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The rfc gene of Salmonella typhimurium was located in a 1.75-kb HindIII fragment and restored wild-type
lipopolysaccharide synthesis ability to both an older rfc point mutant and new rfc::ISI0 mutants. DNA
sequencing of the HindIII fragment revealed an open reading frame which could encode a protein of 407 amino
acids with an M, of 47,472 and also revealed potential translation signals. Modulator codons accounted for
12.5% of the total codon content, providing a possible explanation for the nondetectability of the protein in
subcellular systems. Secondary structure analysis suggested the presence of transmembrane B-sheet structures,
implying a possible role for the protein in translocation of hydrophilic O-antigen-containing materials.
Salmonella strains of groups A, B, and D1 contained rfc-homologous DNA, but strains of groups C1, C2, C3,

D2, and E2 did not.

Three major genetic regions have been implicated as
dedicated to the biosynthesis of the polysaccharide compo-
nent of the lipopolysaccharide (LPS) of Salmonella typhimu-
rium. The rfa cluster of genes is involved in core synthesis,
and the rfb region is involved in the synthesis of the
O-antigenic tetrasaccharide units (26). In addition, it is
thought that genes of both the rfa and rfb clusters are
involved in the transport and ligation of core-O-antigen
complexes (26). The rfc region is thought to encode a
polymerase responsible for the linking of the O-antigen
tetrasaccharide units into long chains, giving rise to typical
smooth LPS (26). Mutants of S. typhimurium which are
defective in the O-antigen polymerase because of a mutation
at the rfc locus produce LPS structures termed semirough
(SR), which have at most one O-antigenic tetrasaccharide
unit attached to any given core unit (30, 56). A bacteriophage
sensitivity pattern characteristic of SR mutants has been
described previously; such strains of S. typhimurium were
resistant to the smooth LPS-specific phages 9NA and P22,
sensitive to phage FO, and resistant to all phages specific for
rough LPS (LPS without attached O antigen) except P22I
(55).

Mutants of the SR LPS phenotype have been identified in
Salmonella groups B and E (22, 30). In S. typhimurium
(group B), the rfc locus has been located between gal and trp
(30, 44), corresponding to a map position between 18 and 34
min. An analogous locus in some Salmonella strains of group
D has been postulated on the basis of the observation that in
hybrids between Salmonella groups B (0-4, 5, 12) and D
(0-9, 12), involving transfer of rfb genes, the polymerase of
one group could polymerize the O units of the other (24, 31,
51).
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This paper describes the cloning of the rfc gene of S.
typhimurium by complementation of rfc defects in sponta-
neous and IS/0-derived SR mutants. A physical map of the
DNA region encoding the rfc gene is presented, and attempts
to visualize the gene product(s) are described. The distribu-
tion of rfc-homologous DNA in other Salmonella strains is
also determined. The DNA fragment containing the gene is
sequenced, and a putative rfc gene is identified.

MATERIALS AND METHODS

Materials. All reagents were of Analar grade. Enzymes
active on DNA were obtained from either Amersham or
Boehringer Mannheim and were used as directed. The four
deoxyribonucleotide triphosphates (dATP, dCTP, dGTP,
and dTTP), X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galacto-
pyranoside) and isopropyl-pB-D-thiogalactopyranoside were
purchased from Boehringer Mannheim. M13 sequencing
primer and [a->?P]dCTP, at a specific activity of 1,700
Ci/mM, were obtained from BRESA (Adelaide, Australia).
The —40 sequencing primer was obtained from New England
BioLabs. L-[>*S]methionine (1,270 Ci/mM), [>*S]dATP
(>1,000 Ci/mM), and Sequenase were purchased from Am-
ersham.

Bacterial strains and media. The strains used are listed in
Table 1. Transposons Tnl725 and Tn5 were contained on
temperature-sensitive R factors in strain RU2901 (Tn!725)
(50) or WR6016 (Tn5). Bacteria were routinely grown at 37°C
in Difco nutrient broth at double strength, with 5 g of NaCl
per liter, or on Difco nutrient agar. Antibiotics were added,
when appropriate, at the following concentrations: ampicil-
lin, 25 wg/ml; chloramphenicol, 25 pg/ml; kanamycin, 50
ng/ml; tetracycline, 10 pg/ml. Methionine assay medium
(Difco) was reconstituted according to the manufacturer’s
instructions.

Bacteriophage sensitivity tests. Bacteria were grown to
stationary phase and swabbed across a plate. Bacterio-
phages were spotted (ca. 10° PFU in 5 pl of nutrient broth)
onto the bacterial swabs, and the plates were incubated at
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TABLE 1. Bacterial strains and plasmids used in this work

J. BACTERIOL.

pBluescript KS*

Carries T7 promoter and Ap"

M13mpl8 M13 cloning vector

M13mp19 M13 cloning vector

pPR11 tolC::Tnl0; source of ISI0 DNA
pAMH70 lamB*, carries Ap"

pLG339 Source of Km" cassette
pADE200 lamB™, carries Km"

pADE206 pUC18/rfc*, carries Ap"
pADE207 pSUP401/rfc*, carries Cm"

Strain or plasmid Genotype or relevant characteristics Relevant phenotype f:tg ;:1::
E. coli K-12

DH1 gyrA96 recAl relAl endA thi-1 hsdR17 supE44 N~ 27

DS410 minA minB rpsL Minicell producer 7

K38 HfrC Host for T7 polymerase-promoter system 37

JM101 supE A(lac-proAB) thi-1/F'(traD36 proAB lacl® Host for M13 propagation 39

lacZ AM15)

RU2901 Rts1::Tnl725 Donor of Tn/725 (Cm") 50

WR6016 thr leu thi recA/F'ts114lac::Tn5 Donor of Tn5 41

CSR603 uvrA uvrB recA Maxicell strain 38
S. typhimurium®

Cs Wild type IMVS?

SL901 rfc-497 metA22 trpC flaA66 H1-b H2-e,n,x Fels 2~ SR LPS produced 55

TV119 rfb Rough LPS produced 46

LV56 As SL901, galE SR LPS produced, galactose resistant This study

LV203 As LVS6, recA As LV56, but recombination defective This study

LV242 LV203/pADE200 lamB* Km" As LV203, but \ sensitive and cryptic This study

plasmid free

TTS521 recAl rpsL srl-202::Tnl0 Donor of recA allele 20

TT628 pyrC7 strAl/F'ts114lac zzf-21::Tnl0 Donor of Tn/0 20

J208 rfc::1S10 F'lac zzf-21::Tnl0 Rfc This study

J208-B1 rfc::1S10 Rfc This study

J208-B2 rfc::1S10 Rfc This study
Plasmids

pHC79 Carries Ap" and Tc", cosmid 16

pUC18 Carries Ap" 53

pSUP401 Carries Cm" and Km" 43

pGP1-2 Can express T7 polymerase 47

Stratagene, Inc.
28

28

29

14

45

This study

This study
This study

a Other Salmonella strains used were S. paratyphi A, S. typhi, S. derby, S. dublin, S. chester, S. strasbourg, S. newington, S. cholerae-suis, S. bonariensis,

and S. virginia. All were from IMVS.
5 IMVS: Institute of Medical and Veterinary Science, Adelaide, Australia.

37°C for 16 h. Strains were scored bacteriophage sensitive if
a clear zone of lysis appeared.

Calculations of the efficiency of plaquing of bacteriophage
on given strains were effected by mixing of 0.1-ml amounts
of phage stock dilutions (in nutrient broth) with 0.1-ml
amounts of bacteria prepared as described above. After 10
min at 37°C, the mixture was spread on plates. Incubation at
37°C for 16 h followed; plaques were then counted.

Construction of a lambda-sensitive rfc strain. Plasmid
pAMH70 (lamB™ [14]) was cut with Scal and ligated with the
end-filled 1.4-kb Miul fragment (which encodes Km") of
pLG339 (45) to give pADE200. Maintenance of pADE200
and the cosmid vector pHC79 (Ap") (16) in the same cell was
possible since the Ap" determinant of pAMH70 had been
inactivated during the cloning step.

The rfc strain SL901 was subjected to genetic manipula-
tion in order to facilitate its use as a recipient in cosmid bank
construction and to render it more receptive as a recipient in
transformation than the unmodified strain. Initially, a galE
mutation was introduced into SL901 (14) by initial selection
for resistance to FO, followed by screening for susceptibility
to galactose-induced lysis, which is a characteristic of galE

mutants (8). Subsequently, a galactose-resistant derivative
of the galE strain was obtained by selection on nutrient agar
with galactose (0.5% ([wt/vol]). This galactose-resistant
strain (LV56) retained the ability to make SR LPS in the
presence of galactose and accordingly did not completely
lack galT or galK activities (8). Strain LV56 then received,
by phage ES18-mediated cotransduction with srl-202::Tnl0,
the recA allele of strain TTS521. A Tc® derivative, which had
apparently lost the Tn/0 element but remained recA, was
selected on fusaric acid-containing medium (1) to give strain
LV203.

Strain LV203 contained a large plasmid characteristic of
S. typhimurium (19). In early experiments with this strain,
problems were encountered with recombination between the
resident plasmid and transformed plasmids and with purifi-
cation of cloned DNA from the strain. Accordingly, strain
LV203 was cured of the resident plasmid (3) and then
received, by transformation, pADE200 (lamB™) to give the
final strain, LV242. Strain LV242 was lambda sensitive,
while SL901/pADE200 was lambda resistant.

None of the above alterations to the original SL.901 strain
altered the SR LPS phenotype. The rfc strain SL901 was
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confirmed to have the phage sensitivity profile characteristic
of SR strains (55), being INA', P22", P22I°, and FO®. Strains
LV203 and LV242 were 9NA", P22", P221°%, and FO" on
nutrient agar with glucose but were 9NA', P22, P221°, and
FO® on nutrient agar with galactose.

Insertional inactivation of the rfc locus of C5. To facilitate
complementation tests with a cloned rfc gene, IS/0-gener-
ated SR insertion mutants of S. typhimurium C5 were
isolated. An F’ factor, which incorporated transposon Tn/0
(F'114ts lac* zzf-21::Tnl0) was conjugated from strain
TT628 into §. typhimurium CS, with selection for Tc" on
minimal medium at 30°C. Individual Tc" colonies were
screened for resistance to phage 9NA and for sensitivity to
phage FO at 37°C. In this manner, strain J208 was identified
as having an SR phage phenotype (9NA P22" FO® P22I°) but
was found to be Lac* on MacConkey lactose medium. This
indicated that although an rfc locus had been inactivated, the
F’ factor had not been lost at the nonpermissive tempera-
ture. Derivatives of J208 which were Tc® were isolated by
plating on fusaric acid-containing medium (1). Two individ-
ual Tc® isolates of J208, J208-B1, and J208-B2, were exam-
ined and were found to be Lac™, indicating that the F’ factor
had been lost concomitant with the loss of the tetracycline
resistance of the Tn/0 element. The rfc phenotype (SR phage
type) was retained in both J208-B1 and J208-B2. As ISI0-
right (IS10-R) is a fully functional transposon (35), the above
results suggested that IS/0-R transposition from the F’114ts
lac* zzf::Tnl0 into the rfc locus might have occurred, as was
confirmed by probing with a 2.8-kb Accl fragment of trans-
poson Tnl0 (from plasmid pPR11) containing part of the
IS10-R element (29, 54). The probe detected a 3.2-kb HindIII
fragment in J208-B1 and J208-B2 but did not react with
HindIII-digested DNA of C5.

Attempts to detect plasmid-encoded polypeptides. Insert-
encoded polypeptides were sought in minicells containing
various plasmids (6), in Escherichia coli K-12 maxicells after
UV irradiation (38), or in an in vitro system for expression of
plasmid genes (5, 57). The 1.75-kb HindIII fragment was
cloned, in either orientation, into pBluescript KS*, and cells
bearing the clones and the T7 polymerase-encoding plasmid
pGP1-2 were treated to cause induction of transcription from
the T7 promoter (47).

DNA methods. The DNA methods used are described by
Maniatis et al. (27). These include the preparation of chro-
mosomal and plasmid DNA, the cutting of DNA with
restriction endonucleases, ligation of DNA, visualization of
DNA on agarose gel electrophoresis, and Southern blotting.
High-stringency washing was usually employed (twice with
shaking at 37°C for 30 min in 2x SSC [1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate] containing 0.1% [wt/vol]
sodium dodecyl sulfate [SDS] and then two further washes in
0.1x SSC plus 0.1% [wt/vol] SDS at 65°C). For hybridization
tests at lower stringency, the final two washes were per-
formed at 50 or 55°C. Probes were labeled with [a->2P]dCTP
by using random oligonucleotide primers. For DNA se-
quencing, the dideoxy-chain termination procedure of
Sanger et al. (40) was modified to encompass the use of
Sequenase (modified T7 DNA polymerase) in place of the
Klenow enzyme (48). A 17-mer (—20) M13 sequencing
primer was usually employed. A 17-mer (—40) M13 sequenc-
ing primer was used to determine the sequence of the 1.75-kb
HindIIl fragment at the junction with the polylinker in
M13mpl8. Synthetic deoxyoligonucleotide sequences were
used as primers to sequence DNA regions not overlapped by
the M13 subclones of pADE206.

The initial cosmid cloning of S. typhimurium DNA in-
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TABLE 2. Efficiency of plaquing of various bacteriophages
on various strains

Efficiency of plaquing® of:

Strain
P22 INA FO P221
Cs 1 1 1 <0.25 x 107
LV242 <0.25 x 1078 <0.25 x 1078 § 1
J208-B1 <0.25 x 1078 <0.25 x 10~% 4 1
LV242/pADE206 1 1 1 <0.25 x 107
J208-B1/pADE206 1 1 1 <0.25 x 107

“ Bacteria were mixed with phage at various dilutions, and plaques were
counted after overnight incubation. The efficiencies of plaquing of P22, 9NA,
and FO on CS were taken as unity (underlined). Similarly, the titer of P221 on
LV242 was the reference efficiency of plaquing for this phage (underlined).

volved the ligation of partially Sau3A-cut total bacterial
DNA with BamHI-cut pHC79. The packaging mixture was
obtained from Amersham.

Oligodeoxynucleotides were synthesized with reagents
purchased from Applied Biosystems or Ajax Chemicals
(acetonitrile). Synthesis was performed on an Applied Bio-
systems 381A DNA synthesizer. Oligonucleotides were rou-
tinely of a purity such that no further purification was
required.

SDS-PAGE. SDS-polyacrylamide gel electrophoresis
(PAGE) was performed on 11 to 20% (wt/vol) polyacryl-
amide gradients as described previously (23). LPS for anal-
ysis by SDS-PAGE followed by silver staining was prepared
and analyzed as previously described (17).

Nucleotide sequence accession number. The sequence of
the 1,750-bp HindlIlI rfc* fragment reported herein has been
deposited with GenBank under accession number M60066.

RESULTS AND DISCUSSION

Cloning of the S. typhimurium rfc locus. Strain L.V242
(lambda sensitive and rfc, Table 1) was used as the recipient
in transfection of an S. typhimurium cosmid bank prepared
with vector pHC79. Individual cosmid clones from the bank
were screened on nutrient agar with galactose for sensitivity
to bacteriophage INA. Of 300 clones screened, one was
9NAS®, P22°, FO®, and P22I". This phage phenotype was
consistent with the production of smooth LPS (55), and the
contained cosmid was therefore considered to complement
the genetic defect in the SR mutant. HindIII fragments of
this cosmid were subcloned into the HindIII sites of pUC18
or pSUP401. The same 1.75-kb fragment in either vector
(pADE206 and pADE207, respectively) complemented the
rfc defects in strains LV242 and J208-B1 (rfc::1S10) (Table
1), as judged by phage efficiency of plaquing tests (Table 2).
A restriction map of the 1.75-kb HindIII fragment is shown
in Fig. 1.

Plasmid pADE206 was subjected to transposon insertion
mutagenesis with either Tn/725 or Tn5, and the rfc status of
the plasmids obtained was assessed by phage sensitivity
observations after transformation into SL.901 (rfc) and J208-
B1. The locations of individual transposon insertion points
were mapped (Fig. 1). Plasmids pADE212 and pADE213
both contained Tn/725 insertions which did not affect rfc
activity, while noninactivating Tn5 insertions were mapped
in plasmids pADE208 and pADE210. Transposon insertions
which inactivated the rfc gene were located in plasmids
pADE214, pADE215, pADE216, and pADE217 (all Tn/725
inserts) and plasmids pADE209 and pADE211 (Tn5 inserts)
(Fig. 1). In summary, transposon insertions to the left of the
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FIG. 1. Restriction enzyme and transposon insertion map of the 1.75-kb HindlIl fragment of pADE206 and sequencing strategy for the
gene. The site coordinates (see Fig. 5) are the first bases in the restriction sites, regardless of the enzyme cleavage points. Plasmids carrying
transposon insertions located in this fragment are numbered, and the transposon insertion sites are indicated as follows: O, Tn1725 insertions
not affecting rfc; @, Tnl725 insertions inactivating rfc; D>, TnS insertions not affecting rfc; », TnS insertions inactivating rfc. The maximum
and minimum limits of the rfc gene are shown. Indicated restriction fragments of the insert were subcloned in either M13mp18 or M13mp19
for dideoxy sequencing. The sequencing start point of each clone is indicated by a circle for M13mp18 derivatives and by a square for
M13mp19 derivatives. The direction and extent of the sequencing carried out on each clone are represented by arrows. The DNA regions
preceded by a triangle were sequenced with a specifically synthesized oligodeoxynucleotide primer.

single EcoRYV site had no effect on the activity of the rfc
gene, whereas transposon insertions to the right of the
EcoRV site all resulted in inactivation of the rfc gene (Fig.
1). The transposon insertion mutagenesis therefore indicated
that the size of the rfc gene was between 1.1 and 1.5 kb.

The cloned 1.75-kb HindIIl fragment of pADE206 was
used to probe HindIIl-digested total DNA of CS, J208,
J208-B1, and J208-B2 (Fig. 2). As expected, a 1.75-kb
HindlIIl fragment of CS hybridized strongly to the probe
(Fig. 2, lane 1). A HindIII fragment of 3.2 kb with homology
to the probe was observed for each of the mutants (Fig. 2,
lanes 2 to 4), in line with the suggestion (see Materials and
Methods) that an IS/0 element was inserted in the chromo-
somal rfc region in each case.

LPS phenotype analysis by SDS-PAGE. Silver-stained
SDS-PAGE gels of the LPS of control strains, the rfc strains,
and their derivatives are shown in Fig. 3. The smooth strain
C5 (lane 2) showed the typical ladderlike pattern, presum-
ably representing stepwise elongation of core moieties by
addition of O-antigen units. The /b mutant TV119 (lane 1)
showed low-molecular-weight LPS species corresponding to
core LPS alone, while in the rfc mutant SL901 (lane 3), the
TV119 doublet did not appear but a doublet of lower mobility
was seen (12, 33). Strain J208-B1 (lane 5) displayed the same
SR-type LPS as SL901. Strains SL901/pADE206 (lane 4) and
J208-B1/pADE206 (lane 6) made LPS similar to that of
wild-type S. typhimurium CS. The LPS of J208-B1/pADE215
(rfc) (lane 7) was identical to that of J208-B1, while J208-B1/
pADE212 (rfc*) (lane 8) made smooth LPS.

In summary, the rfc status of strains, as shown by SDS-
PAGE LPS profiles, was in agreement with the indications
given by the phage sensitivity profiles.

S—

1 2 3 4

FIG. 2. ISI0 insertions in the C5 rfc gene. Whole DNA of C5
(lane 1), J208 (lane 2), J208-B1 (lane 3), and J208-B2 (lane 4) was
digested with Hindlll and electrophoresed on a 0.8% (wt/vol)
agarose gel. Following transfer to nitrocellulose, the filter was
probed for homology with the [a-32P]dCTP-labeled 1.75-kb HindIIl
fragment of pADE206, washed, and subjected to autoradiography.
The numbers on the right are the sizes, in kilobases, of the indicated
fragments.
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FIG. 3. LPS profiles of various strains in silver-stained SDS-
PAGE. Bacteria were lysed with SDS and treated with proteinase
K, and the residual material was analyzed by SDS-PAGE with
LPS-specific silver staining. Lanes and relevant genotypes: 1,
TV119 (rfb); 2, CS (wild type); 3, SLI01 (rfc); 4, SL901/pADE206
(rfc*); 5, J208-B1 (rfc::1S10); 6, J208-B1/pADE206 (rfc*); 7, J208-
B1/pADE215 (rfc); 8, J208-B1/pADE212 (rfc*). R. Location of
rough (core) LPS; SR, location of semirough LPS.

Distribution of the rfc locus among Salmonella strains. A
0.4-kb Accl fragment internal to the rfc region (Fig. 1) was
purified from pADE206, labeled, and used for high-strin-
gency probing of Accl- and EcoRV-digested chromosomal
DNA of various strains (Fig. 4). Homologous Accl frag-
ments identical in size to the 0.4-kb Accl probe were
detected in Salmonella paratyphi A (lane 3), Salmonella
typhi (lane 4), Salmonella derby (lane 5), Salmonella dublin
(lane 6), and Salmonella chester (lane 7), in addition to the
parental S. typhimurium (lane 2), but no homologous DNA
was seen in Salmonella strasbourg (lane 8), Salmonella
newington (lane 9), or E. coli K-12 DH1 (lane 1). Similarly,
homology with the probe was observed for the EcoRV-cut
total DNA of S. typhimurium (lane 11), S. paratyphi A (lane
12), S. typhi (lane 13), S. derby (lane 14), S. dublin (lane 15)
and S. chester (lane 16), although the hybridizing fragments
differed in size among strains. The EcoRV-generated DNA
fragments of S. strasbourg (lane 17), S. newington (lane 18),
and E. coli K-12 DH1 (lane 10) again showed no homology to
the rfc probe. In summary, the cloned rfc gene showed
homology with the genomic DNA of Salmonella strains of
groups A, B, and D1 but not of groups D2 or E2. The cloned
rfc gene did not probe total DNA from Salmonella cholerae-
suis (group Cl), Salmonella bonariensis (group C2), or
Salmonella virginia (group C3) (data not shown). These
results did not change when the stringency of hybridization
was reduced by effecting the final two washes at 50 or 55°C.

These results suggest that among Salmonella strains of
serogroups A, B, and D1, the rfc gene may be conserved, in
line with previous work implying that the O-antigen poly-
merases of Salmonella strains of groups B and D1 accepted
LPS units of either serotype as substrates for polymerization
(24, 31, 51). In contrast, a group E Salmonella serovar
appeared not to express an enzyme capable of polymeriza-
tion of LPS subunits characteristic of a group B serovar (32).
Similarly, hybrids in which the group B rfb region was
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FIG. 4. Homology of cloned S. typhimurium rfc with DNA from
other Salmonella strains. The internal 0.4-kb Accl fragment of
pADE206 was labeled with [a-3?P]dCTP by oligonucleotide primer
labeling. This probe was used in Southern hybridization to test for
homology with Accl- and EcoRV-generated restriction fragments of
total DNA of E. coli K-12 and a variety of Salmonella strains.
Lanes: 1 and 10, E. coli K-12; 2 and 11, S. typhimurium; 3 and 12,
S. paratyphi A; 4 and 13, S. typhi; S and 14, S. derby; 6 and 15, §.
dublin; 7 and 16, S. chester; 8 and 17, S. strasbourg; 9 and 18, S.
newington. Accl was used for lanes 1 to 9; EcoRV was used for
lanes 10 to 18. The numbers on the right are the sizes, in kilobases,
of the indicated fragments.

transferred into Salmonella strains of group C1 or C2 did not
express polymerized LPS of the B serotype (25, 30).

rfc nucleotide sequence determination and analysis. The
entire 1.75-kb HindlIll fragment of pADE206 was cloned in
both directions into the HindIlI site of M13mp18 (Fig. 1). In
addition, DNA fragments of pADE206 were subcloned in the
multiple cloning site of either M13mp18 or M13mp19 (53)
(Fig. 1). The complete nucleotide sequence of the fragment
was determined in both directions (Fig. 5). Potential tran-
scriptional and translational signals are described below.

Analysis of the nucleotide sequence revealed a potential
promoter structure between nucleotides (nt) 278 and 306
(Fig. 5). Within this segment, a potential —10 region reads
TAatAT (4 of 6 bases as the consensus TATAAT) (15, 36)
and a potential —35 region reads TaGAtA (4 of 6 bases
identical to the consensus TTGACA) (15). The spacing
between these putative —10 and —35 sequences is 17 bp,
which is optimum for promoter activity (15, 36). The spacer
sequence between the —10 and —35 regions displays two
direct repeats of the 10-bp series GAGTGTTAAT, the
second of which overlaps the putative —10 region (Fig. 5).

A potential open reading frame (ORF), ORF1, with the
translational start codon ATG at nt 461 is preceded by a
potential ribosome-binding site (ctaaAGGc) (10, 42) at a
spacing of 5 nt. A second possible ORF (ORF2) starts with
GTG at nt 641 and is preceded by a putative ribosome-
binding site (gtGcAGaa) at a spacing of 7 nt (Fig. 5). ORF1
and ORF2 read in the same frame and are predicted to
encode proteins with M,s of 47,472 and 40,511, respectively.
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AAGCTTCTATAACTAGCAACGTCTCACTTATGATGCCGTACTTGTAATTCGTCTGTGTTGCTTGA

PADE212
AGTATGTCGCGGCACGATGTGAGATGAAT TACTCGTCGAGTGATAGCTCTTTCTCTGTATAGTC

TTTTACAGGACTCGGGAACCTCATGATGAATCTTCGAATGCCACTGTATATAAACACAGTAACA
PADE213

TAATTATCAZ TTTACATTGTTTGA

TCATGCTATCGGAGGCGCAGIAGATAGGAGTGT TAATGAGTGTTAATATG TCAATAACACGGTT
TTGACA TATAAT
TTGATATCGGGAAGATAGTGATGAGTAATGATTATAGACTACCAGATTCAGAATATCTTGCCAG
PADE217
AAGATTTTCCGTACCACACCTTATTTGCCTGATGGTAATATTTTTAATACTAAGCATTTTTTCY

AAAGGCTCTAT AIG CTT ATA ATT TCA TAC ATT GCA TTA TGC TTA TTA TTT
Met Leu Ile Ile Ser Tyr Ile Ala lLeu Cys Leu lLeu Phe

ATA GTT TAT CTC TAT ACT CTT TCC GTA AGA ATT GAG GGG AAA ATA ATA

Ile Val Tyr Leu Tyr Thr Leu Ser Val Arg Ile Glu Gly Lys Ile Ile
PADE216

AAL GTA ATG GTC CCA TAC CTG ATA ATA ACA GTC CCT ACA CTG TAC GTG

Asn Val Met Val Pro Tyr Leu Ile Ile Thr Val Pro Thr Leu Tyr Val

TTT GAA GGT ATA TTT GTA TAC CTC TCA GAG GIG. CAG AAT TAT ACA GIG
Phe Glu Gly Ile Phe Val Tyr Leu Ser Glu Val Gln Asn Tyr Thr Val

GAA TAT TTG TTT TTC TAT ACT TGC TAT ATA ACA TAC ATA GCA TCA TTT
Glu Tyr Leu Phe Phe Tyr Thr Cys Tyr Ile Thr Tyr Ile Ala Ser Phe

GTT ATT TCT TAT CTT TAC ACA CAA AGA AAA CCC ATA TAC AAC AAA TCA
Val Ile Ser Tyr Leu Tyr Thr Gln Arg Lys Pro Ile Tyr Asn Lys Ser

AAC ACG AAA AAT AAA CCA AGG TAT GTG TTT ACT TCA TTG TTA TTC ACC

Asn Thr Lys Asn Lys Pro Arg Tyr Val Phe Thr Ser Leu Leu Phe Thr
DPADE214 PADE21S

TTC CTT GLT TTT ATC ATT TAC CTT CCA GTG TTG ATG GAG TTC AGA GAG

Phe Leu Ala Phe Ile Ile Tyr Leu Pro Val Leu Met Glu Phe Arg Glu

TAT ATA CTT AGC CCA AGA AGA ATA TAC GAA TTA ACC AGA ACA GGG TAT
Tyr Ile Leu Ser Pro Arg Arg Ile Tyr Glu Leu Thr Arg Thr Gly Tyr

GGT ATA TAC TTC TAT CCT TCA TTA ATG TTT TCT CTT GTC GCT TCT ATT
Gly Ile Tyr Phe Tyr Pro Ser Leu Met Phe Ser Leu Val Ala Ser Ile

TGC GCG TTC TTT ACA TAC AAA AAA TCA AAG TTA TTT TGT ATT TCC ATA
Cys Ala Phe Phe Thr Tyr Lys Lys Ser Lys Leu Phe Cys Ile Ser Ile

GTT TTA TTT AAC TGT ATA CTT ATT TTC TTG CAT GGT AAC AAA GGA CCA
Val Leu Phe Asn Cys Ile Leu Ile Phe Leu His Gly Asn Lys Gly Pro

ATA TTT AGT ATA TTT ATA GCA TTC ATC CTT TAC CTT TCA TAT ATT GAA
Ile Phe Ser Ile Phe Ile Ala Phe Ile Leu Tyr Leu Ser Tyr Ile Glu

AAT AAA AAA ATT AAA TTT ATG TTC CTG GTA AAA TCG TTT GCT GTT ATA
Asn Lys Lys Ile Lys Phe Met Phe Leu Val Lys Ser Phe Ala Val Ile

GCA GTC ATT GTA ACG GCA TTC TTT GCA TAT ACG TTT ACT GAT GGG AAT
Ala Val Ile Val Thr Ala Phe Phe Ala Tyr Thr Phe Thr Asp Gly Asn

CCG ATA GAA AAT ATG GCG AAT TAC TCG GAT TAT ACC CGT AAT GCT GTT
Pro Ile Glu Asn Met Ala Asn Tyr Ser Asp Tyr Thr Arg Asn Ala Val

CTT GTT GCT TCC TCA AAC TTT GAC TTT ATG TAC GGA AAA TTA CTA ATG
Leu Val Ala Ser Ser Asn Phe Asp Phe Met Tyr Gly Lys Leu Leu Met

GAA AGC GAG GTT TAC TCG AGG ATT CCG AGG GCT ATT TGG CCT GAT AAG
Glu Ser Glu Val Tyr Ser Arg Ile Pro Arg Ala Ile Trp Pro Asp Lys

CCT GAA GAT TTT GGC GCA TTG TAT CTG GCA AAA GTA TTT TTC CCT GAT
Pro Glu Asp Phe Gly Ala Leu Tyr Leu Ala Lys Val Phe Phe Pro Asp

GCA TTC TAC AGA AAT CAG GGC GCT CCT GCT TTC GGG TAT GGT GAA CTA
Ala Phe Tyr Arg Asn Gln Gly Ala Pro Ala Phe Gly Tyr Gly Glu Leu

TAC GCA GAT TTC GGG CTT TTT ACA CCA GTT TGG TTA GTT ATA TCT GGA
Tyr Ala Asp Phe Gly Leu Phe Thr Pro Val Trp Leu Val Ile Ser Gly

GTA TTT AAA GGC GTC CTA GCT AAG TAT TTC TCC AAT AAA ACT CAG GAA
Val Phe Lys Gly Val Leu Ala Lys Tyr Phe Ser Asn Lys Thr Gln Glu

ACA AAG TCA GCG CAT TAT TTC ATA ATG TTC CTA TTT TGC ATT GGA ATA
Thr Lys Ser Ala His Tyr Phe Ile Met Phe Leu Phe Cys Ile Gly Ile

AGT GTG ATT CCT GTT AGC ATG GGA TGG TTG TTC CCT GAG CAT TTG ATG
Ser Val Ile Pro Val Ser Met Gly Trp lLeu Phe Pro Glu His Leu Met

ATT GCT TTT ATG GTA TAC ATT GCA TCT TCC TTT GTT TTT TCA GAG CAT
Ile Ala Phe Met Val Tyr Ile Ala Ser Ser Phe Val Phe Ser Glu His

ATA AGA TTC GTT TTA CTA AGA AAC AAT AAA TAAGTTATACGGCGGCAATGCCGC
Ile Arg Phe Val Leu Leu Arg Asn Asn Lys #*#%2 > Commee

PGAAGCG! TGT
— Rk

'T 1750
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Since ATG start codons are, in general, more efficient at
initiating translation than GTG start codons (11), the 47,472
M, protein would in theory be preferentially produced.

A synthetic 20-mer deoxyoligonucleotide (GCTGTCACG
AGAACACCGTT) with homology to the end of transposon
Tnl725 was used as a primer to sequence the site of Tn/725
insertion in plasmids pADE212 to pADE217. The precise
location of each insertion is indicated in Fig. 5. The Tnl725
insertion in pADE213 (rfc*) is upstream of the proposed
promoter, while the insertion in pADE217 (nonleaky rfc, as
judged by SDS-PAGE of LPS and phage plaquing profiles in
strains harboring the plasmid) is downstream, supporting the
promoter assignment.

A potential transcriptional termination structure (36) oc-
curs in the sequence from nt 1690 to nt 1708, where a region
of hyphenated dyad symmetry (inverted repeat sequence)
with the potential to form a stem-and-loop structure with a
free energy of —17.9 kcal/mol (49) (1 cal = 4.184 J) exists
(Fig. 5). This region is rich in G+C sequences which may
stabilize the stem-and-loop structure and which may aid in
transcription termination by impeding the RNA polymerase
(9). The proposed rfc transcriptional terminator has runs of 4
and 3 U residues after the stem-and-loop structure (Fig. 5).
These features suggest that transcription of the rfc gene
undergoes rho-independent termination within this region.

Codon and base usage in the presumed rfc gene. In what
follows, the rfc gene is assumed to run from nt 461 to nt 1681
(Fig. 5).

The codon usage table for the rfc gene (Table 3) shows that
modulating codons (13) account for 12.5% of the total codon
content, with 51 of the 407 amino acid residues encoded in
this manner. The frequency of modulating codon usage for
the strongly expressed ribosomal proteins (combined se-
quences of rpoA, rpoB, rpoD, and part of rpoC) was 0.65%
(15 of 2,274 residues), which contrasted with a frequency for
the weakly expressed repressor proteins (combined se-
quences of lacl, trpR, araC, and the Tn3-coded repressor) of
6.45% (59 of 915 residues) (derived from the data of Grosjean
and Fiers [13]). The rfc gene frequency of 12.5% suggests
that translational attenuation of gene expression is likely.
This prediction of poor expression may explain the inability
to visualize an Rfc protein in the experiments described
below. The F,, (frequency of optimal codon usage) value for

FIG. 5. Nucleotide sequence of the 1,750-bp HindIII fragment of
cloned S. typhimurium DNA which carries the rfc gene. The
nucleotide sequence from nt 1 to nt 1750 is shown in the same
orientation as in Fig. 1. The amino acids of the major open reading
frame are numbered starting at the presumed rfc initiation codon
(ATG-Met). In addition to the ATG-Met (nt 461) start and possible
nearby ribosome-binding site (CTAAAGGC), an alternative poten-
tial translation initiation site at GTG-Val (nt 641) and its associated
putative ribosome-binding site are italicized and underlined. The E.
coli consensus promoter sequences for the —35 (TTGACA) and —10
(TATAAT) regions are shown for comparison below the potential
rfc promoter sequences. A rho-independent transcriptional termina-
tor region is indicated by head-to-head arrows, and nearby runs of U
residues are italicized and underlined. Two direct repeats of 10
bases each are indicated by single lines above the sequence. A
synthetic deoxyoligonucleotide homologous to the end of transpo-
son Tn1725 was used as a primer to sequence the DNA of transpo-
son-bearing plasmids. The Tn/725 insertion points are indicated by
the underlining of the single bases after which the Tnl725 insertions
occurred; the plasmid numbers of the insertion-bearing plasmids are
shown (see Fig. 1). Nonsense codons are indicated by the asterisks.
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TABLE 3. Codon usage within the presumed rfc gene

Codon® - I*{o. of % of Codone- Np. of % of
amino acid times total amino acid times total
used codons used codons
TTT-Phe 27 6.6 CTT-Leu 12 2.9
TTC-Phe 19 4.7 CTC-Leu 2 0.5
TTA-Leu 11 2.7 CTA*-Leu S 1.2
TTG-Leu 7 1.7 CTG-Leu 4 1.0
TCT-Ser 5 1.2 CCT-Pro 8 2.0
TCC-Ser 5 1.2 CCC-Pro 1 0.2
TCA-Ser 11 2.7 CCA-Pro 6 1.5
TCG-Ser 3 0.7 CCG-Pro 2 0.5
TAT-Tyr 18 4.4 CAT-His 4 1.0
TAC-Tyr 18 4.4 CAC-His 0 0.0
TAA 0 0.0 CAA-GIn 1 0.2
TAG 0 0.0 CAG-GIn 3 0.7
TGT-Cys 2 0.5 CGT-Arg 1 0.2
TGC-Cys 4 1.0 CGC-Arg 0 0.0
TGA 0 0.0 CGA*-Arg 0 0.0
TGG-Trp 3 0.7 CGG*-Arg 0 0.0
ATT-Ile 17 4.2 GTT-Val 12 2.9
ATC-lle 2 0.5 GTC-Val ) 1.2
ATA*-lle 24 59 GTA-Val 8 2.0
ATG-Met 12 2.9 GTG-Val 6 1.5
ACT-Thr 5 1.2 GCT-Ala 10 2.5
ACC-Thr 3 0.7 GCC-Ala 0 0.0
ACA-Thr 9 2.2 GCA-Ala 11 2.7
ACG-Thr 3 0.7 GCG-Ala 3 0.7
AAT-Asn 11 2.7 GAT-Asp 6 1.5
AAC-Asn 6 1.5 GAC-Asp 1 0.2
AAA-Lys 17 4.2 GAA-Glu 9 2.2
AAG-Lys 4 1.0 GAG-Glu 7 1.7
AGT-Ser 2 0.5 GGT-Gly 4 1.0
AGC-Ser 3 0.7 GGC-Gly 3 0.7
AGA*-Arg 9 2.2 GGA*-Gly 5 1.2
AGG*-Arg 3 0.7 GGG*-Gly S 1.2

“ Modulating codons (see text) are marked with asterisks.

the rfc gene (18) was calculated to be 0.42. This value also
places the rfc gene in the range of poorly expressed genes.

The G+C content of the 1,750-bp HindIII fragment was
34.9%, and that of the putative Rfc-encoding region was

CLONING AND SEQUENCING OF THE S. TYPHIMURIUM rfc GENE 2527

33.5%. Considering the average G+C content of Salmonella
strains, 52%, the rfc gene is extremely A+T rich. Similar
A+T richness has been observed for the S. typhimurium
rfbd, rfbE, and rfbS genes; it has been proposed that these
genes evolved outside of the species Salmonella (52). The
percentage of A+T in the rfc gene promoter (nt 278 to 460)
region is 67.2%. A zone of exceptionally high A+T content
(78%) exists between nt 420 and the start codon at nt 461. It
is possible that this region represents a site for the binding of
regulatory proteins.

Analysis of plasmid-encoded polypeptides. Insert-encoded
labeled polypeptides of pADE206 and pADE207 could not
be visualized when the plasmids were present in E. coli K-12
minicells or in a maxicell strain of E. coli K-12 or when
translation products were sought in a cell-free E. coli K-12-
derived coupled transcription-translation system (see Mate-
rials and Methods). In all of these systems, the B-lactamase
or acetyltransferase proteins encoded by control plasmids
were clearly visible (data not shown). The 1.75-kb HindIII
fragment was inserted behind the T7 phage promoter in
vitro. When E. coli K38 was transformed with this plasmid,
followed by induction of the T7 polymerase from pGP1-2 in
the same cell, no detectable labeled translation product was
seen. A possible explanation for these results is suggested by
the relative abundance of rare codons in the presumptive
coding sequence (see above). In addition, it is possible that
protein synthesis systems which use E. coli K-12 host strains
or subcellular components of E. coli K-12 are not suitable for
expression of the protein product of the rfc gene, if Salmo-
nella-specific cofactors or positive regulatory elements are
required for gene expression. When the entire cloned rfb
region of S. typhimurium was introduced into E. coli K-12,
biosynthesis of the polymerized O-polysaccharide of S.
typhimurium was not detected, since rfc function was not
provided by the E. coli K-12 strain (2). The Southern
hybridization data (see above) indicated that there were no
DNA sequences in E. coli K-12 homologous to the rfc gene.
Since rfc performs no known function in E. coli, it is possible
that expression of the rfc gene of S. typhimurium is subop-
timal in E. coli.

Seecccccccccaccnnas

Hydrophilic

Amino Acid Number

FIG. 6. Hydropathic plot of the Rfc protein. The 407-amino-acid sequence of the predicted Rfc protein was analyzed according to the
method of Kyte and Doolittle (21) with a window of 9 amino acids. The average hydropathic index for this protein is 0.7.
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The putative Rfc protein. In the following, the protein of a
predicted M, of 47,472 is regarded as the Rfc protein.

The hydropathic plot of Rfc, made according to the
methods of Kyte and Doolittle (21) (Fig. 6), indicated that
the overall protein was hydrophobic in character, with a
mean index of +0.7. Many alternating hydrophobic-hydro-
philic domains were indicative of spatial phase transitions
for various regions of the protein. The secondary structure
of the 407-amino-acid Rfc was predicted by the methods of
Chou and Fasman (4). The structure embodied a predom-
inance of B-sheet structure and B-turn-g segments with very
few a-helical sections. The presence of several hydrophobic
domains, interposed with hydrophilic stretches, in the pre-
dicted secondary structure was indicative of transmembrane
domains. These regions were composed almost exclusively
of B-sheet structure with several B-turn-8 domains. The
most common configuration of transmembrane protein is
that of hydrophobic a-helical bundles. However, bacterial
porins, which form aqueous channels in the outer mem-
brane, are made up of an assembly of B-sheets (34). A
macromolecular structure consisting of parallel interacting
transmembrane B-sheets is conceivable for the Rfc protein
but is highly speculative until the existence and cellular
localization of the protein are confirmed.

Computer homology searches of both the nucleotide and
amino acid sequences, using the Genbank and EMBL Gene/
Protein Sequence Databases, failed to uncover any prokary-
otic genes with significant homology to rfc.
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