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The gene kdtA in Escherichia coli codes for 3-deoxy-p-manno-octulosonic acid transferase, the enzyme
responsible for attachment of the two 3-deoxy-p-manno-octulosonic acid residues that constitute the link
between lipid A and the core oligosaccharide of the lipopolysaccharide. Cloning and subsequent sequencing of
the region upstream of kdtA4 revealed an open reading frame identified as the first gene (7/aQ) in an rfa gene
cluster. The kdt4 and rfaQ transcripts were identified, and the 5’ ends of the transcripts were mapped by
primer extension. Two main, divergently arranged promoters were found. These promoters generated
transcripts with 5’ ends separated by 289 bases. That the two divergent transcripts from the identified
promoters represent the kdt4 and rfaQ transcripts was confirmed by fusing different parts of the intergenic
region between the promoterless lacZ and phoA genes in promoter-screening plasmid pCB267.

The anionic sugar 3-deoxy-D-manno-octulosonic acid
(KDO) is an essential component of the lipopolysaccharide
(LPS) in Escherichia coli and probably in most other gram-
negative bacteria as well (21). As the proximal part of the
inner core oligosaccharide, it links the polysaccharide por-
tion of LPS to the membrane-anchored lipid A. Two mole-
cules of KDO are sequentially transferred to lipid A by a
KDO transferase with the activated sugar CMP-KDO as a
substrate (6). The gene coding for the (KDO), transferase
(kdtA) has been cloned, sequenced, and shown to code for a
43-kDa polypeptide (9). The incorporation in extracts of E.
coli of the two stereochemically distinct KDO residues is
stimulated about 100-fold when kdtA4 is expressed from a
high-copy-number plasmid. It is thus strongly believed that
kdtA encodes both the first and the second KDO transferase
activities. The gene kdtA is located adjacent to the rfa cluster
mapping at about 81 min on the E. coli chromosome. The rfa
gene cluster codes for several of the enzymes involved in the
assembly of the LPS core region (23). Only a few of the
enzymes encoded by rfa have been characterized at the
biochemical level. Schnaitman et al. (1, 25) have provided
evidence for an rfa operon (rfaQGP-BIJYZK) encoding 10
different polypeptides. This operon is suggested to have a
complex organization with overlapping transcriptional units,
each with its own promoter, and a major promoter at the 5’
end of the operon from which a transcript representing all 10
genes is initiated. Glycosyltransferases I and II, catalyzing
the stepwise transfer of hexose sugars to the distal part of the
core oligosaccharide, have been shown to be encoded by the
rfaG and rfal (formerly rfaM in E. coli) genes, respectively
(1, 11). Several other genes of this operon have been
identified as genes involved in the synthesis of the outer core
region. The function of rfaQ, however, is still unknown.

Some type of correlation between cell growth and LPS
biosynthesis seems likely because of the predominance of
LPS in the outer monolayer of the outer membrane of most
gram-negative bacteria. This possibility is also suggested by
the observation that two central genes in lipid A biosynthe-
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sis, IpxA and IpxB, are transcriptionally coupled to dnaE (the
catalytic subunit of DNA polymerase III) (10, 21). A varia-
tion in growth conditions has been shown to affect the core
structure of LPS in E. coli (16). However, except for the
observation that rfaH (formerly sfrB in E. coli) acts as a
positive regulator of some of the rfa genes (20), not much is
known about how LPS core biosynthesis is controlled. That
the rfa gene cluster and the kdtA gene are located back-to-
back makes the intergenic region between kdtA and rfaQ a
possible location for a control region.

This paper describes the first characterization of this
intergenic region by mapping the start of the kdtA4 and rfaQ
transcripts and by sequencing rfaQ.

MATERIALS AND METHODS

Materials. [y->?P]JATP and [**S]dATPaS were obtained
from Amersham Corp. Redistilled phenol was purchased
from IBI Technologies. Modified T7 DNA polymerase (Se-
quenase II) was a product of United States Biochemical
Corp. Avian myeloblastosis virus (AMV) reverse tran-
scriptase was obtained from Pharmacia. Amersham Hyper-
film-ECL and Hyperfilm B-max were used for autoradiogra-
phy. Restriction enzymes and other enzymes used in cloning
were obtained from Boehringer Mannheim. Nitrocefin was a
product of Oxoid Ltd. p-Nitrophenyl phosphate and o-nitro-
phenyl-B-D-galactosidase were purchased from Sigma.

Bacterial strains and growth conditions. Cultures were
grown in Luria broth, consisting of 10 g of NaCl, 5 g of yeast
extract, and 10 g of tryptone per liter, or in minimal medium
A (2). Required amino acids were added to minimal medium
A at 40 mg/liter, and carbon sources were used at 0.2%
(wtfvol). Ampicillin was added to a concentration of 100
ng/ml. The strains used in this study are derivatives of E.
coli K-12, and their genotypes are shown in Table 1. E. coli
CB806 and plasmid pCB267 were generous gifts from C. F.
Beck.

Recombinant DNA techniques. Plasmids were prepared
either by the modified boiling procedure of Holmes and
Quigley (13) or by the Qiagen procedure (DIAGEN, Gmbh).
DNA fragments to be used for cloning or as radiolabelled
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TABLE 1. E. coli strains and plasmids

Strain or L Source or
plasmid Description reference
Strains
CB806 AlacZ lacY* galK phoA8 rpsL thi  C. F. Beck®
recA56
XL1-Blue recA lac endAl gyrA96 thi Stratagene
hsdR17 supE44 relAl (F' proAB
lacld lacZ-M15)
Plasmids
pLC17-24 Complements kdtAI and rfaG B. Bachmann®
pCLS Contains a 1.3-kb HindIII-HindIII  This work
fragment from pLC17-24; see
Fig. 1
pCL3 Contains a 2.8-kb HindIII-BamHI 9
fragment from pLC17-24; see
Fig. 1; complements kdtA1
pCB267 Promoterless lacZ and phoA; see  C. F. Beck

Fig. 3A

¢ Albert-Ludwigs-Universitit, Freiburg, Germany.
® E. coli Genetic Stock Center, Yale University, New Haven, Conn.

probes were isolated by agarose gel electrophoresis and
purification with GeneClean (Bio 101). Sequencing with
modified T7 DNA polymerase (Sequenase II) was done on
nested deletions of pCLS generated with exonuclease III and
mung bean nuclease as described earlier (9). Both DNA
strands were sequenced. Sequencing across the rfaQ inter-
nal HindIII site was accomplished with a subclone contain-
ing a 510-bp Clal fragment from pLC17-24 (see Fig. 1). All
processing of sequence data was done with the GCG se-
quence analysis software package (12).

Primer extension. RNA to be used for primer extension
was isolated by the hot phenol method (22). Cultures were
grown in minimal medium A supplemented with 0.2% glu-
cose and 0.1% Casamino Acids and harvested in the mid-log
phase. Primer extension was done as described by Ayer and
Dynan (3) with 10 to 20 pg of total RNA, 0.2 pmol of
32P.end-labelled primer, and 1 U of AMV reverse tran-
scriptase. The primers used were as follows: Q,, GCGTACT
GATGACAGGAGTAGTTAA; Q,, CCAGGCTCAACAGC
TACCTGAATACG; K,;, GCCGTATCCAGATCAGCGGCTG
AAT; and K,, GCTTCAGTTTGGTCTGATCTGCCGC. Prim-
ers were 5’ end labelled with [y-32P]ATP (>5,000 Ci mmol~?)
and T4 polynucleotide kinase (2). The generated primer-
extended products were separated on 6% polyacrylamide
gels (6% [wt/vol] acrylamide, 0.3% [wt/vol] bisacrylamide)
containing 7 M urea. Sequencing reactions done with the
same primers as those used for primer extension were used
as standards.

Assays for enzyme activities. When not otherwise stated, 1
ml of cells grown in Luria broth or minimal medium A
supplemented with 0.2% glucose and 0.1% Casamino Acids
was harvested in the mid-log phase, washed once, and then
resuspended in ice-cold 0.1 M NaCl-10 mM Tris-HCl (pH
8.0). The cells were permeabilized by adding 2 drops of
chloroform and 1 drop of 1% sodium dodecyl sulfate and
vortexing the mixture vigorously for 15 s. The samples were
then immediately frozen at —70°C.

Alkaline phosphatase and B-galactosidase activities were
determined spectrophotometrically (24) with p-nitrophenyl
phosphate and o-nitrophenyl-B-D-galactosidase, respec-
tively, as substrates. B-Lactamase activity was measured
spectrophotometrically with the chromogenic substrate ni-
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trocefin as the substrate (17). Typically, 10 pl of permeabi-
lized cell suspension was mixed with 10 mg of nitrocefin per
ml in 50 mM potassium phosphate buffer (pH 7.0). Enzyme
activity was measured during the linear increase in the 4,;,
and expressed as the A,;, min~! mg of protein™?.

Nucleotide sequence accession number. The GenBank ac-
cession number for kdtA and rfaQ is M86305.

RESULTS

The start of an open reading frame (Fig. 1) has been
identified upstream of kdt4 on a 2.8-kb HindIII-BamHI
fragment (9). This open reading frame (rfaQ) is oriented with
a polarity opposite that of kdt4. A 1.3-kb HindIII-HindIII
fragment adjacent to the 2.8-kb HindIII-BamHI fragment
(Fig. 1) was cloned from pLC17-24 (8, 9) into pBluescript
KSII(+), generating plasmid pCL5. The restriction map of
the cloned fragment was consistent with that of the same
region reported by Austin et al. (1). Both strands of the
cloned fragment were sequenced after nested deletions were
generated in pCL5 as described in Material and Methods.
The nucleotide sequence of the HindIII-HindIII fragment
completes the sequence of rfaQ, starting 350 bp into the
HindIII-BamHI fragment of pCL3 (Fig. 1). This open read-
ing frame could code for a polypeptide of 344 amino acid
residues and with a molecular mass of 38.000 Da. The
sequence of rfaQGP was recently published by Parker et al.
(18); only the N-terminal part of rfaQ and the intergenic
region between rfaQ and kdtA is shown in Fig. 2. Good
agreement was found between the sequence published by
Parker et al. and the sequence presented in this study. They
do, however, differ at two positions. The sequence of Parker
et al. has an insertion of an extra G (position 1547 in Fig. 2)
and a deletion of a T (position 1729 in Fig. 2) compared with
our sequence. The inserted base changes the reading frame
of the N-terminal part of 7faQ and shifts the start codon,
resulting in a slightly shorter polypeptide. A weak, but
significant, sequence similarity can be found between the
sequence of RfaQ and the carboxy-terminal sequence of a
heptosyltransferase in Salmonella typhimurium, RfaC, de-
rived from the partial DNA sequence of rfaC (15). Also, the
sequence of the KDO transferase, KdtA (9), shows some
similarities to these two enzymes (data not shown). No other
significant sequence homologies could be found between
rfaQ and any other sequence in the EMBL data base (release
27.0).

Vector pCB267 (4), containing the promoterless lacZ and
phoA genes in opposite orientations and separated by a
cloning region (Fig. 3A), was used to analyze the intergenic
region between rfaQ and kdtA for promoter activities. The
Clal-HindIl fragment from pCL3 (Fig. 3B) was subcloned
into pCB267 after new ends compatible with the HindII-Sall
sites in pCB267 were generated as described below for
subcloning of the Tagl fragments (Fig. 3B). The plasmid
construct was used to transform E. coli CB806 (lac pho). The
transformants obtained yielded blue colonies when grown on
Luria broth agar containing either 5-bromo-4-chloro-3-in-
dolyl-B-D-galactopyranoside (X-Gal) or 5-bromo-4-chloro-2-
indolyl-phosphate (X-Pho), indicating bidirectional tran-
scription originating in the cloned Clal-HindII fragment.

Two Taql fragments, contained within the above-de-
scribed Clal-HindIl fragment and representing kdt4 and
rfaQ-proximal regions, respectively, were isolated from
pCL3 (Fig. 3B) to locate more precisely the respective
promoters. To clone the two Tagl fragments in pCB267 in
specific orientations, we inserted the fragments into the Clal
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FIG. 1. Organization of genes surrounding kdtA4 in E. coli. The scale indicates distance in bases from the rfaG internal HindIII site. Open
boxes represents open reading frames, and the orientation of each open reading frame is indicated by an arrow. orf-18 encodes an 18-kDa
polypeptide of unknown function (9). The two open reading frames upstream of kdt4 were identified by comparing the restriction map of
sequenced DNA with the restriction map of Austin et al. (1). The DNA fragments cloned into pCL3 and pCLS5 are shown as hatched boxes.
The Clal-HindII region containing the intergenic region between rfaQ and kdtA is enlarged at the bottom of the figure.

site in the cloning cassette of pBluescript KSII(+). These
two constructs were used to transform E. coli XL1-Blue.
Plasmid DNA from several of the transformants was se-
quenced with a primer complementary to pBluescript
KSII(+), enabling sequencing across one end of the insert.
Clones containing plasmid DNA with the rfaQ-proximal

1 ATAGAGCGCA']']‘M'I'I'NCGGG'I'I’!'I‘CAGACAAAATAGGGA’!GGTG’!‘CCTGATMAGCAG 60
TyrLeuAlaAsnIleGluProAsnGluSerLeulleProIleThrAspGlnTyrLeuLeu

61 CA'PA’l'CGAWPTTGCATCAGGATAATPCWAGCGTACNATGACAGGAGTAGPPAA 120
MetAsplleLysAlaAspProTyrAsnGlnLysLeuThrSerIleValProThrThrLeu

. .rfaQ . . . .
121 TAACATATCCCCATGATATCGCATCTTTATGACCAGGATTTTTCGAAATGGCTTTTCCAC 180
LeuMetAspGlyHisTyrArgMet

rfag , W .
181 TAGCGACTCTTTTGTGTGATTGTCTGGTTAAGTTAAGCAGAAAAAAGCACGCTACCGCCC 240
rfaopl 1
241 CAGGCTCAACAGCTACCTGAATACTGATAACGCACTTACTTTGACGTGCTAGTGTATCAT 300

N kdeA ;.
301 TTCTTTCGCAGCAATCCGACCCGAATGATTTTTATACACAAAATATACTTTAATCATAAR 360

361 AATCAAATAGATAAAAAATAGCATTTCGATAATGTCAGTACGGCCTATGTAGATTTGAAA 420
421 ATGGGGCCGAGTTTCAATGAATCGCATAAAAATACAAAAAAAATGAAGATGTAGCGGCAG 480

481 ATCAGACCAAACTGAAGCTATTTAAGTCAAAAACGGGAAAAGTAATGGTAAAGCCACAGC 540

- kdea, - kdtA
541 TAAATACATAGAATCCCCAGCACATCCATAAGTCAGCTATTTACTATGCTCGAATTGCTT 600
MetLeuGluLeuLeu

601 TACACCGCCCT'TC'I‘CTACCWATTCAGCCGCTGATCTCGATACGGCTCTGGG’IGC GGA 660
TyrThrAalaLeuLeuTyrLeulleGlnProLeulleTrplleArgLeuTrpValArgGly

FIG. 2. DNA sequence of the intergenic region between kdtA4
and rfaQ. The nucleotides are numbered starting with the rfaG
internal HindIII site. The predicted amino acid sequences of the
N-terminal portions of KdtA and RfaQ are shown below the
nucleotide sequences. The nucleotide corresponding to the 5’ end of
each of the identified transcripts is indicated by an arrow. The
nucleotides matching the consensus sequence of the —10 promoter
regions rfaQp, and kdtAp, are underlined.

Taql fragment in the two possible orientations were isolated.
Eighteen clones containing the kdtA-proximal Taql fragment
all had the same orientation. The orientation not found
would have had the B-galactosidase promoter from pBlue-
script KSII(+) in the same orientation as kdtA. A similar
problem was encountered when nested deletions of pCLA4 (9)
were generated for the sequencing of kdtA4 (9). Deletions
starting within this TagI fragment could not be isolated when
the B-galactosidase promoter in the vector was oriented in
the same direction as kdtA.

The Tagql inserts were cut out from plasmid DNA by use of
the flanking HindIII-Sall sites in the remaining part of the
cloning cassette and ligated into the corresponding sites in
pCB267. The resulting plasmids (Fig. 3B) were used to
transform E. coli CB806 (lac pho), and the plasmids were
named as shown in Fig. 3B. Clones pCLP310/CB806,
pCLP312/CB806, and pCLP313/CB806 were grown in Luria
broth, and the activities of B-galactosidase (LacZ) and
alkaline phosphatase (PhoA) were determined in early loga-
rithmic cells. The activities of LacZ and PhoA were corre-
lated with the activity of plasmid-encoded B-lactamase (Bla)
to adjust for any change in plasmid copy number (14). The
results show that the Clal-HindlII fragment contains diver-
gent promoter activities and that these activities can be
separated on each of the two Tagl fragments (Table 2).
Similar results were obtained when cells were grown in
minimal medium A. None of the Taql fragments promoted
as high an activity of the reporter genes as the intact
Clal-HindIl fragment. This result may reflect the different
lengths and compositions of the 5'-untranslated regions of
the mRNAs generated from the different hybrid plasmids.

The location of the two promoters was more precisely
established by mapping the 5’ ends of the two divergent
transcripts by primer extension. Two primers (Q, and K;)
were chosen to be complementary to a 25-nucleotide region
in the open reading frames of rfaQ and kdtA, respectively. A
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FIG. 3. Construction of subclones for promoter screening. (A) Promoter-screening vector constructed by Beck and Schneider (4) and
containing the lacZ and phoA structural genes in opposite orientations. Both genes lack the promoter regions and are instead separated by
a cloning cassette. The restriction sites in the cloning cassette are shown. The directions of transcription of the structural genes are indicated
by arrows. (B) Subcloning of various parts of the intergenic region (solid box) of pCL3 into pCB267. Both the Clal-HindlII fragment and the
Tagql fragments from pCL3 were subcloned into pCB267 after the generation of ends compatible with sites in the cloning cassette of pCB267.
The ends were made compatible with HindIII and Sall by subcloning of the fragments into the Clal-HindIl and Clal sites, respectively, in
pBluescript KSII(+). After transformation and selection, the fragments were cut out from the reisolated plasmids by use of the flanking
BamHI-Sall sites present in the cloning cassette of pBluescript KSII(+). Abbreviations: (H) and (S), HindIII and Sall sites originating from
pBluescript KSII(+), respectively; H, HindIII; X, Xbal; b, Bglll; S, Sall; B, BamHI; s, Smal; C, Clal; T, Taql; h, HindII; E, EcoRV.

primer extension reaction with primer Q, and total RNA
isolated from E. coli XL.1/pCL3 generated two major primer-
extended products (Fig. 4A). The shorter product corre-
sponds to an rfaQ transcript with the 5’ end 80 to 81
nucleotides upstream of the start of rfaQ (bp 225-226 in Fig.
2), and the longer product corresponds to a transcript
starting 140 nucleotides upstream of rfaQ (bp 284 in Fig. 2).
Exchanging primer K, for Q, in the reaction generated one
dominant primer-extended product (Fig. 4B), corresponding
to a kdtA transcript with the 5’ end 24 nucleotides upstream
of the start of kdtA4 (bp 562 in Fig. 2). The two rfaQ products
and the kdtA product could also be detected with total RNA
isolated from E. coli XL1/pBluescript KSII(+). These prod-
ucts thus reflect chromosomally encoded transcripts. The
chromosomally encoded transcripts were present at roughly
1% of the corresponding plasmid-encoded transcripts, as

TABLE 2. Expression of B-galactosidase and alkaline phosphatase
in E. coli CB806 containing promoter-screening plasmids

Plasmid® % Activity” of:
B-Galactosidase Alkaline phosphatase
pCLP310 100 100
pCLP312 25 11
pCLP313 4.0 69
pCB267 <0.8 11

2 Activities were measured in cells grown in Luria broth with 100 pg of
ampicillin per liter as described in Materials and Methods.

® Activity is correlated with B-lactamase activity and is presented relative
to that of E. coli CB806/pCLP310.

estimated from the time of exposure needed for comparable
band intensity.

Two additional primers (Q, and K,) were used to verify
the results obtained with primers Q, and K,. Primer Q, was
complementary to a region 97 to 121 bp upstream of rfaQ,
thus excluding the detection of any transcript beginning 80 to
81 nucleotides upstream of rfaQ (the short product detected
with Q,). Primer K, was complementary to a region 88 to 113
bp upstream of kdtA4. With primer Q, and total RNA from E.
coli XL1/pCL3 in the primer extension reaction, a transcript
that has a 5’ end identical to that of the longer transcript
generated with primer Q, was detected (Fig. 5A), thus
verifying that this is the 5’ end of a transcript and not a gel
migration artifact due to strong secondary structures in the
product. A primer-extended product obtained with primer
K, and total RNA from E. coli XI.1/pCL3 and corresponding
to the 5' end of a transcript starting 284 nucleotides upstream
of the start of kdt4 was found. This product was present at
an amount severalfold lower than that of the major product
detected with primer K, and total RNA from E. coli XL1/
pCL3. The product found with primer K, could not be
detected in primer extension reactions with primer K.
Either AMV reverse transcriptase is unable to extend primer
K, the 340 nucleotides necessary to reach the 5’ end of this
longer transcript or the product found with primer K,
represents a transcript separate from the one detected with
primer K,.

DISCUSSION

An rfa operon containing genes involved in the assembly
of the core oligosaccharide of LPS has been mapped and
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FIG. 4. Autoradiogram of 3P-labelled primer extension products obtained with primers Q,; and K. Primer extension reactions were done
as described in Materials and Methods. Total RNA was isolated from E. coli XL1/pBluescript KSII(+) (lanes b and d) or from E. coli
XL1/pCL3 (lanes a and c). The sequencing ladders obtained with the primer used in each primer extension experiment are shown in lanes A,
G, T, and C. The arrows indicate the nucleotide corresponding to the 5’ end of the dominating primer extension product. The time of exposure
is indicated above the lanes. (A) A 5'-end-labelled 25-mer (primer Q,) was hybridized to 10 pg (lane a) or 20 pg (lane b) of total RNA. (B)
A 5'-end-labelled 25-mer (primer K;) was hybridized to 10 pg (lane c) or 20 pg (lane d) of total RNA.

characterized by restriction enzyme analysis and by inser-
tion mutagenesis (1, 25). Restriction enzyme analysis of the
1.3-kb HindIII-HindIII region upstream of kdtA identifies
this region as part of the beginning of the rfaQGP gene
cluster. The first gene in this cluster, 7faQ (25), codes for a
polypeptide with an apparent molecular weight of 42,000 (1),
in fair agreement with the calculated molecular mass of 39
kDa obtained from the nucleotide sequence. Mutations in
rfaQ cause a deep rough phenotype of LPS (1), but the
function of RfaQ is still unknown. The observed similarity
among the amino acid sequences of RfaQ, heptosyltrans-
ferase in S. typhimurium (RfaC), and KDO transferase
(KdtA) supports the notion that RfaQ is involved in the
biosynthesis of the inner core region. However, a definite
functional assignment of the gene must await the isolation
and identification of the gene product.

Recently, a locus (Isi) involved in the biosynthesis of
lipooligosaccharide in Neisseria gonorrhoeae was se-
quenced (19). The amino acid sequence of an open reading
frame coding for a polypeptide of 39 kDa shows similarities
to the amino acid sequences of RfaQ, RfaC, and KdtA.
Mutations in Isi produce a defective lipooligosaccharide, but
the enzymatic function of the polypeptide has not been
identified.

That rfaQGP is transcribed in a direction opposite that of
kdtA (9, 25) suggests the presence of at least two promoters
in the intergenic region between rfaQ and kdtA. This sug-
gestion is verified by the restoration of both B-galactosidase
and alkaline phosphatase activities in E. coli CB806 by
pCLP310, a plasmid containing the entire intergenic region
inserted between the promoterless reporter genes lacZ and
phoA in pCB267.

5’ end mapping of transcripts generated from the inter-
genic region revealed two major, divergently arranged tran-
scripts. The primer-extended product from primer Q,, indi-
cating an rfaQ transcript 60 nucleotides shorter than the
longer transcript, is most likely an artifact. The 5’ end of this
shorter product coincides with a DNA region from which it
was very difficult to obtain a nucleotide sequence because of
premature termination of the sequencing reaction. It is thus
not surprising that AMV reverse transcriptase, used in the
primer extension reaction, also would terminate prematurely
at this region. The possibility that it is the longer transcript
that is an artifact was ruled out by use of a primer excluding
the shorter transcript. However, the primer extension exper-
iments cannot definitely exclude the possibility that two
alternative start sites exist for the rfaQ transcript. A second
transcript was also identified in the direction of kdtA. The 5’
end of this transcript is separated by only 22 nucleotides
from the 5’ end of the longer rfaQ transcript, meaning that
the promoter regions for the longer rfaQ transcript (rfaQp,)
and for the longer kdtA transcript (kdtAp,) overlap. Expres-
sion from kdtAp, does not require the kdtAp, region located
in cis, since the kdtA-proximal Tagl fragment, containing
only kdtAp,, is sufficient for promoting the expression of
alkaline phosphatase in pCB267. This fact is consistent with
the earlier observation that KDO transferase activity is
overexpressed from a plasmid containing kdz4 and 147 bp of
the upstream region but not from a plasmid containing kdtA4
and only 35 bp of the upstream region (9).

Many examples of functionally related genes with diver-
gently arranged promoters show coordinated regulation (5).
This type of gene organization seems to be a widespread
method for two sets of genes to be transcribed and regulated
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FIG. 5. Autoradiogram of 3?P-labelled primer extension products obtained with primers Q, and K,. Primer extension reactions were done
as described in Materials and Methods. Total RNA was isolated from E. coli XL1/pCL3. The sequencing ladders obtained with the primer
used in each primer extension experiment are shown in lanes A, G, T, and C. The arrows indicate the nucleotide corresponding to the 5’ end
of the dominating primer extension product. (A) A 5'-end-labelled 25-mer (primer K,, lane a, or primer Q,, lane b) was hybridized to 10 pg
of total RNA. (B) A 5'-end-labelled 25-mer (primer K,, lane a, or primer Q,, lane b) was hybridized to 10 pg of total RNA.

from a single control region. The function of divergent
promoters is in most cases poorly understood, but several
types of mechanisms can be involved. The proximity of the
two promoters may affect the frequency of initiation of
transcription at one or both promoters. If regulatory proteins
are involved, they may bind to a centrally located control
region and regulate transcription in both directions. Since rfa
gene products enter LPS biosynthesis after the synthesis of
(KDO),-lipid IV 4 (6, 7), a tightly coordinated expression of
rfa and kdtA seems plausible. A sequence similar to the
Pribnow box is found in the —10 regions of kdtAp,, kdtAp,,
and rfaQp,. However, no similarity to the so-called ‘“con-
sensus’’ sequence of E. coli o’® promoters is found in the
—35 regions (Fig. 6). The start sites of the major rfaQ and

-35 -10
TTGACA
kdtAp, \AGCCACAGCTAAATACATAGAATECCCAGC ACATCC
rfaQp; i TCGGATH
kdtAp,

kdtA transcripts are separated by 289 bp, a fact that argues
against any interference in the binding of RNA polymerase
at the two promoter regions. However, it does not exclude
the possibility that indirect interference, e.g., the binding of
RNA polymerase to one promoter, may affect the topology
of the neighboring DNA and the frequency of initiation at the
adjacent promoter. It is also possible that the coordinated
expression of rfaQp, and kdtAp, is mediated by a control
element in the DNA region between these two promoters.
The intergenic region between rfaQ and kdtA could be a
possible location for the regulation of the suggested rfaQGP
operon and kdtA, e.g., coordinated control of the production
of enzymes involved in the different steps of LPS core
biosynthesis. The observed gene arrangement cannot be an

+1
Met
ATAAGTCAGCTATTTACT ATGCTC

TCGGGTCGGATTGCTGCGAAAGAAATGATACACTAGCACG TCAAAG [116 bp] AAAATCCTGGTCATAAAG ATGCGA

FIG. 6. Promoter regions identified in the intergenic region between kdtA and rfaQ. Sequences are aligned with the start of transcription
at +1. The consensus sequences for the —10 and —35 regions of o’° promoters are shown above the aligned sequences. The —10 and —35
regions in the aligned sequences are indicated within boxes, assuming 17-base spacing between the —10 and —35 regions. The numbers of
bases not shown between the start of transcription and the start codon (ATG) are given within brackets.



7756 CLEMENTZ

unconditional requirement for promoter activity, since the
expression of unrelated reporter genes from each of the
individual promoters can be detected even when the promot-
ers are separated on different fragments. However, it should
be noted that these results are observed with promoters on a
multicopy plasmid. If an unidentified factor is required for
controlled expression from this region, it could be titrated
out in this multicopy situation, with a subsequent loss of
regulation.
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