcgcccat
gatcgccgag
cgccegegte
gctgaagcat
gggcacccgce
ctcgacggac
ggccgtggcg
caatgtgctg

mRNA

Caulobacter crescentus.
Caulobacter crescentus

Bacteria;

Proteobacteria;

Caulobacter.

ggttgccgga
gcgcggaact
gcctcecattece
tgcgcgecgce
aggattcctc
gcgcgceccecece
accgcgacgg
accttcaccyg
ctgctggcct
cgggacacgc
ttccgggtgg
cgctcggcecg
atcgacggtg
gcgetgeggy
cttggsccecg
gaggccgaag
gtggtctcgce
tcgatcgecg
gcgatcctgt
ttgaagacgg
gccaacaccc
cgactggatc
gcggggggca
ctgaccatgg
cggcacccgce
cagcgtgtcet
gtcacgctgg
aacgtggccg
aaggccgtcg
cgtcagtacg
ggctcggcecg

BCT

alpha subdivision;

cggtcgccege
cttcectgegg
cgcgggcettg
gctgtcgacg
tctggtcage
tgcggcgacg
catagaattg
cttcagaggt
tcgtggcecect
tgcttcaggce
agcgggeccc
tcctgacgge
gcctgcgcac
tgatccggceg
cctecgatgceca
ccttcectgeg
cgctcgaccg
atttcgacag
tcctcaccga
aaggcgtgcg
cccagctgcg
cagagccggt
gcatcggttce
tcgacgccte
tcctetegeg
tcacggagat
tggagaacca
tcgecgcecaa
cgccgaccag
gcggcggcegg
gatcggtcgt

15-

gtggtgggtc
cctetgcetgg
gccgccececgce
gatccggacg
gtgttcgcgce
ggcgaggttg
acgtgctaag
tcgtttcatg
gctggccggt
gaccctgtac
gtggcgcettc
ggcggcgttc
cgtggcceggce
gagcctgcat
tccggcegetg
cgcgcecggcec
cgagaccggc
cgtgectggcece
cagcgcgatg
cctgectgege
cgagatcagc
tcgecgegetg
cgagctctgce
cgaatacaac
tcgtgaggceg
gaagccggac
cccectgegag
ggcctgcgge
cgtgatgggc
cgacatgcgg
a

OCT-1999

Caulobacter group:;

REFERENCE 1 (bases 1 to 2142)

AUTHORS Awram, P.A.
TITLE Analysis of the S-layer Transporter Mechanism and Smooth
Lipopolysaccharide Synthesis in Caulobacter crescentus
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 2142)
AUTHORS Awram, P.A,
TITLE Direct Submission
JOURNAL Submitted (15-0CT-1999) UBC
FEATURES Location/Qualifiers
source 1..2142
/organism="Caulobacter crescentus"
/strain="NA1000"
gene complement (3..719)
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CDS

gene

CDS

BASE COUNT
ORIGIN
1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861

324 a

atgatccgcc
ccctggagag
tgctgecgega
gccagaccct
tcctggegcet
tggaggagat
aggtccaggg
tccacgagcet
tcgcgatecga
gcgaacaggg
tggtgcatca
cgggcctggt
gaccgcccgyg
gctcggcgac
ctggctgcge
gatggtgttt
cggctatggc
caacgccggce
ctgggatggg
agttccggcg
tgggceceggt
ggctggttgg
tagccgacgt
agcgacacca
tcgccggceca
tcggggcgca
tcgagctcge
gcgtcaccgce
tggaacacat
tcgtcgcgeg
gccacatagc
agggcgcgga

/gene="orfl4"
complement (3..719)
/gene="orfl4"
/codon_start=1
/product="unknown exsG-like"
/translation="SCGQAHAFGERRAQREDQARGREVEHRLAAEVPRQALMHHLGAE
PVARGRPRQGGPALFAPDQGQKPRSGRLVDVPFDRDPALGGREGAMARGVGDQLVDGH
VHRHRRLGAEGDGRALDLEPSRNVVGEGRQGALONLLQLRTSPGAAGQQLVRLRERQD
PALEDVCKGLGRRGRAQGLAGDRLHDRQGVLHAVIQLAQXEVTVLERGGEVVIETPAL

QGRGRGARDHLQLAQHLGRRI"

1134..2138

/gene="1psL"

1134..2138

/gene="1psL"

/codon_start=1
/product="putative glycosyltransferase"
/translation="EPEFRRIDGEGGVVPARHGLARLGPVHGDRQLLAELHGVDGERL
VGLGFDRIEPGLAVGGQDVADVVAAEVADPRLHLHQPVQRHHLAALRREQGVVQARAE
LAGHQTRPREETRLLVPAQGLGAHQGEAGLLGQALDLGLVFELAEGLGRAHAAPADEQ
HVGVTALGEAQGLALKVPAQEVVEHIVAVQHVRQQGRADLDGFVARVVGDDLLVGQHH
PHDARHIAGGGPGQQQRRGDPRRVQGADHEQLRVHLGQPVTPDEVEVGDHEGPVEPVR
HRRVEIPGLARNVVLVPVLDVIGIGALGVDELVVQLQVRAGAFGHHAFGHQQVDIGRV

E"
723 ¢

gcccaaggtg
cgggegtcete
gctggatcac
gcgcacgace
ctcgcaggcg
tctgcaacgc
cceggecgte
gatcgccaac
atggaacgtc
cgggcccgcec
gggcctggeyg
cttcacgctg
gtcatgatcg
atggggtgtyg
gatcatccct
ccggtcecgecg
gacctgccgc
gcgctgcegcece
atcatccaaa
tatcgacggg
ccacggcgat
cctggggttce
cgtggcggcg
cctggcagcce
ccagacgcgce
ccagggtgag
ggaaggactg
ccttggtgaa
agttgcggtt
ggtcgtaggt
cgggggcggt
tcacgaacag

757 g

ctgcgcaagc
aatgactacc
cgcgtgaaga
ccgtcgccég
cacgagttgc
accctggcga
gccttcagceg
gccgcgcgcece
gacaaggcga
ctgtcggggce
cgggacctcg
cgcgcgccgce
tcgaggatga
aggtggccgyg
cgccecgacgg
aacgcctgcg
gcgegggcett
tggccgtega
gcgttcaaaa
gaagggggcyg
cgccagcttc
gatcgaatag
gaagttgccg
ctgcggcgag
ccgcgagaag
gccggcectcce
ggccgtgegce
gctcaaggcc
cagcatgtgce
gacgatctcc

ccggggcagce
cttagggtac

337 t

tgcaggtggt
tcgcecegecte
acaccctggce
aggcctttge
tgacccgcecg
ccttcgccga
ccgagacggce
atggcgccct
ccgcteccggg
cgcccacgceg
gcggccagge
tctccgaacg
ggccctggtg
ctcgttcgge
cgcggtgetyg
cgagcagggc
cgagtcggtg
gcgcttecgg
gggcgctgga
tcgtcccage
tggcggaact
agccgggcect
atccgcgact
agcagggcgt
agacgcgcct
tgggccaggc
acgccgceccce
tcgcgctcaa
ggcagcaggg
tggtcgggcea
agcagcggcg
atctcggtca

1l others

cgcgcgcgcce
gctcgagcac
gatcgtgcag
agacgtcttce
cgcctgggga
cgacgttgcg
ggtgtcggtg
ctcgaccccce
gcttctgacc
caacgggttc
ggtgctcgac
catgagcctg
gccatgatgg
gccgtegacg
gacgtcaata
gtgccgtteg
caggtgctgg
atcggctaga
tgtctgatct
ccgeccatggce
ccacggggtce
ggcecgtegge
gcacctccac
tgtgcaggcc
gctggtccca
cctcgatctce
ggctgacgaa
ggttccagcg
ccgcgceccgat
gcatcatccg
cggtgatccc
gccagtgacc

acggcctcgg
ggtcacttcm
tcgatcaccc
gagagccgga
cgtccgcaac
ggacggttcg
cacatggcca
caaggccggg
ctgatctggce
ggctccaaga
ttcgegcecca
gccgcatgaa
tcgaggacat
ccgcectgge
tcggcggcga
tcttcgccac
ccaagccgat
accccttgge
ttagagcctg
cttgcgcgece
gatggtgaac
gggcaggatg
cagccagttc
cgagccgaac
gcccagggtce
ggcctcgttt
cagcatgtcg
caggaagtcg
ctcgacggct
cacgatgcgce
cgcecgegttce
ccagacgaag
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1921 ttgaagtggg tgatcacgaa ggcccggtcg agccggtgcg tcaccggcgce gtcgaaatcce
1981 caggcctggc gcgcaatgtc gtgctggtac cagtgctgga cgtaataggg ataggcgccce
2041 tcggcgtaga cgagctggtc gtccagcttc aggtgcgcge cggagccttc ggccaccacg
2101 cgtttggcca ccagcaggtc gacatcgggc gcgtggagat cg
//
LOCUS gcc648 2699 bp mRNA BCT 15-0CT-1999
DEFINITION gcc 648.
ACCESSION gcc648
VERSION
KEYWORDS .
SOURCE Caulobacter crescentus.
ORGANISM Caulobacter crescentus
Bacteria; Proteobacteria; alpha subdivision; Caulobacter group;
Caulobacter.
REFERENCE 1 (bases 1 to 2699)
AUTHORS Awram, P.A.
TITLE Analysis of the S-layer Transporter Mechanism and Smooth
Lipopolysaccharide Synthesis in Caulobacter crescentus
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 2699)
AUTHORS Awram,P.A.
TITLE Direct Submission
JOURNAL Submitted (15-0CT-1999) UBC
FEATURES Location/Qualifiers
source 1..2699
/organism="Caulobacter crescentus"
/strain="NA1000"
gene 1..1056
/gene="orfl"
CDS 1..1056
/gene="orfl"
/codon_start=1
/product="putative chemotaxis receptor protein"”
/translation="RPVIAPGRTDDQDQVITVLSEQFKALAAGDLTARVDVVFSERYG
HVRDEFNAAMTKLGQVMDE ISMAAGGLGESSDEVARVSQHLSRGAGRQALDLHGARAA
LOKVGAAAGRGVDGLRRVTEAAAGLRIDAASARRSVREAVGSIAEVEQSALRISQAAA
LEDEVAQQANVLSLIADVEGARGGEGXGPFQAVAADKMRVLAERASGAAREIKGVTAA
NSAQVSRCARLMDAASASFGGMASRITQIDGLVSGLAKSAQEQAHGLRAVDEAVDRAD
DIAQTHADQVDEAAAVTGRLIEEAESLIQAASPFRAHVVSRPASRPEPARAGHHAPAG
NAVARAHARIAAYARPR"
gene 1060..2577
/gene="orfl"
CDS 1060..2577

/gene="orfl"

/codon_start=1

/product="putative hippurate hydrolase protein"
/translation="MLCHPGKRVALVRDPGAASAALPQSLGPGSTPGFRRGSAGMTQD
ISVRGGGGGEHVRRSCDSRNPRPSMKSLFAASALALLIATAAQAGPLNVPATQKVISA
QLDRDYPALEALYKDIHAHPELGFQEVETAKKLAAQMRALGEFTVTEGVGKTGVVAVLK
NGEGPKVLIRTELDGLPMQEKSGLAWASQATATWNGEKVFVAHACGHDIHMAAWVGAA
ROLVAMKAKWKGTLVFVAQPSEETVRGARAMLDDGLWDKIGGKPDYGFALHVGSGPXG
EVYYKAGVLTSTSDGLDITFNGRGGHGSMPSATIDPVLMAARFTVDVQSVISREKDPS
AFGVVTVGSIQAGSAGNIIPDKARVRGTIRTQDNAVREKILDGVRRTVKAVTDMAGAP
PADLKLTPGGKMVVNDAALTDRTAVVFKAAFGARAVAQDKPGSASEDYSEFVLAGVPS
VYFAIGGSDPAELAKAKAEGREPPVNHSPYFAPVAEPTIRTGVEAMTLAVLNVLK"




BASE COUNT
ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
216l
2221
2281
2341
2401
2461
2521
2581
2641
//

LOCUS
DEFINITION
ACCESSION
VERSION
KEYWORDS
SOURCE
ORGANISM

396 a

cgcccegtga
gagcagttca
gagcgctatg
atggacgaga
gtctcgcagce
gcggcgetge
accgaagccg
gcggtggggt
ctgttcgacyg
gcgcggggcyg
ctggccgagce
gcgcaggtct
gcgtccagga
caggcccatg
acccatgccg
gagagcctga
cggcccgaac
cacgcccgcea
cgtgtagcgce
cccggetcta
aggggtggcg
tccatgaagt
gccgggecgt
tatccggcgce
gaggtcgaga
gagggcgtcg
ctgatccgca
agtcaggcga
gacatccaca
tggaagggca
gccatgctgg
ctgcacgtcg
acctcggatg
gccaccatcg
agccgcgaga
agcgececggta
aacgccegtge
atggccggcg
gatgcggccc
gtggcgcagyg
gtgccgtcgg
gccgaaggcec
acgatccgca
ttctceectt
ccgcgcgacce

gccl290
gccl290.
gccl290

935 ¢

tcgcgeccggg
aggccctggce
gccacgtcceg
tctccatgge
atctgtcgceg
agaaggtggg
ccgcecggcect
cgatcgcgga
aggtggctca
grgagggcgm
gggcctcggg
cgcggtgcege
tcacccagat
gcctgegcege
accaggtcga
tccaggcecge
cagcccgcegce
tcgcecgecta
ttgtccggga
cceccecggcett
gaggtggcga
ccectgttege
tgaacgtgcecce
tggaggcgcet
ccgccaagaa
gcaagaccgg
ccgagctgga
ccgccacctyg
tggccgcecectyg
cgectggtttt
acgacggtct
gttcgggtcc
gcctggacat
acccggtgcet
aggacccgtc
acatcatccc
gcgagaagat
ccececgeccgce
tgaccgatcg
acaagccggyg
tctacttcgce
gtgagccgcece
cgggggtgga
gcgggagaag
cctcaaccga

2109 bp

984 g

ccgcaccgac
ggccggcgac
cgacgagttc
ggctggcggyg
¢ggcgcggygyg
cgcggecgcece
gcgcatcgac
ggtcgagcag
gcaggccaat
ggggcccttce
cgcggcecgcga
gcggctgatg
cgacggtctg
cgtcgacgag
cgaggccgcg
cagtcctttc
cggccatcac
tgcgcgacce
cccaggggceyg
tcgeeggggt
gcatgtgcgt
cgcctcggcet
cgccacgcag
gtacaaggac
gctggccgeg
cgtggtggceg
cggcctgeceg
gaacggcgag
ggtgggtgcg
cgtggcccag
gtgggacaag
gkccggcgag
caccttcaac
gatggccgcc
ggccttegge
cgacaaggcc
cctecgacgge
cgacctgaaa
cacggcggtg
ctcggegtcece
catcggtggc
ggtcaaccac
ggcgatgacc
gtgtcgccgg
cccgctacgce

mRNA

Caulobacter crescentus.
Caulobacter crescentus

381 t

gatcaggatc
ctgaccgcecce
aacgcggcga
ctgggcgagt
cgtcaggcct
gggcggggcyg
gccgccagceg
agcgccttge
gtcctgtect
caggccgtcg
gagatcaagg

gacgccgect

gtgtcgggee
gcggtggacc
gcggtcaccg
cgcgcccatg
gcgcccgecyg
cgctagggga
gcaagcgcegg
tcggecggga
cgatcctgeg
ctcgecetge
aaggtgatca
atccacgccecce
cagatgcggg
gtgctgaaga
atgcaggaaa
aaggtcttcg
gcccgcecagce
ccecteggagg
atcggecggcea
gtctattaca
ggccggggcy
cgcttcaccg
gtggtgacgg
cgggtgcgeg
gtgcgccgca
ctgacccegyg
gtgttcaagg
gaggactatt
tcggaccceceg
tcgcegtact
ctggcggtgce
aggcgacgga
gggccaccct

BCT

3 others

aggtgatcac
gcgtcgatgt
tgaccaagct
cttecggacga
tggatctgca
tggacgggct
cccgecgtte
gcatcagcca
tgatcgccga
ccgctgacaa
gcgtgacgge
cggcctegtt
tggccaagtc
gggccgacga
gccgettgat
tggtttcgeg
gcaacgccgt
tgctgtgtca
cgctcccgcea
tgacacagga
actcacgaaa
tgatcgccac
gcgcccagcet
accccgagcet
cgctgggcett
acggcgaggg
agtcgggcct
tegeecatge
tggtggcgat
agacggttcg
agcccgacta
aggccggcegt
ggcacggctc
tcgacgtgca
tcggectegat
gcacgatccg
cggtgaaggce
gcggcaagat
ccgccttcecgg
cggaattcgt
ccgagctcgce
tcgcgccegt
tgaatgtgtt
tgaggggttt
ctccecgcaaa

15-

cgtgctgtcce
ggtgttcagce
gggccaggtc
ggtggcgcge
cggtgcgegyg
gcgceccgegtce
ggtgcgtgag
ggccgcecgcece
cgtcgagggce
gatgcgecgtce
cgccaattcg
cggcggceatg
cgcccaggag
tatcgcceccag
cgaggaggcc
ccecggegteg
ggcccgcegcece
tcccecggaaag
gtccctgggt
tatttctgte
cccgagaccec
cgccgceceag
cgaccgcgac
cggctteccag

caccgtcacc

ccccaaggtg
ggcctgggec
ctgcggecac
gaaggccaaa
€ggggcccge
cggctttgeg
cctgacctcg
gatgcccteg
gagcgtgatc
ccaggcggge
cacccaggac
ggtgaccgac
ggtggtcaat
ggcececgegece
gctggecgge
caaggccaag
ggccgagcecg
gaagtgaccc
ctcggeccteg
gggagaagg

OCT-1999
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REFERENCE
AUTHORS
TITLE

JOURNAL
REFERENCE
AUTHORS
TITLE
JOURNAL
FEATURES

Bacteria;
Caulobact

1 (bases 1 to 2109)

Awram,P.A

Proteobacteria;

er.

alpha subdivision;

Caulobacter group;

Analysis of the S-layer Transporter Mechanism and Smooth
Lipopolysaccharide Synthesis in Caulobacter crescentus

Unpublish

2 (bases 1 to 2109)

Awram, P.A
Direct Su

Submitted (15-0CT-1989)

source

gene

CDS

gene

CDS

BASE COUNT

ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081

310 a

gtcggcgcgce
gcgcggcagce
ccggtcgggce
cgecctegecce
atagctttcc
gtcccagccg
cttgtggcgg
cgtgacccgg
gtcgaagccg
ctcgcccagce
gggcaggatc
cgggtcgcgce
ctecctggecc
ggcccagcag
ccgttccaga
cgcgcccttg
cccagatccg
acgttggtcc
aactgcggca

ed

bmission

UBC

Location/Qualifiers

1..2109

/organism="Caulobacter crescentus"
/strain="NA1000"
complement (822..1769)
/gene="orfl2"
complement (822..1769)
/gene="orfl2"
/codon_start=1
/product="Unknown interrupts O-antigen synthesis"
/translation="MSRLPPGLKTGRDVSVTGVDAAGRTVLTARDGDPQMVWTPTREE
RKALRAAKAVRIDVKLEAVEGKLVGPALYADWGDGEFSEDSYARLKAGPDGWFASLPAR
SFQLNGVRLDPSEGACAFTVEALTVTRIGDLGRDPRGLRGAAIQALKPMLGPLRGPAG
AAWRRGRALLAKGRVARPAGRDEGAVGATYAHAIAVSRNLRSPHYAAPIAAPITLPAE
APKVVAFYLPQFHPFPENDTWWGKGFTEWTNVSKAQPQFLGHYQPRLPADLGFYDLVS
ARCWPSRWTWPRARASTPSASTTTGSPESAFWNGRWICS"

complement (1766..2107)

/gene="orf13"

complement (1766..2107)

/gene="orf13"
/codon_start=1
/product="polysaccharide transporter kpsT-like"
/translation="PAELSGLGDFLHLPVRTYSAGMLARLMFTVATVFEADILVLDEW
LSAGDAAFVQKAAQRMHRMVEDAKIVVMATHDHDLVQRVCNRVCELQGGKIXFLGSXE
DWLAYRETQAA"

719 ¢

ttggcgaact
caggcgctga
tcgagatagg
ttgggatgcc
ggatcggcgt
ggcatgacgc
gcecacggcgg
ttggtgatct
tggccggcat
cccatggcecce
tcggggcggt
atgtagcgceg
atcaggatgt
agggcgaagg
aggecgcetttce
gccaggtcca
ccggcaggceg
actcggtgaa
ggtagaaggc

767 g

ggctctgtge
gcgcggtgcg
cgccttegece
gggcctcggce
tgtggaacgc
cgggcacgaa
gatagtcata
cgccctegac
agtcctggaa
gcgcctgatc
acagcaatag
ccaggtcctc
cgctctecgte
gcaggtccag
cggcgaacca
cctgctgggce
cggctggtag
gcccttgece
caccaccttg

311 ¢

ctcggcgatg
ggtggcgtgc
ccactcgtte
gtgcttcagc
caccccggcece
ggcggccgga
gaccttgccg
aatggcgtgc
gccgaaggcg
gcgccagcegce
gagcggcttg
gaacaccgcg
gccgtcecccag
gctcggatcg
gtagtagtgg
cagcacctcg
tgacccagga
caccaggtgt
ggcgcttcgg

2 others

atcggatggg
agatagccgt
caggcgttga
gcccccgaca
cagggcttgc
acctgctcca
gtgaagccgg
ggcgggaagt
gtggtgcaca
tcagtggtgg
ccgctcacce
cggtcgtcect
cggcgggtcc
ttcaggaaca
aagcagaagg
cgctgaccag
actgcggcectg
cattctcegg
ccggcagggt

cgttggtcag
ggccgaacca
cgaacaccag
gccagccgaa
gggcctggtt
gctcatccag
cgtgcagcgg
cgacgatgcc
gcaggtgcag
ccttggecgtce
gcagatagcg
gcggcgagtyg
agttctcatt
gatccagcgg
cgtggacgcc
gtcgtagaag
ggccttggag
gaacggatga
gatcggggcg
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1141 gcgatcgggg cggcgtagtg cgggctgcgc aggttgcggg agaccgcgat cgcecgtgggeg
1201 taggtcgcgc cgaccgcgcce ctcgtcgcgt cctgccggac gcgccacgceg tcccttggece
1261 agcagcgccc gcccgcgtcg ccaggccgcg ¢ccggcggggce cgcgcaaggg gcccagcatce
1321 ggcttcagcg cctggatcgc cgcgccgcgc aggccgcgceg gatcgcggcece gagatccccg
1381 atacgggtga ccgtgagggc ctcgaccgtg aaggcgcagg cgccctcgga cgggtccage
1441 cgcacgccgt tcagttggaa actgcgcgcc ggcagcgagg cgaaccagcc gtccggaccg
1501 gccttcaggce gggcgtagga atcctcggaa aagccgtcgce cccagtcegge gtagagegeg
1561 gggccgacca gcttgccctc gaccgcctca agcttgacgt cgatccgcac cgccttggec
1621 gcccgcagcg ccttgcgctce ttcgecgggtg ggcgtccaga ccatctgcgg gtcgecgtceg
1681 cgggcggtca ggaccgtgcg cccggecgca tcgacgccgg tgaccgacac gtcgcggecg
1741 gtcttcaggc cgggcggcag gcggctcatg cggcctgggt ttcgcggtag gccageccagt
1801 cctcgktcga gccgaggaag gsgatctttc cgccctgcag ttcgcagacg cggttgcaga
1861 cccgctggac caggtcatgg tcgtgggtgg ccatcaccac gatcttggcg tcctcgacca
1921 tccggtgcat ccgctgggcg gecttctgca cgaaggcggce gtcgccggcg ctgagecact
1981 cgtccagcac caggatgtcg gcctcgaaca cggtggccac cgtgaacatc'aggcgcgcca
2041 gcataccggc cgaataggtg cgcaccggca ggtgcagaaa gtcgcccagg cccgataact
2101 cggcgggyy
!/
LOCUS gcc 2205 2365 bp mRNA BCT 15-0CT-1999
DEFINITION gcc 2205.
ACCESSION gcc 2205
VERSION
KEYWORDS
SOURCE Caulobacter crescentus.
ORGANISM Caulobacter crescentus
Bacteria; Proteobacteria; alpha subdivision; Caulobacter group;
Caulobacter.
REFERENCE 1 (bases 1 to 2365)
AUTHORS Awram, P.A.
TITLE Analysis of the S-layer Transporter Mechanism and Smooth
Lipopolysaccharide Synthesis in Caulobacter crescentus
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 2365)
AUTHORS Awram, P.A.
TITLE Direct Submission
JOURNAL Submitted (15-0CT-1999) UBC
FEATURES Location/Qualifiers
source 1..2365
/organism="Caulobacter crescentus"
/strain="NA100O"
gene complement (2..550)
/gene="orfle6"
CDS complement (2..550)
/gene="orfle"
/codon_start=1
/product="putative HOMODA hydrolase protein"
/translation="MRGLTISGVFAVLVLTASLAQAGEVTVDGRKVAYREWGGGERTL
VMVSGLGDGAETFETVGPRLAQGWRVIAYDRAGYGGSADDPRVHDAERAEAELKGLLA
ALKVRKPVLLGHSLGGVFAAHFAARNPGEVTGLVLEETRPTGFTAACKAKRMRGCAFP
PLLKYAFPPGGRREVETLDRIER"
gene complement (559..2178)
/gene="pgi"
CDS complement (559..2178)
/gene="pgi"

/codon_start=1
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BASE COUNT
ORIGIN

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961

1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
//

367 a

gccgcetcaat
tgagcagcgg
cggtcggceceg
agtgggcgge
acgccgccag
catcggcgcet
gccgggggce
gggtccgcetc
cgeceggectg
gccctcgceat
atgctggceccc
cagctcgacg
cttgtgctca
caccagggtc
ggcgtcagag
catgaaggcc
gcecttegtee
catgcactgg
cgtgcecgegce
cagctgctgg
ggcccggcgg
attctgctcc
accctggaac
cgaatagcgg
ggcggceggte
gcctagggcec
cgtgaaggtc
cagggcgaac
cggtcgcagg
caggatcgcc
cgcgaaagcc
ggccttgacg
ggacgaattg
gtgggccaga
caggtgcagg
gaactcgacg
ggcgtcgaga
gcttatcaaa
cgatgtcctg
agcagacgac

/product="putative phosphoglucoisomerase"
/translation="MADLDAAWTRLEAAAKAAGDKRIVEFFDAEPGRLDALTLDVAGL
HLDLSKQAWDEAGLEAALDLAHAADVEGARARMFDGEAINSSEGRAVLHTXLRAPAGA
DVKALGQPVMAEVDAVRQRMKAFAQXVRSGAIKGATGKPFKAILHIGIGGSDLGPRLL
WDALRPVKPSIDLRFVANVDGAEFALTTADMDPEETLVMVVSKTFTTQETMANAGAAR
AWLVAALGEQGANQHLAAISTALDKTAAFGVPDDRVFGFWDWVGGRYSLWSSVSLSVA
VAAGWDAFQGFLDGGAAMDEHFRTAPLEQNAPVLVALAQIFNRNGLDRRARSVVPYSH
RLRRLAAFLQQLEMESNGKSVGPDGQPAKRGTATVVEGDEGTNVQHAYFQCMHQGTDI
TPMELIGVAKSDEGPAGMHEKLLSNLLAQAEAFMVGRTTDDVVAELTAKGVSDAEIAT
LAPQRTFAGNRPSTLVLLDRLTPQTFGALIALYEHKTFVEGVIWGINSFDOQWGVELGK
VMANRILPELESGASGQHDPSTAGLIQRLKR"

849 c

acggtccage
cgggaacgcg
ggtttcctcc
gaacacgccg
cagcccectte
gcecgcecatag
gaccgtcteg
gccaccgcecce
cgccaacgag
gggatcgecct
gaagcgccgc
cceccactggt
tagagggcga
gagggccggt
acgcccttgg
tcggcctggg
gacttggcga
aaataggcgt
ttggccggcet
aggaaggcgg
tccaggececgt
agcggggcgg
gcgteccage
ccgeccgaccece
ttgtccagcg
gccaccagcc
ttggagacca
tcggecgecegt
gcgtcccaca
ttgaacggct
ttcatccget
tccgetceecg
atcgcectcege
tcgagcgegg
ccggcgacgt
atacgcttgt
tcggccatgt
caggcgccgce
tgacgccgtce
cggeecccgece

783 g

gtttcgacct
cacccgcgcea
agcacgaggc
cccagcgaat
agctcagcct
cccgecececggt
aacgtctcgg
cattcgcgat
gccgtcagca
agcgcttcag
tctccagcetce
cgaagctgtt
tcagggcgcc
tgccggcgaa
ccgtgagctc
ccaagaggtt
cgccgatcag
gctgaacatt
gcccgtcggg
ccaggcggceg
tgcgattgaa
tgcggaagtyg
ccgcggcgac
agtcccagaa
cggtcgagat
aggcccegcge
ccatgaccag
cgacattggc
gcaggcgtgg
tgccggtcge
ggcggacgge
ccggagcgceg
cgtcgaacat
cctcgagacc
ccagggtcag
cgcccgcage
cgtcctcaca
cgcgtcatgg
gccttttccg
ctcgce

364 t

cgcggcgccce
tacgcttagce
ccgtgacctce
gccccagaag
ccgceccgcetce
cataggcgat
cccegtegece
aagcgacctt
ccaggacggce
gcgctggatc
cggcaggatg
gatcccccag
gaaggtctgg
agttcgctgce
ggccacgaca
cgagagcagce
ctccatcggce
ggtgcctteg
gccgaccgac
caggcggtgc
gatctgggcc
ctcatccatg
ggccaccgaa
cccgaacacg
ggcggccaga
cgcgceggeg
ggtctcttcc
gacgaagcgc
gcccaggteg
gcccecttgatce
atcgacctcg
caggnccgta
gcgggccecgg
cgcctcatcecce
agcgtcaagg
cttggcggcg
ggtttggtaa
cagaccaatg
ccatgctctg

2 others

gceccggegga
cttacaggcc
tcceggattyg
cacgggcecttt
ggcgtcgtge
gacgcgccag
aagaccgctg
gcgceccegteg
gaaaacgccg
aaccctgegg
cggttcgcca
atcacgccct
ggcgtcaggce
ggggccaggg
tcgtccgtgg
ttctcgtgca
gtgatgtcgg
tcgceccgaaca
ttgcegttge
gagtacggca
agggccacca
gccgcgeegce
aggctgaccg
cgatcgtccg
tgctgattgg
ttggccatgg
gggtccatgt
aggtcgatcg
ctgccgcecga
gcecceccgaac
gccatgaccg
tgcagcacag
gcgeccctega
caggcctgcet
cgtcccggcet
gcttccaggce
atcgctgttt
acgttttttg

gatggcgtcg

aacgcgtatt
gcagtgaagc
cgggccgega
cgcaccttca
acacgcggat
ccctgggceca
accatcacca
accgtcacct
ctgatcgtca
tcgaagggtc
tcaccttgcce
cgacgaaggt
ggtcgaggag
tggcgatttc
tccgeccegac
tgccggecgg
tcceectggtyg
ccaccgtgge
tctccatctce
cgaccgagcg
gcaccggcegce
cgtccaggaa
acgaccacag
gcacgccgaa
cccectgetce
tctcctgggt

cggcggtggt

acggcttcac
tgccgatgtg
gcacggmctg
gctggcccag
cccggectte
catcggeccgce
tggagagatc
cggcgtcgaa
gggtccaggc
acggacccgg

cgggagcccc
ttcaatcegg
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