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In this article, we report on the nucleotide sequences of the rol genes of Escherichia coli O75 and Salmonella
typhimurium LT2. The rol gene in E. coli was previously shown to encode a 36-kDa protein that regulates size
distribution of the O-antigen moiety of lipopolysaccharide. The E. coli and S. typhimurium rol gene sequences
consist of 978 and 984 nucleotides, respectively. The homology between the nucleotide sequences of these two
genes was found to be 68.9%. Both the E. coli rol and S. typhimurium rol genes are transcribed counter to the
histidine operon and code for deduced polypeptides of 325 and 327 amino acids, respectively. The S.
typhimurium rol gene was previously identified to encode a protein of unknown function and to share a
transcription termination region with his. The homology between these deduced polypeptide sequences was
observed to be 72%. A complementation test was performed in which the S. typhimurium rol gene was placed
in trans with an E. coli plasmid (pRAB3) which encodes the O75 rfb gene cluster and not rol. The protein
expressed from the S. typhimurium rol gene was found to regulate the distribution of the 075 O polysaccharide

on the lipopolysaccharide of the host strain, E. coli S3874. The mechanism of Rol action may be independent
of O antigen subunit structure, and its presence may be conserved in members of the family Enterobacteriaceae
and other gram-negative bacilli that express O polysaccharides on their surface membrane.

The O polysaccharides, or somatic antigen structures, of
members of the family Enterobacteriaceae and species of
the genera Pseudomonas and Vibrio consist of repeated
oligosaccharide subunits. These subunits may be composed
of one to seven sugar residues linked in a variety of arrange-
ments and are frequently chemically modified to establish
serotypic specificity among these bacteria. These units may
form a polymer or chain greater than 40 O units in length
(25). The O polysaccharide is covalently linked to the core
oligosaccharide/lipid A structure to form lipopolysaccharide
(LPS). LPS appears as a series of bands with a ladderlike
pattern on silver-stained or radiolabeled sodium dodecyl
sulfate (SDS)-polyacrylamide gels. Each band on the gel
corresponds to a lipid A and core oligosaccharide molecule
attached to an O chain of a certain size. In LPS preparations
of normal or wild-type bacteria, these bands have a bimodal
or multimodal appearance due to the expression of preferred
sizes of O antigen on the core/lipid A structure (18, 20, 24,
42, 49, 51).

The O-polysaccharide moieties of LPS have been demon-
strated to mediate many biological effects, such as resistance
to killing by normal, nonspecific serum (43, 53, 62), resis-
tance to phagocytosis by monocytes, and resistance to
killing by cationic peptides (54, 64). O-chain antigens are
also important for attachment of bacteriophages and may be
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involved in the interaction with eucaryotic cell membranes
(48, 65). In Escherichia coli, Salmonella spp., Klebsiella
pneumoniae, Serratia marcescens, and Pseudomonas
aeruginosa, the biological activities of the O chain have been
correlated to its size and distribution on the surface of the
bacterial outer membrane (19, 21, 26, 28, 35, 39, 52). The
longer O chains are more important in mediating the biolog-
ical effects of these gram-negative bacteria.

In Salmonella typhimurium and E. coli, the rfb genetic
region encodes the enzymes needed for O-specific monosac-
charide synthesis and for the transferases necessary for
incorporation of these sugar residues into the O-antigen
subunit structure. The 7fb gene cluster maps near the histi-
dine operon in both S. typhimurium and E. coli, at map
positions 42 and 44, respectively (3, 38, 57). Other important
genetic regions involved in O-antigen biosynthesis include a
polymerase (rfc) at map position 31 in S. typhimurium and a
ligase enzyme possibly consisting of two proteins, encoded
by the rfbT and rfaL genes, located at map positions 42 and
79, respectively, of S. typhimurium (57). The polymerase is
thought to link the O subunits together into a chain, and the
ligase may join the polymerized O chain onto the core
oligosaccharide (25).

Recently, we described a new protein or enzyme to be
included in this group of O-antigen biosynthesis genes. This
protein was found encoded in a region adjacent to the O75
rfb region of E. coli and appears to regulate the size
distribution of the O-antigen chain onto the core oligosac-
charide (7). We named this gene rol for regulator of O length.
In this article, we report on the DNA sequence of this gene

5228




VoL. 174, 1992

E. COLI AND S. TYPHIMURIUM rol GENE DNA SEQUENCES 5229

TABLE 1. Plasmids and E. coli strains used in this study 1kb
Plasmid or Description Reference P K Hpp
strain P or source IS ACOME P KNS (! g J)(Jls oRABY
Plasmids } | pRAB3
pACYC184 Cloning vector 14 L\r and (075 db gene cluster) 1P
pBluescript KSII  Cloning vector Stratagene 177 kb_,\
pBR322 Cloning vector 9 a’ H B P  SpAf
pRAB1 17.5-kb Sall fragment (rol* rfb*) 7 Esi=a—H rRaBIs
in pACYC184
pRAB3 13.4-kb EcoRI-Xhol fragment 7 —¢
(rol rfb™) in pBluescript KSII )
pRABI5 1.77-kb Aval-Afill fragment This study (sequencing strategy)
. . .
pHS8500 85(_r]¢:ll) E'Zlo’i{lnfffgl;:i?zﬁglffg»f 12,15 FIG. 1. P.hys.ical map of the ins;rt DNA of pRABI and its
rfb) in pBR322 delgtlon derivatives, pRAB?, encoding the gnd gene and‘ O75 rfb
pRAB20 6.5-kb Pstl fragment from This study region, and RRABIS_, encoding the rol gene. The rol-encoding DNA
pHS8500 in pBR322 and its flanking regions were sequenced from pRAB15 and/or its
Strains deletion subclones as indicated by the arrows. Arrows adjacent to
SK2881 hsdR4 recAl endA sbcBIS 29 the genes indicate the direction of transcription. .The blaclg l?ox
S@874 A(sbe-rfb), 075~ 47 between rol and his represents the region of potential transcription
HU1124 A29 Riff F' Kan®, 075* 34 termination. The position pf .the gnd gene was determined as
RAB1 S@874(pRAB1), Cm* O75* 7 described in Results. Restriction endonuclease sites: S, Sall; E,
RAB3 S¢874(pRAB3), Apr 075+ 7 EcoRlI; K, &7”1; X, Xhol; AV, Aval} Af, AﬂII; Sp, Spel; H,
RABIS S¢874(pRAB15), Apr 075~ This Study Hindlll; B, BglII; P, Pstl. All Pstl, HdeII, @n], XhOI., ECORI,
RAB20 S@874(pRAB20), Tc* 075~ This study and Sall sites are shown. The Bglll, Spel, ‘AvaI, and AfI1 sites have
RAB23 S@874(pRAB20, pRAB3), Ap* This study been mapped only on the pRAB1S5 plasmid.
Tcr O75*

and its deduced polypeptide sequence characteristics and
discuss its structural and functional homology to a similar
protein in S. typhimurium.

MATERIALS AND METHODS

Bacterial strains and plasmids. The plasmids and E. coli
strains used in this study are listed in Table 1. Plasmid
preparations were made by a large- or small-scale cleared-

lysate method (60). Transformations were performed by the -

cold CaCl, method as described by Brown et al. (10). E. coli
SK2881 was used as an initial cloning host for the plasmids
encoding rfb and rol DNA (29). Subsequently, the DNA was
moved into an E. coli S@874 strain (47). This strain carries a
deletion of the his-rfb region and is very useful for charac-
terization of LPS expression. Bacteria were grown on L agar
or L broth with 0.5% glucose and supplemented with ampi-
cillin (100 pg/ml), tetracycline (20 pg/ml), or chlorampheni-
col (20 pg/ml). The cloning vectors used were pACYC184
(14), pBluescript KSII (Stratagene Cloning Systems, La
Jolla, Calif.), and pBR322 (9).

Enzymes and buffers. Restriction endonucleases were ob-
tained from Bethesda Research Laboratories, Inc. (Gaith-
ersburg, Md.), Boehringer Mannheim (Indianapolis, Ind.),
and New England Biolabs, Inc. (Beverly, Mass.). Klenow
enzyme was purchased from Boehringer Mannheim, and T4
DNA ligase was purchased from Bethesda Research Labo-
ratories. Avian myeloblastosis virus reverse transcriptase
and RNasin were obtained from Promega Inc. (Madison,
Wis.). Sequenase version 2.0, dideoxynucleotides, and se-
quencing reagents and buffers were obtained from the U.S.
Biochemical Corporation (Cleveland, Ohio). The conditions
and buffers used were those recommended by the manufac-
turers.

Sequencing the E. coli rol and S. typhimurium rol genes. As
shown in Fig. 1, a 1.77-kb Aval-Aflll fragment which was
previously shown to encode the rol gene product was
removed from pRABI; the ends were filled in with Klenow

fragment, and the fragment was ligated into the EcoRV site
of the pBluescript KSII vector to produce pRAB1S5. Either
single- or double-stranded insert DNA from pRABI1S and its
deletion clones was sequenced by the dideoxynucleotide
method (58) with the strategy shown in Fig. 1. The sequenc-
ing of the S. typhimurium DNA was done as previously
described (11-13, 15).

DNA sequence analysis. DNA and protein sequence anal-
ysis was performed with the EuGene software package
developed by the Molecular Biology Information Resource
at Baylor College of Medicine (33). The Lawrence and
Goldman program was used for DNA homology and align-
ment (32). Another program was used to align deduced
polypeptide sequences (2, 46). GenBank searches for DNA
and peptide sequence homology were conducted with the
BLAST and FASTA programs (2, 8, 17, 50).

RNA preparation. Total cell RNA was obtained from
late-log-phase cells of strains RAB1S5 and HU1124. HU1124
is the parental strain from which the pRAB plasmids encod-
ing the O75 rfb and rol genes were cloned. One hundred
milliliters of cell suspension was spun down, and the pellets
were washed once with TES (50 mM Tris [pH 8.0], 5 mM
EDTA, 50 mM NaCl), resuspended in 100 pl of TES, and
transferred to a 1.5-ml microcentrifuge tube. The RNA
suspension was mixed with 40 ul of 1% lysozyme (in 0.25 M
Tris [pH 8.0]) and 30 pl of 0.5 M EDTA and then incubated
for 10 min on ice. Then, 200 ul of RNAzol B solution
(Cinna/Biotecx Laboratories, Inc., Houston, Tex.), contain-
ing guanidine thiocyanate, 2-mercaptoethanol, and phenol,
was added, and the solution was mixed by pipetting up and
down five times. Chloroform (100 pl) was added, mixed by
shaking rapidly up and down for 15 s, and then placed on ice
for 5 min. The tubes were spun for 15 min in a microcentri-
fuge. The supernatant was drawn off, and the RNAzol
B-chloroform treatment was repeated once more to com-
pletely clear the solution. After being spun for 15 min, the
supernatant was precipitated by addition of an equal volume
of isopropanol and stored at —70°C for 30 min. Following
centrifugation, the pellet was dried briefly, and the RNA was
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resuspended in 100 pl of TE (Tris-EDTA) containing 10 mM
vanadyl ribonucleoside complex (Bethesda Research Labo-
ratories). This solution was mixed with 20 ul of an RNase-
free DNase 1 (Boehringer Mannheim) mixture (100 mM
MgCl,, 100 mM dithiothreitol, 4 ul of DNase I) for 1 h. This
reaction was stopped by addition of 25 pl of 50 mM EDTA-
1.5 M NaCl-1% SDS, and the reaction mix was subjected to
phenol extraction, ethanol precipitation, and resuspension in
100 pl of a diethyl pyrocarbonate-treated solution of 0.5 mM
EDTA in distilled water. The RNA concentration and purity
were determined by the optical density ratio at 260 and 280
nm and evaluation on an agarose gel stained with ethidium
bromide.

Mapping the E. coli rol transcriptional start position. A
primer extension method modified from that of Sambrook et
al. (56) was used to map the 5’ transcriptional start position
of the rol gene. Hybridization of the primer to RNA was
done by the procedure of Hu and Davidson (23). Twenty or
150 pg of total cell RNA from strain RAB15 and RH1124,
respectively, was resuspended in 2.8 pl of hybridization
buffer (360 mM PIPES [piperazine-N,N’-bis(2-ethanesulfo-
nic acid), pH 6.4], 3.6 M NaCl, 9 mM EDTA) and heated to
65°C for 10 min. A 16-mer oligonucleotide (5'-CCACAAC
TGCACTAGT-3’) was labeled at its 5’ end by T4 polynucle-
otide kinase (New England Biolabs) in the presence of
[vy->*P]JATP (NEN Research Products, Boston, Mass.). This
primer is countersense to the coding region of the ro/l DNA
sequence and is 3’ to the beginning of the open reading frame
(ORF) shown in Fig. 2. One microliter of primer (10° cpm)
and 20 pl of deionized formamide were added to the RNA
suspension, and the mixture was heated to 80°C for 10 min
and then incubated at 37°C overnight. Following hybridiza-
tion, the suspension was precipitated and resuspended in
reverse transcriptase buffer containing 1 mM each of the four
nucleotide triphosphates, as described by Sambrook et al.
(56). Avian myeloblastosis virus reverse transcriptase (21 U;
Promega Inc.) was added, and the solution was incubated for
2 h at 37°C. The reaction was stopped by addition of EDTA
to a concentration of 10 mM. The mixture was ethanol
precipitated and resuspended in 6 ml of distilled water, after
which 4 pl of sequencing-gel loading buffer was added. After
being heated for 3 min at 95°C, 2 pl of this solution was
loaded on an 8% polyacrylamide sequencing gel. Adjacent
lanes were loaded with dideoxynucleotide sequencing reac-
tion mixes with pRAB1S.

Complementation analysis of S. typhimurium Rol function.
The plasmid pHS8500 encodes the S. typhimurium rol gene
and much of the histidine operon, as shown in Fig. 5 (12, 15).
This plasmid was digested with PstI to remove a portion of
the ampicillin resistance gene and thereby inactivate it. The
larger, remaining PstI fragment was circularized by T4 DNA
ligase and designated pRAB20. E. coli S@874 was trans-
formed with this plasmid to generate strain RAB20. This
rol™* strain was then transformed with pRABS3 (Fig. 1), which
encodes the O75 rfb region but not rol. Transformants that
were resistant to tetracycline and ampicillin and were posi-
tive for O75 expression, as detected by slide agglutination in
075 antiserum, were isolated and checked for the presence
of both plasmids by a small-scale cleared-lysate method (60).
The ability of S. typhimurium Rol to regulate the size
distribution of the O polysaccharides expressed from the E.
coli O75 rfb region encoded on pRAB3 was tested in this
double transformant (RAB23).

LPS profiles on acrylamide gels. LPS was isolated from the
bacterial strains shown in Fig. 6 as described by Hitchcock
and Brown (22). LPS samples were placed on an SDS-15%
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polyacrylamide resolving gel with a 6% polyacrylamide
stacking gel (0.8%:30%, bisacrylamide-acrylamide) as de-
scribed by Laemmli (31) and electrophoresed at 30 mA for
approximately 4 h. The gels were fixed and silver stained by
the method of Tsai and Frasch (63).

Nucleotide sequence accession numbers. The E. coli and S.
typhimurium rol DNA sequences presented in this article
have been assigned GenBank accession numbers M89934
and M89933, respectively.

RESULTS

Nucleotide sequence of the E. coli rol gene. Dideoxynucle-
otide sequencing of the insert DNA of pRABIS revealed that
the region consisted of 1,769 nucleotides. Of these nucleo-
tides, 1,330 are shown in Fig. 2. Only one large ORF (bp 101
to 1114) encoding a deduced polypeptide of 37.8 kDa was
identified. The actual start of translation is probably initiated
from the third AUG of this sequence (bp 137). This conclu-
sion is supported by the following observations. The molec-
ular mass of the deduced polypeptide from this start position
is 36 kDa. This size is in good agreement with our previously
published in vitro translation results of a 35.5-kDa protein
encoded within this region (7). A potential ribosome-binding
site is observed at bp 128 to 131, five nucleotides upstream
from the third AUG, indicating a possible translational start
at bp 137. Finally, the transcriptional start position of this
gene was mapped by primer extension, and the 5’ end of the
mRNA was found to start at bp 107 (Fig. 3). This position is
downstream of the first AUG position. Putative promoter-
binding sites are as shown in Fig. 2. A long palindromic
sequence was found at the 3’ end of the ORF, suggestive of
a transcription termination stem-loop structure.

Searching GenBank. An initial search of the GenBank data
base failed to identify any DNAs or peptides with homology
to the putative rol gene or deduced Rol amino acid sequence.
However, a region of 595 nucleotides downstream from the
E. coli rol translational stop codon (bp 1114) was found to
have substantial homology to the histidine operon and its
reported transcriptional terminator structures in both E. coli
K-12 and S. typhimurium LT2 (12, 13). The homology of the
075 DNA in this region to the S. typhimurium hisIE DNA
was calculated to be 80 to 81%, while the homology to the E.
coli K-12 hisIE DNA was 92 to 94%.

Nucleotide sequence of the S. typhimurium rol gene. The his
transcriptional terminator structure of S. fyphimurium was
previously shown to be bifunctional and to be shared with a
gene encoding a protein of unknown function (13). The DNA
sequence which encodes this S. typhimurium protein is
shown in Fig. 2 below the E. coli rol sequence. The homol-
ogy of these two DNA sequences within the encoding
regions is 68.9%. The nucleotides in the regulatory regions of
the E. coli rol gene (the putative promoter, transcriptional
start position, Shine-Dalgarno sequence [59], and transla-
tional start position) appear to be similar and conserved in
the S. typhimurium sequence. The ORFs of these two
genetic regions match closely. The second AUG of the E.
coli rol sequence is not found in the S. gyphimurium se-
quence, further supporting the conclusion that translation is
initiated from the third AUG. The potential termination
region of the E. coli O75 rol gene is very similar (88%) to the
his termination region published for E. coli K-12 (12). The E.
coli DNA sequence between bp 1199 and 1298 has no
counterpart in the S. typhimurium DNA sequence. The
DNA sequence from bp 1299 to 1746 showed good homology
to the hisIE region in both genera (only sequence to bp 1330
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ATCAGGGCTATTTACGCCCTGATTGTCTTTTGTTACCTCCGCAATAATTCATTATTTTTATCACT TATCCTATAGCATTCACGGGGATTATCGCTAAACT
Ik KAKXK  x k Kk Kk Kkk Kk kKX * KRKKKK X oKKAKKKKKKK K KRKKKKK KKKk kKKK KAKK KKK
ATCGGGGCTGATGA -GTCCCGATGATTTACTGACCAAATGGAAATAATGTCTGATTTTTATCATTAATCCTATGGCATATATTTGCTTTATGGCTACACT
10 20 30 40 50 60 70 80 90 100
ORF +1(T8P) 8.D. MNet
ATGCGGACTTGGAAATTTCCGTCAGTTAGGGTAATGATGAGAGTAGAAAATAATAATGTTTC TGGGCAAAACCATGACCCGGAACAGATTGATTTGATTG
* * * * * K d* Rk Rk Ik KK NN KkAAhkkdk Kk Kk hhkkkk Khkk Kkkk * kk KR KAKKRKRKAK KKk Kk khh ok kAKX
GTCTCCAGCTTCATCCTTTTTTTAGTTAGGGTATCTATGACAGTGGATAGTAATACGTCTTCCGGGCGTGGGAACGATCCGGAACAGATTGATTTGATTG
110 120 130 140 150 160 170 180 190 200
Spel

ATTTACTAGTGCAGTTGTGGCGTGGCAAGATGACAATTATCATTTCCGTCATTGTGGCTATTGCCCTGGCTAT TGGT TATGTAGCGAAGGAGAAATGGAC

T okkk K K KKKKK HKRKKKRK ARRRKAKK KKKKK X kKK kkk X KKk kAKX XkkKKK X KK Kk Kk * ok kkx *
AGTTATTGCTACAGTTATGGCGTGGGAAGATGACCATTATTGTAGCCGTTATTATCGCCATTTTGC TGGCTGTAGGCTACCTGATTATAGCCARAGAAAA
210 220 230 240 250 260 270 280 290 300

GTCAACAGCAATTATCACTCAGCCCGACGTGGGGCAAATTGCTGTTGGCAGCTATAACAATGCCATGAATGTTATCTATGGTCAGGCTGCACCGAAAGTA

x kkx X X * * *k * * Kk Kk RAKRK kkk Kk Kk kK Kk ok KKRKRAKX Kk Kkk KRk AKXk X
ATGGACATCCACGGCGATTATTACCCAACCTGATGCCGCGCAGGTTGCCACCTATACCAACGCGCTCAACGTCTTGTATGGTGGGAATGCCCCCAARATC
310 320 330 340 350 360 370 380 390 400

TCGGATTTGCAGGAGACGTTAATTGGTCGCTTCAGTTCTGCCTTCTCTGCATTAGCAGARACGCTGGATAATCAGGAAGAGCCAGARAAACTTACCATCG

*k *k XKk khkk Kkk *k kK K kkkkk Kk hkkkk Kk Kk Kkkkkk k kkk KAKKIKKRKKAK KK Kok kkkk L2222 2SR RS RS I

TCTGAAGTGCAGGCGAATTTTATAAGCCGCTTTAGCTCTGCGTTT TCCGCATTATCGGAAGTGCTGGATAATCAGAAAGAGCGGGAAAAGCTTACCATTG

410 420 430 440 450 460 470 480 HipdIII 500

BatI
AACCTTCTGTTAAGAACCAGCAATTACCATTGACTGTTTCTTATGTTGGGCAAACTGCAGAGGGCGCACAAATGAAGTTGGCCCAATACATTCAGCAAGT
*kk kK KK kK *kok * KRk k ok kkkkkk KkkK X Tk Kk Kk KKk Kk Kk * KKKK  Kkkk Kk kK KKk k%
AACAGTCGGTAAAAGGGCAGGCGCTGCCACTCTCGGTTTCTGATGTGAGTACTACCGCTGAAGGGGCGCAGCGTCGGCTGGCGGAATATATCCAACAGGT
510 520 530 540 550 560 570 580 590 600

TGATGATAAAGTGAATCAAGAGCTAGAAAAGGATCTCAAGGACAACATTGCTCTGGGACGGAAAAACTTGCAGGACTCTTTAAGAACCCAGGAAGTGGTC
%* % K%k Kk * * * Kk Kk kK * % kk kk Kk Kk hkkkk * hkk * * ok ok Kk EEE SR 2 2 I 1 * Kk KRKKKKKX Kk
GGATGAACAGCTCGCTAAGGAACTGCAAGTTGACCTGAAAGATAACATCACGCTGCAAACCAAAACGTTGCAGGAGTCCCTTGAGACGCAGGAAGTTGTG

610 620 630 640 650 660 670 680 690 700

BglIiI
GCGCAGGAGCAGAAAGATCTGCGTATCCGTCAGATTCAGGAAGCGTTGCAGTATGCGAATCAGGCGCAGGTGACAAAGCCGCAGATTCAACAGACACAGE
Jede g dede g e gk ok ko d ok % ok ok ok ok ko ek ok *k kK * Rkkkkkokkokk KAkKKkk Kk Kkkk * * KXk HRdH A KKK KKK KH kk Kk KA kKk
GCGCAGGAGCAAAAAGATCTGCGTATTAAGCAAATCGAAGAAGCGTTGCGCTATGCGGATGAGGCCAAAATCACGCAGCCGCAGATTCAGCAARCCCAGG
710 BglIIX 730 740 750 760 770 780 790 800

ACGTAACCCAGGATACTATGTTTCTTTTGGGGAGCGAAGCGCTGGAGTCGATGATTAAGCACGAAGCGACCCGTCCGTTGGTGTTCTCATCAAACTACTA

K kK KAkkRKKK Kk KKAKK KK KRRKKKKIRAK AR K ok KRKIRAAK  kk Kkkkkkkokdkk kkkkk  kkKKk KX Kk % *hk KK
ATGTTACCCAGGACACGATGTTCCTGTTGGGGAGCGATGCGCTAAAATCGATGATACAGAACGAAGCGACGCGTCCACTGGTCTTTTCTCCGGCCTATTA
810 820 830 840 850 860 870 880 890 900
TCAGACTCGTCAAAACCTGCTGGATATTGACAATC TTGACGTTGATAAACTTGATATTCATGCTTACCGCTATGTAATGAAACCGACGTTACCTATTCGT
H % kKK Kk K hkdehdhhk Rkk Kk Khkkkk * kX * * * Rk K Kk kk KkkAK KAkkk Ahkkhkk k kK * kR
CCAGACGAAGCAGACACTGCTGGACATTAAAAATCTGAAAGTGACTGCCGATACGGTGCACGTCTATCGTTATGTGATGAAGCCGACGCTGCCGGTCCGT
910 920 930 940 950 960 970 980 990 1000

CGCGATAGCCCGAAGAAAGCAATTACCTTGATTC TGGCTGTGCTGC TGGGCGGCATGGTTGGCGCGGGGATTGTGCT TGGGCGTAACGCGCTGCGTAATT
kK kkkRKK R KKK K KK KKKk Kk ok kkkkkkkk  kAKKAKK KK KKK K KK Kk Kkkkkkkkkkk kk dkk kk kkkkk Kkkk
CGCGATAGCCCGAAAACAGCCATTACCCTTGTGCTGGCTGTATTGC TGGGTGGGATGATCGEGTGCCGGGATTGTGCTGGGACGCAATGCGCTACGTAGCT
1010 1020 1030 1040 1050 1060 1070 1080 1090 1100

> > SO33333333533>>>> <<<<<  <<<<< <<<<<
ACAACGCGAAATAATATTATTGTGCATTTAAGAGAAACGGGCAGGGTGCTGACACCATGCCCGTTTTTITTGCCGGATGCGATGCTGGCGCATCTTATCC

* kK *x  dekKk * * K * * Xk * Kk Kk Kk > * * * * %k * K *x Kk * * * %
ATAAGCCAAAAGCCTTGIAAGCTTCTTTGCCGGATGGTGGTCGGCTACGACAGGTMMWTCTCATTWMACG-

1110 HindIIx 1140 1150 1160 >>55>>35>>>>>><<<<<<< <K<
HipndIIx 1170 1180 1190 1200

GGCCTACGTGTGTTGAGATAATGTGTAGGCACGATAAGC TTGCGCATCGGGCAATGGCTCCGGGTGTGACAACAACATCACACCTGCTCAGCACGCAACT

* K

1210 1220 1230 1240 1250 1260 1270 1280 1290 1300

CACTGATGCCGTTTACGCAGGTTCTCAATT E. cold
J e de ok v % K dAkdkdkde kk hk Kk kk
TATTGATGCCGCTTACGAAGATTGTCGATC 8. tvyphimurium
1310 1320 1330
<Histidine Operon<<<<<<<

_FIG. 2. Nucleotide sequence of the E. coli and S. typhimurium rol coding strands with flanking regions. The asterisks between the sequences
signify homologous nucleotides between the two sequences. The putative regulatory regions are marked as follows: S.D., potential
ribosome-binding site; TSP, transcriptional start position; —10 and —35, potential promoter-binding regions. Restriction enzyme sites
corrgspor}dmg to those on the physical maps in Fig. 1 and 5 are shown above the line for the E. coli sequence and below the line for the S.
typhimurium sequence. Only the BglII sites are common to both sequences. The other restriction sites are shown to facilitate orientation to the
physical maps. The translational stop codons are underlined. The nucleotides of actual or potential transcriptional terminator structures for both
the rol genes are denoted by a line below the sequence, with arrowheads indicating the stem-loop orientation. The underlined nucleotides of the
E. coli rol termination structure are those having homology to the previously reported E. coli K-12 his potential transcriptional terminator.
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FIG. 3. Mapping of the transcriptional start position of E. coli
rol. The first four lanes (A, G, C, and T) represent the dideoxynu-
cleotide sequencing reactions of pRAB15 with a 16-mer oligonucle-
otide primer. Lanes 1 and 2 were loaded with cDNA generated off
mRNA from total cell RNA isolated from strains HU1124 and
RABIS, respectively. A primer extension method was used, as
described in the text. The same primer was used for both the
dideoxynucleotide sequencing and the primer extension. The most
intense bands in lanes 1 and 2 represent the 5’ end of the rol mRNA.

is shown in Fig. 2). The termination codons of the comple-
mentary strands of the his/E genes are underlined in Fig. 2.

Positioning the gnd gene with respect to rol and rfb. The gnd
gene for 6-phosphogluconate dehydrogenase has been
mapped to the distal end of the his operon at map position 42
in S. typhimurium (57). Previously published restriction
endonuclease maps of cloned DNA from S. typhimurium
LT2 show the genetic regions from his to gnd to be in the
approximate positions shown in Fig. 5 (11, 27, 55). As
established in this study, the 7ol gene is contiguous with the
his operon. In E. coli K-12, the gnd gene has also been
positioned at the distal end of the his operon (3). In E. coli
075, the position of the gnd gene was determined by
hybridization of two synthetic 20-mer end-labeled probes,
specific for the amino and carboxy ends of gnd, respectively,
with exonuclease-generated deletion subclones of pRAB1
(not shown) and by comparison of the restriction map of
pRABI with that of gnd (4, 44). This gnd gene is positioned
near the EcoRI side of pRAB3, as shown in Fig. 1. The
approximately 0.7-kb PstI-Kpnl fragments found in this
position in both E. coli and S. typhimurium (Fig. 1 and 5) are
in good agreement with reports of a conserved PstI-Kpnl site
in gnd (4, 55). The gnd regions in both E. coli and S.
typhimurium have been reported to be tightly linked with the
rfb regions (27, 45).

Homology of E. coli and S. typhimurium Rol proteins. Kyte
and Doolittle (30) hydropathy plots of deduced amino acid
sequences for E. coli and S. typhimurium Rol are shown in
Fig. 4A. The two amino acid sequences upon which these
plots were prepared are shown aligned in Fig. 4B. The E. coli
rol and S. typhimurium rol deduced peptides consist of 325
and 327 amino acid residues, respectively. These two pro-
teins have a very similar secondary structure. Especially
evident are the two hydrophobic regions of 20 amino acids
on either end of the molecule. The net hydropathy values for
these regions exceed a 1.9 index value and are suggestive of
membrane-spanning domains. Overall, the molecule is rela-
tively hydrophilic, with a net hydropathy value of —0.7.
When conservative substitutions in amino acid sequence are
considered, the homology between these proteins is 93.5%.
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Functional complementation of E. coli O75 rfd region with
S. typhimurium Rol. Such a high degree of homology in
protein structure suggests a similar function. To determine
whether the S. zyphimurium Rol protein could regulate
expression of the O-polysaccharide antigen of E. coli 075, a
complementation experiment was conducted. The pRAB20
plasmid (Fig. 5), which encodes S. #yphimurium rol and part
of the his operon, was placed in trans with pRAB3, express-
ing the unregulated O75 antigen in E. coli S@874. This
double transformant strain was named RAB23. The double
transformant RAB23 agglutinated in rabbit anti-O75 serum,
as did the control strains RAB1 and RAB3. The negative
controls, E. coli S@874 with no plasmid and with pRAB20,
did not agglutinate in this serum. As shown in the silver-
stained polyacrylamide gel in Fig. 6, the E. coli S®874 strain
harboring the pRAB20 plasmid (RAB20) did not express an
O chain (no ladder present), whereas RAB3 (E. coli S@874
carrying pRAB3) and RABL (E. coli S@874 carrying pRAB1)
did produce LPS ladders. The LPS ladder from RABS3 is not
bimodal and appears to be unregulated. In contrast, RAB1
and the double transformant RAB23 both showed the nor-
mal, bimodal display of LPS on this gel. The LPSs produced
by both of these strains appear to be of equal molecular
weight, judging by the identical or equal spacing of the bands
on the gel. From these results, we conclude that the S.
typhimurium Rol protein encoded on pRAB20 was able to
regulate the size' distribution of the O75 O-polysaccharide
antigen of E. coli onto the core/lipid A structure of the host
E. coli S@874.

While the manuscript of this article was being prepared, a
protein of unknown function, encoded on DNA sequence
adjacent to the putative rfe gene (rfe ORF2; GenBank
accession no. M76129), was found to have 26% homology to
Rol over several hundred amino acid residues (41). The rfe
gene is thought to encode UDP-GIcNAc:undecaprenoylphos-
phate transferase, responsible for lipid I synthesis and nec-
essary for the biosynthesis of the enterobacterial common
antigen and some O antigens (25, 41, 61). A Monte Carlo
Simulation analysis, comparing the E. coli Rol with this rfe
ORF2 protein, found the level of homology to be significant
@ 5).

DISCUSSION

We have shown that the rol genes in E. coli O75 and S.
typhimurium LT2 code for proteins that are structural and
functional homologs. The rol genes are located between the
his and gnd loci in these strains. Based on previous work by
Carlomagno et al. (13) and the results presented herein, we
may also conclude that transcription of the S. typhimurium
rol gene proceeds counter to that of the his region and
terminates at a bifunctional transcriptional terminator. It has
not been established whether the potential E. coli rol termi-
nator is also bifunctional. However, we have shown that the
E. coli rol gene is also transcribed counter to the his operon.
The E. coli rol gene also appears to have its own promoter
region and may be independent of the rfb gene cluster.

The Rol protein appears to regulate the distribution of the
O-antigen subunits into a chain of the preferred size. The
mechanism of action of Rol appears to be independent of the
O-antigen subunit structure. The E. coli O75 O-antigen
subunit structure consists of a tetrasaccharide, a glu-
cosamine-galactose-rhamnose backbone with mannose at-
tached to the galactose. The O-antigen subunit structure of
S. typhimurium is composed of a pentasaccharide, a man-
nose-rhamnose-galactose backbone with an acetylated abe-
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FIG. 4. (A) Two overlapped Kyte and Doolittle (30) hydropathy plots of the deduced amino acid sequences of E. coli Rol (top) and S.
typhimurium Rol (bottom). Positive values represent regions of potential hydrophobic secondary structure, while negative values represent
potential hydrophilic secondary structure. The values shown are averaged over a window of nine amino acid residues. The average
hydropathic index for each of these proteins is —0.7. (B) Alignment of E. coli Rol (ECROL) and S. typhimurium Rol (STROL) deduced amino
acid sequences. Homologous amino acid residues are denoted by a dash. The two regions with lines drawn over them correspond to the two
hydrophobic peaks seen in panel A and show the average hydropathic value of these two 20-amino-acid sequences. .

quose attached to the mannose and glucose branching off the
galactose (25). Complementation analysis with other genetic
regions in Salmonella spp. and between Salmonella and E.
coli strains suggests that the action of the ligase (rfal), and
in some cases the polymerase enzyme (rfc), may also be
independent of O-antigen subunit structure (25, 36, 38, 61).
However, more work needs to be done in this area to
substantiate these generalizations or explain the exceptions
to them.

Polymerization and assembly of the O polysaccharide
onto the core/lipid A structure may take place in or on the
inner membrane in S. fyphimurium (40). Several of the
genetic regions thought to be involved in S. typhimurium
O-antigen biosynthesis (7fb, rfaL, and rfc) have been cloned
and sequenced (16, 27, 36). Information obtained from the
deduced polypeptide sequences of the rfb gene cluster
suggests that some of these proteins have hydrophobic
membrane-spanning domains (27). Similarly, the amino acid
sequences of the polymerase and ligase proteins indicate that
they may also be integral or peripheral membrane proteins
(16, 36). The reported hydropathic index of both the putative
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FIG. 5. Physical map of plasmid pHS8500, which encodes the S.
typhimurium gnd, rol, and part of the his operon genes, and its
subclone pRAB20, which has the PstI fragment deleted. The arrows
beneath the genes indicate the direction of transcription. The black
box between rol and his represents the bifunctional transcriptional
terminator. Restriction endonuclease sites: E, EcoRl; H, HindIll;
P, Pstl; K, Kpnl. The Pstl and Kpnl sites in the gnd gene are
similarly located in the E. coli gnd gene, shown in Fig. 1.
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FIG. 6. Silver-stained LPS preparations on a 15% polyacryl-
amide gel from strains harboring the plasmids shown in Fig. 1 and 5
or from control strains. A complementation test of pPRAB20, encod-
ing the S. typhimurium rol gene, with pRAB3, encoding the E. coli
O75 rfb region, in E. coli S@874 (lane 4) demonstrates that S.
typhimurium Rol is functionally equivalent to E. coli Rol. Control
LPS preparations include (lane 1) E. coli S@874, (lane 2) pRAB20 in
S@874, (lane 3) pRAB3 in S@874, and (lane 5) pRABL1 in S@874.

polymerase and ligase proteins is approximately +0.7, indi-
cating that these proteins are very hydrophobic in nature.
While overall Rol is a hydrophilic protein, its hydrophobic
ends suggest that it may also be membrane associated. These
results are all in agreement with the proposed model for LPS
biosynthesis: the cytoplasmic location of O-antigen mono-
mer synthesis and the membrane assembly of the O subunit
structure, polymerization and ligation onto the lipid A/core
structure, and subsequent translocation to the outer mem-
brane (25, 38). It will be interesting to see whether the Rol
protein is a membrane-associated protein which interacts
with these other biosynthetic enzymes or if its location and
mechanism of action lie elsewhere.

The GC content of the E. coli and S. typhimurium rol
genes is 46.2 and 50.4%, respectively. This GC content is
above the average GC content reported for the rfb, rfaL, and
rfc gene sequences of S. typhimurium. The low GC content
of these genes has fueled the hypothesis that parts of the rfb
gene cluster and the rfaL and rfc genes may have originated
outside of these bacteria and may have been passed through
horizontal gene transfer (16, 27, 36).

Recent reports of complementation experiments in E. coli
0111 and Shigella flexneri indicate that similar rol-like genes
are present in these bacteria as well (6, 37). We previously
reported that our pRAB3 plasmid was complemented by
genetic regions encoded on E. coli DH1 (7). Also, DNA in
the termination regions of E. coli rol sequence had homology
to a similar region in E. coli K-12, suggesting that the rol
gene is also present in this strain. These results indicate that
rol-like genes are present and conserved in members of the
family Enterobacteriaceae and other gram-negative bacteria
that express different sizes of O-polysaccharide antigens on
the surface. Furthermore, the significant homology of Rol to
a protein encoded near the rfe gene suggests that other
proteins with a similar structure and possibly a similar

J. BACTERIOL.

mechanism of action may be involved in regulating the
length of other surface polysaccharide antigens.
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