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The kil-kor regulon of the self-transmissible, broad-host-range plasmid RK2 is a unique network with eight
coregulated operons. Among the genes encoded by the kil-kor regulon are trfA, which encodes the replication
initiator, and several kil loci (kiL4, kilB, WidC, and WilE), each of which is lethal to the host cell in the absence
of appropriate negative regulatory elements encoded by the korA, korB, korC, and korE determinants. We have
proposed that the functions of the kil loci are related to RK2 maintenance or host range. Here, we report the
nucleotide sequence of a 2.44-kb region that includes the lethal kilB determinant. We identified the first three
genes of the kilB operon (designated klbA, k1bB, and klbC), and we determined by deletion analysis that the
host-lethal phenotype requires klbB. The predicted amino acid sequence of the 34,995-Da klbA product reveals
a potential ATP-binding fold. The klbB product is predicted to be a membrane protein with a molecular mass
of 15,012 Da with homology to the RK2 KlaC membrane protein encoded by the kiL4 operon. The amino acid
sequence of the 12,085-Da IdbC product contains a perfect match to the leucine zipper motif common to
eukaryotic regulatory proteins. Primer extension analysis revealed unambiguously that transcription of the
kilB operon begins 46 nucleotides upstream of kibA. No transcription was initiated from the sequence
previously presumed by other investigators to be the kilB promoter. The abundance of kilB transcripts is
reduced in the presence of KorB, consistent with the prediction that KorB acts at the level of transcription. A
degenerate KorB-binding site that contains a perfect half-palindrome overlaps the kilB promoter, but this site
is insufficient for regulation by KorB. The region containing a KorB-binding site located 183 bp upstream of
the transcriptional start is required for regulation by KorB, indicating that KorB acts at a distance to regulate
transcription of kilB. Our studies with the mutant plasmid pRP101, a transfer-defective derivative of the
RK2-like plasmid RP4, demonstrated that the kiB operon includes the conjugal transfer and surface exclusion
genes of the Tra2 region. Nucleotide sequence analysis revealed that the transposon Tn7 insertion in pRP101
is located in the kdbC gene, and complementation analysis showed that this mutation has a strong polar effect
on the expression of genes for conjugal transfer and surface exclusion located several kilobases downstream. A
idbA mutant was constructed and found to be both transfer defective and complementable, thus demonstrating
a requirement for the kibA product in plasmid transmissibility. These results have demonstrated a role for the
kilB operon in conjugal transfer. The kil-kor regulon of RK2 is the only known example of plasmid-mediated
coregulation of replication and transfer.

The self-transmissible plasmids of incompatibility group P
(IncP) are remarkable for autonomous replication in a wide
variety of gram-negative bacterial hosts (17, 67, 98). In
addition, the range of organisms to which IncP plasmids can
transfer by conjugation includes gram-positive (102) and
gram-negative bacteria (30) and Saccharomyces cerevisiae
(33). Efforts to understand the genetic basis for the repli-
cative and transfer promiscuity of the closely related,
if not identical, IncP plasmids RK2, RP1, RP4, R18, and
R68 (14, 103) have revealed a genetic complexity un-
matched by other plasmid replicons. Eight operons speci-
fying at least 20 genes, including the essential replication
initiator gene, trfA, are transcriptionally coregulated by
various combinations of the negative-control determinants
korA, korB, korC, korE, korF, and trbA (12, 22, 36-38, 43,
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84, 85, 88, 94, 96, 100, 108-110) (Fig. 1). Five of the operons
constitute four so-called kil loci (ki4, kilB, kilC, and kilE),
whose expression is toxic to Escherichia coli host cells
in the absence of the kor regulatory functions (22, 28, 43).
This unusual plasmid regulatory network, known collec-
tively as the kil-kor regulon (23), also includes the kfrA
operon, which specifies a DNA-binding protein with an
unknown function (38), and an autoregulated operon con-
taining several regulatory genes (korA, korB, korFI, and
korFII) (12, 36) and incC, which is thought to be involved in
plasmid maintenance (59, 63).
None of the four kil loci is essential for replication of RK2.

Genetic studies have shown that only two plasmid determi-
nants are absolutely required for the replication of RK2 (6,
82, 83): trfA, which encodes two replication initiator proteins
(21, 44, 87, 91), and oriV, the origin of replication and target
for the TrfA proteins (21, 60, 92, 99). The genetic require-
ments for conjugal transfer are considerably more complex
than those for replication. Two large regions, designated
Tral and Tra2 (10, 71) (see Fig. 1), include genes for
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FIG. 1. The kil-kor regulon of RK2. Shown here is the relative arrangement of genes and operons on the RK2 -genetic map and their
regulation. The region containing kor-regulated genes is indicated by the solid line. Horizontal arrows indicate known transcriptional units.
Genes above the vertical arrows are involved in negative regulation. The curved arrow indicates the requirement of trfA for initiation of
replication at onV. Tral and Tra2 are two large regions (not drawn to scale) involved in conjugal transfer. All genes are indicated in the text
except ssb, which encodes a single-stranded DNA-binding protein (39), pni, which encodes a DNA primase (47), and mrs/par, a
multimer-resolution and plasmid stability locus (25, 29, 75, 76). Apr, Tcr, and KMr show determinants for resistance to ampicillin, tetracycline,
and kanamycin. The brackets around Apr indicate transposon Tnl.

assembly of the sex pilus, site-specific nicking and mobili-
zation of RK2 DNA to recipient cells, and surface exclusion
(30). In considering possible functions for the kil loci, we
originally noted that only kilB was not excluded from
having a role in the conjugal transfer of RK2 (22). Plasmids
deleted for kilA, kilC, and kilE are clearly conjugation
proficient (21), but a transfer-defective mutant (pRP101) of
the IncP plasmid RP4 was found to have a transposon Tn7
insertion in the kilB region (9). In addition to the transfer
defect, the mutation affected two other phenotypes. (i) It
eliminated the surface exclusion phenotype conferred by
two genes (eexA and eexB) located several kilobases outside
the kilB region (50, 52). (ii) It abolished sensitivity to
bacteriophage PRD1 (73), which is thought to use the sex
pilus of IncP plasmids as a receptor (68, 93). One interpre-
tation of the pleiotropy of the mutation in pRP101 is that the
kilB region is within a large operon involved in transfer
functions, including surface exclusion and pilus assembly,
and that the Tn7 insertion exerts a polar effect on expression
of these genes.

In this paper, we report our molecular and genetic studies
of the kilB locus, its regulation, and its relationship to the
conjugal transfer system of RK2. Our results revealed that
the kilB locus is within a multicistronic operon, in which the
first gene (klbA) is required for conjugal transfer and the
second gene (klbB) is required for the host-lethal phenotype.
A third downstream gene (klbC) in the kilB operon was also
sequenced and found to be the site of the Tn7 insertion in the
transfer-defective mutant pRP101. The nucleotide sequence
of the first gene of the kilB operon and the involvement of
this gene in RK2 transmissibility was reported recently by
Motallebi-Veshareh et al. (62). Our results differ significantly
from theirs in the identification of the genes responsible for
the kilB host-lethal phenotype, the location of the kilB
promoter, and the regulation of kilB expression.

MATERIALS AND METHODS

Nomenclature. Coordinates of the RK2 map are defined by
the distance in kilobases from the single EcoRI site. Super-
script o indicates the absence of a plasmid gene (e.g., kor°).
The uniform nomenclature for genes of the kil loci has been
previously defined (5, 28).

Bacterial strains, plasmids, and phages. The E. coli strains
used in this study were C600 (thr-1 leuB6 thi-1 lacYl tonA21
supE44 rfbDl) (7); DH5a [supE44 AlacU169 hsdRJ7 recAl
endA1 gyrA96 thi-1 reL41 (4)80 lacZAM15)] (31); EKA0076, a
spontaneous rifampin-resistant isolate of JA221 (4); JA221

(hsdR recAl lacYleuB6 AtrpE5) (from C. Yanofsky); JM107
[endAl gyrA96 thi hsdRJ7 supE44 relU1 A(lac-proAB) A
(F' traD36 proA+B+ lacIq lacZAM15)] (107); MV10
(C600 AtrpE5) (34); SM10 [C600 ArecA (Muc+) fl(RP4-
2-Tc::Muc+)] (89); VT1258, a spontaneous rifampin-resis-
tant mutant of MV10; VT1259, a spontaneous nalidixic
acid-resistant mutant of MV10; and VT1284 [SM10(pBK1)].

All plasmids and their relevant properties are listed in
Table 1. Previously unpublished plasmids were constructed
as follows (RK2 coordinates are in parentheses): pBK1, by
insertion of the BamHI fQCm fragment from pPG25 into
pMMB67HE (24); pCH8, by deletion of the EcoRI-NruI
fragment from pCH1 (28), with cohesive ends filled in with
the Klenow fragment ofDNA polymerase I and ligation with
T4 DNA polymerase; pPG25 (27), by insertion of the EcoRI
fQCm fragment from pHP45fQCm (19) into pIC-20H (55);
pRK2709, by insertion of the 9.8-kb KpnI-SalI (kb 14 to
23.8) fragment from RK2 into pUC19 (107) (see Fig. 2);
pRK2709A36, by partial BssHII digestion and ligation of
pRK2709 (see Fig. 2); pRK2819, by insertion of the 1.0-kb
BssHII fragment (kb 18.8 to 19.8) from pRK2710 (5) into
pHC7 (84) (see Fig. 2); pRK2838, by insertion of the Sfi1-
BssHII fragment (kb 16.9 to 18.8) from M13ss43 (see below)
into BssHII- and SphI-cleaved pVT3 after the Sfi1 and SphI
single-stranded ends were made blunt with T4 DNA poly-
merase (see Fig. 2); pRK2912, by insertion of the 1.0-kb
BssHII fragment (kb 18.8 to 19.8) from pRK2819 into
pRK2838 (see Fig. 2); pRK2914, by insertion of the KpnI
fQCm transcription-terminator fragment (19) from pRK2730
(28) into the KpnI site of pRK2709A36; pRK21400, by
insertion of the 420-bp Styl fragment (kb 18.2 to 18.6) from
pRK2827 (5) into the SmaI site of pUC18 (107); pRK21407,
by insertion of the 290-bp EcoRI-XmnI fragment (kb 18.2 to
18.5) from pRK21400 into EcoRI- and SmaI-cleaved pCH8
(see Fig. 4); pRK21408, by insertion of korB on the BssHII-
HindIII fragment of pRK2362 (12) downstream of the trc
promoter in pSE380 (13) and joining of the lacI'-trcp-korB
region from this plasmid with the trpE' mini-R6K plasmid
pRK353 (40); pRK21413, by use of synthetic oligonucleotide
primers 5'-GGAATTCCGTCGGCTCGCGCATCATATC-3'
and 5'-TGCAGGTCGACTCTAGAGGATC-3' to amplify a
portion of the kilB promoter region on pRK21407 by poly-
merase chain reaction, digestion of the amplified product
with EcoRI and XbaI, and insertion into pCH8; pRK21416,
by insertion of the 3.3-kb NdeI fragment (kb 16.3 to 19.6)
into pVT10 (see Fig. 2); pRK21417, by insertion of the
132-bp StyI fragment (bp 889 to 1020; see Fig. 3) from
pRK2827 (5) into pVEX1212 (6); pRK21418, by insertion
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TABLE 1. Plasmidsa

Plasmid Selective marker(s) Relevant properties Description Reference

pBK1 Ap Cm IncQ rep Mob' Mobilizable by IncP transfer system This study
pCH8 Ap Cloning vector pMB1 rep with polylinker followed by rrnB T1 and This study

T2 transcriptional terminators
pRK2108 trpE+ korA+ korB+ pSM1 rep (IncFII) with kb 50.4 to 56.4 of RK2 22
pRK2135 Km trpE+ klbA+ klbB+ klbC+ R6K rep with kb 14.0 to 23.8 of RK2 22
pRK2138 Km klbA+ kIbB+ klbC+ pSM1 rep with kb 14.0 to 23.8 of RK2 22
pRK2292 Tp korAc pSM1 rep with kb 55.1 to 55.6 of RK2; korA is 5

expressed constitutively
pRK2659 Tc korA+ korB+ pSC101 rep with kb 50.4 to 56.4 and kb 0 to 6 of 42

RK2
pRK2709 Ap klbA+ klbB+ klbC+ pUC19 with kb 14.0 to 23.8 of RK2 (Fig. 2) This study
pRK2709A&36 Ap klbA+ kIbBWl04 pUC19 with kb 14.0 to 19.8 of RK2 (Fig. 2) This study
pRK2819 Ap klbBW04 pHC7 with kb 18.8 to 19.8 of RK2 (Fig. 2) This study
pRK2837 Ap Cm Sp klbA+ klbB+ klbC+ pUC19 with kb 14.0 to 23.8 of RK2 between 5

transcriptional terminators
pRK2838 Ap klbAA119 pMB1 rep with kb 16.9 to 18.8 of RK2 between This study

transcriptional terminators (Fig. 2)
pRK2912 Ap klbA+ klbBW04 pMB1 rep with kb 16.9 to 19.8 of RK2 between This study

transcriptional terminators (Fig. 2)
pRK2914 Ap klbA+ klbBA104 pUC19 with kb 14.0 to 19.8 of RK2 followed by a This study

transcriptional terminator
pRK21407 Ap kilBp with upstream pMB1 rep with kb 18.2 to 18.5 of RK2 This study

KorB-binding site
pRK21408 trpE+ 4[trcp-korB+] R6K rep with kb 53.3 to 54.3 of RK2; korB is This study

expressed from the trc promoter
pRK21413 Ap kilBp lacking the pMB1 rep with kb 18.3 to 18.5 of RK2 This study

upstream KorB-
binding site

pRK21416 Cm klbA+ klbBA&47 P1SA rep with kb 16.3 to 19.6 of RK2 (Fig. 2) This study
pRK21417 Sp klbA' P1 rep with kb 18.6 to 18.7 of RK2 This study
pRK21418 Ap Km Tc Sp Tra- Eex+ Dps- RK2 derivative with an insertion in kibA This study
pRK21430 Km Tp Sp Sm klbA+ klbB+ pRK2135 carrying the Tn7 insertion from pRP101 This study

klbC::Tn7
pRP101 Km Tc Ap Tp Sm Sp Tra- Eex- Dps- RP4 with a Tn7 insertion in the kilB region 9
pVEX1212 Sp Cloning vector P1 rep 6

a rep, replicon.

of pRK21417 into the kibA gene in RK2 by homologous
recombination and selection for a spectinomycin-resistant
transconjugant; pVT3, by insertion of the BamHI fISp
transcriptional terminator fragment from pHP45fl (74) into
pCH1 (28); pVT8, by insertion of the BamHI flSp fragment
from pHP45fl into pACYC184 (15); and pVT10, by digestion
of pVT8 with BssHII, filling in of cohesive ends with
Klenow, and ligation with NdeI linkers, which also recreated
the BssHII sites at both ends of the fragment.
Phage M13 derivatives were constructed as follows:

M13ss43 (77), by insertion of the 2.9-kb BssHII fragment (kb
15.9 to 18.8) from pRK2710 (5) into M13hc5, which differs
from M13hc4 (41) only in the orientation of the polylinker;
and M13vtl, by insertion of the 2.6-kb SphI fragment (kb
19.2 to 21.8) from RK2 into M13mpl8 (65, 107). M13vt2
differs from M13vtl only in the orientation of the polylinker.
The phage PRD1 has been described elsewhere (68).
Media and reagents. Media for growth of bacteria were

Luria-Bertani (LB) and M9 (53) containing 0.5% Difco
Casamino Acids. When required, media were supplemented
with L-tryptophan at 50 pLg/ml and thiamine hydrochloride at
25 ,ug/ml. Antibiotics were used at the following concentra-
tions: ampicillin, 50 ,ug/ml; chloramphenicol, 50 ,ug/ml; ka-
namycin, 50 pg/ml; nalidixic acid, 20 ,ug/ml; rifampin, 100
,ug/ml; spectinomycin, 50 ,ug/ml; and tetracycline, 30 ,ug/ml.
When appropriate, media contained 240 ,ug of isopropyl-3-
D-thiogalactopyranoside (IPTG) per ml and 40 ,g of 5-bro-

mo-4-chloro-3-indolyl-3-D-galactopyranoside (X-Gal) per ml
to identify DNA insertions into the lacZoa region of the M13
and pUC vectors (58). For induction of the trc promoter,
media were supplemented with 1 mM IPTG.
DNA techniques. DNA was transformed by the method

described by Cohen et al. (16). Plasmid DNA preparation (3,
35, 40), polymerase chain reaction (78), and gel electro-
phoresis (40, 53) have been described previously. Enzymes
were purchased from commercial suppliers and used under
the recommended conditions.

Nucleotide sequence determination. The complete nucle-
otide sequence for the kilB region was determined for both
strands by using double-stranded template from pRK2912,
pRK2819, and pRK21422 or single-stranded template from
M13vtl, M13vt2, and M13ss43. The sequence was deter-
mined with an Applied Biosystems 370A DNA sequencer
and by a modification of the dideoxynucleotide chain-termi-
nation method (79), in which Sequenase (U.S. Biochemical
Corporation) in place of DNA polymerase I Klenow frag-
ment was used. All sequencing was done with dITP or
7-deaza-dGTP in addition to dGTP to eliminate ambiguities
caused by band compression in G+C-rich regions (61). The
sequencing products were labeled with at-35S-thio-dATP,
separated by gel electrophoresis, and visualized by autora-
diography as described previously (28, 41). To determine the
site of the Tn7 insertion in pRP101, the fragment derived
from cleavage of the BglII site in Tn7 and the SphlI site in
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kibA was subcloned. A 21-mer oligonucleotide primer (5'-
CTATTLTGITCAGYTJlAAGAC-3') specific for one end of
Tn7 (51) was used for nucleotide sequence determination as
described above, except with [y-32P]dATP.

Sequence analysis. The sequenced region was analyzed
with the programs of the Genetics Computer Group package
(18) and DNA Strider (54). A modified version of the
Macintosh MacTargSearch 1.1 program (64) was used to
search for E. coli- and RK2-specific ribosome-binding sites.
Putative polypeptides were analyzed with the MacPattern
implementation of the Prosite data base to determine
whether they contained known structural motifs. Homolo-
gies to known proteins in the GenBank, EMBL, and
SwissProt collections were identified by the FASTA and
Smith-Waterman algorithms. The Genetics Computer Group
and MacTargSearch programs were used to search for
prokaryotic factor-independent terminators, RK2-specific
consensus sequences, direct repeats, inverted repeats, and
E. coli- and RK2-specific promoter sequences.

Primer extension analysis. Promoter-containing regions
were cloned into pCH8. A synthetic DNA primer (35-mer,
5'-AAGCTTGCATGCCTGCAGGTCGACTCTAGAG
GATC-3'), complementary to a region of the transcribed
polylinker downstream of the cloned promoters, was used to
determine the transcriptional start site. Another synthetic
DNA primer (bla, 5'-TCTGGGTGAGCAAAAACAGGAAG
GCAAAATGCCGC-3'), complementary to the bla tran-
script, was used as an internal control in each of the primer
extension reactions. The 5' end of the bla primer is 112
nucleotides from the bla transcriptional start site. Extraction
of RNA and primer extension with avian myeloblastosis
virus reverse transcriptase were done as described previ-
ously (28). The reference nucleotide sequence was generated
from double-stranded plasmid DNA by the chain termination
method and with the end-labeled 35-mer primer.

Conjugation and entry exclusion. Overnight cultures of
donor and recipient strains were diluted 1:100 in selective
media and grown to mid-log phase. The cultures were
centrifuged, washed twice with LB medium, and resus-
pended in either the original volume or 1/10 volume of LB
medium. One milliliter of the donor strain was added to 1 ml
of the recipient strain in a 250-ml culture flask and incubated
at 370C, without shaking, for at least 1 h. If the transcon-
jugant selection included a tryptophan requirement, the
mating mixtures were centrifuged and resuspended in an
equal volume of M9 Casamino Acid broth before plating. To
measure the efficiency of mating, the donor-to-recipient ratio
was 1:10. The donor hosts were the recA strains DH5a and
EKA0076; the recipient strains were C600 and VT1259. To
measure entry exclusion, the donor-to-recipient ratio was
10:1. The donor was VT1284; the recipient hosts were
VT1258 and EKA0076.
PRD1 methods. To prepare PRD1 phage lysates, PRD1

was spotted on a lawn of an RK2-containing strain on an LB
plate and incubated overnight at 370C. A 50-ml LB culture
was inoculated with 100 Rl of an overnight culture of the
sensitive strain and infected with PRD1 phage scraped from
the phage spot with a toothpick. The culture was shaken
overnight at 370C. The lysed culture was centrifuged to pellet
debris, and the supernatant was retained. The efficiency of
plating was determined by comparing PFU on various
strains with that on an RK2-containing strain.

Nucleotide sequence accession number. The nucleotide
sequence and amino acid sequence data reported here have
been submitted to the GenBank nucleotide sequence data
bases under accession number L05600.

RESULTS

Localization and nucleotide sequence of the host-lethal kilB
determinant. The kilB region of RK2 was originally defined
by the 9.8-kb SalI-to-KpnI fragment (coordinates, kb 14.0 to
23.8), which is present on plasmid pRK2709 (Fig. 2). E. coli
cells are able to maintain pRK2709 only if they carry the
RK2 korB gene to control expression of kilB. A convenient
assay for the host-lethal (Kil') phenotype of kilB is the
inability to obtain viable transformants of E. coli cells
lacking korB. Mutants defective in kilB can therefore be
readily identified by their ability to produce transformants of
korB+ and korB0 strains with equal efficiency.
The 9.8-kb SalI-to-KjpnI fragment in pRK2709 also con-

tains the trfA operon (Fig. 2). We have shown previously
that uncontrolled transcription from the strong trfA pro-
moter into a plasmid vehicle can sometimes interfere with
the selection of transformants in a kor strain (5). This
potential complication was eliminated by providing korA,
which regulates trfA but not kilB. Thus, deletion mutants of
pRK2709 were constructed in the presence of korA and korB
and subsequently tested for their ability to produce colonies
after transformation of korA + korB+ and korA + korB°
strains. Only plasmids defective in kilB are able to yield
viable transformants of the korA+ korB° host.
The Kil phenotypes of a series of deletion mutants gener-

ated by partial BssHII digestion of pRK2709 showed that
kilB is located in the region encompassing the 1.0- and 2.9-kb
BssHII fragments (Fig. 2). That sequences from both frag-
ments are required for expression of kilB was indicated by
the Kil- phenotypes of plasmid pRK2819, which carries the
1.0-kb BssHII fragment alone, and pRK2838, which contains
the kilB-relevant 1.9-kb BssHII-SfiI region of the 2.9-kb
BssHII fragment. Insertion of the 1.0-kb BssHII fragment
from pRK2819 into the BssHII site of pRK2838 to regenerate
the kilB region restored the Kil+ phenotype, but only in the
wild-type orientation (pRK2912). The cloned NdeI fragment
(pRK21416), which includes the same region except for a
difference of 165 bp at the end of the kilB region, conferred
a Kil- phenotype. Thus, an essential part of the kiIB
determinant lies within the 165-bp region between the NdeI
and the BssHII sites.
We tested the possibility that plasmids with the newly

defined kilB region failed to produce transformants of the
kor° strain because of transcriptional read-through from a
strong promoter, similar to the phenomenon we previously
observed for the trfA (5) and kiA (28) promoters. A tran-
scriptional terminator was positioned downstream of the kiEB
region on pRK2709A36 (Fig. 2). The resulting plasmid,
pRK2914, displays a Kil+ phenotype, thus confirming that a
lethal gene product is expressed.
We determined the nucleotide sequence of the region

between the beginning of the published trfA sequence and
the BssHII site at coordinate kb 19.8 in the kilB region.
Because our analysis suggested that the BssHII site was
within an open reading frame (ORF), we continued to
sequence an additional 480 nucleotides beyond the BssHII
site. The sequence of this region is shown in Fig. 3.

Determination of the kilB transcriptional start site. The
nucleotide sequence revealed two closely spaced promoter-
like sequences (p2 andp3 in Fig. 3). Both are related to the
consensus sequence for a70 promoters (32) and point in the
same direction as that predicted for expression of kilB (88),
but neither coincides with the sequence previously identified
by others as the kilB promoter (90) (p1 in Fig. 3). To
determine which, if any, of these sequences is a functional
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FIG. 2. Physical mapping of the host-lethal kilB determinant. Plasmid pRK2709 contains kilB on a 9.8-kb SalI-KpnI fragment. RK2 map

coordinates are shown below the linear representation of pRK2709. The pUC19 vector is indicated by a thick line. The locations of the trfA
operon and the kilB region are indicated. Lines below pRK2709 show DNA contained in 15 partial BssHII deletions of pRK2709 and several
subclones. Plasmid designations refer to specific plasmids discussed in the text. + indicates that the plasmid encodes the kilB lethal
phenotype; - indicates that the plasmid is not lethal. The assay for the lethal phenotype is described in the text. B, BssHII; K, KpnI; N, NdeI;
Sf, SfiI; S1, SalI; Sp, SphI.

promoter in vivo, we mapped the transcriptional start site by
primer extension.
The 285-bp StyI-to-XmnI fragment that contains pl, p2,

and p3 was cloned upstream of a transcriptional terminator
in the vector pCH8 to produce pRK21407 (Fig. 4). Two
5'-end-labeled oligonucleotide primers were added to RNA
extracted from strains containing pRK21407 or the pCH8
vector. The bla primer hybridized to the bla mRNA tran-
script of the pCH8 vector and provided an internal control;
the 35-mer primer was designed to hybridize to any RNA
transcript expressed from the cloned region. The bound
primers were extended by avian myeloblastosis virus re-
verse transcriptase and separated by polyacrylamide gel
electrophoresis (Fig. 5). Analysis of RNA extracted from
the pRK21407-containing cells revealed the presence of the
bla transcript and another RNA initiating from within the
cloned region. The 5' end of the RNA was consistent
with initiation of transcription from either p2 or p3. Be-
causep2 andp3 overlap, additional analysis will be required
to determine which of the two is the actual promoter. We
found no evidence of transcription initiating from the previ-
ously predicted kilB promoter (p1), even after prolonged
exposure of the gel. We conclude that p1 is not involved
in the expression of kilB and that the kilB promoter is p2
or p3.
The region containing the upstream KorB target sequence at

-183 is required for the regulation of kilB by KorB. For
studies of KorB regulation of kilB, we constructed plasmid
pRK21408, which has the korB structural gene positioned
downstream of the inducible trc promoter. After transforma-
tion of a pRK21408-containing strain with the kilB+ plasmid
pRK2138, viable colonies were recovered only in the pres-

ence of IPTG, which induces the trc promoter and expres-
sion of korB. A control plasmid lacking kilB produced viable
transformants both in the presence and in the absence of
IPTG (data not shown). This result confirms our earlier
analysis (12), which indicated that korB is sufficient to
control the host-lethal phenotype of the kilB region.
To test for KorB regulation of the kilB promoter, we used

primer extension analysis to assay the relative levels ofRNA
initiated from the kilB promoter in the presence and absence
of korB in vivo. The abundance of the bla transcript was

used as an internal control for the relative amounts of RNA
in the samples. Figure 6 (lanes 1 to 3) shows that the
abundance of kilB-initiated RNA is reduced at least fivefold
in the presence of korB. This result is consistent with
transcriptional control by korB.
KorB dimers bind to the sequence 5'-TlTlAGC(G/C)

GCTAAA-3' (8). The occurrence of this sequence that is
closest to the kilB promoter is 183 bp upstream of the start
site for kilB transcription (Fig. 3). To determine whether this
upstream KorB box is required for regulation of kilB, we

compared the effects of korB on transcripts initiated from the
wild-type kilB promoter (pRK21407) and a mutant promoter
deleted for the upstream KorB box (pRK21413). The kilB
promoter deleted for the upstream region gives a lower level
of transcription than the wild-type promoter (Fig. 6, lanes 2
and 4), indicating that the upstream region may influence the
activity of the promoter. Nevertheless, the level of transcrip-
tion from the mutant promoter was not significantly altered
by the presence of korB (Fig. 6, lanes 4 and 5). Thus, the
upstream region, which includes the KorB box, is required
for KorB-mediated regulation of transcription from the kilB
promoter.
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FIG. 3. Nucleotide sequence of the kilB region (GenBank accession number L05600). Shown here is the nucleotide sequence of a 2,500-bp
region that encodes the lethal kilB determinant. The trfA promoter (bp 1 to 65) (90) was determined previously. The transcriptional start sites
of the trfA (72) and klB (the present work) operons are designated by + 1; the arrows indicate the directions of transcription. The -10 and
-35 regions of the trfA promoter are boxed. The -10 and -35 regions of the previously predicted kilB promoter, pl, are boxed with dashed
lines. The -10 and -35 regions of the overlapping potential promoters p2 and p3 are noted with paired half boxes below and above the
sequence, respectively. The KorA- and KorB-binding sites are indicated by divergent arrows labeled A and B, respectively. The arrow above
the suboptimal half of the partial KorB box in the p2/p3 promoter is broken. Nucleotides corresponding to an E. coli or P. aeruginosa
Shine-Dalgarno sequence are underlined and designated by SD. The StyI site (bp 471) and the XmnI site (bp 751) were used to clone the
promoter region in pRK21407. The EcoRI site, 163 bp before the kilB transcriptional start site, was introduced on a primer used in polymerase
chain reaction amplification of the region from -163 to +60 for construction of pRK21413, as described in Materials and Methods. Shown
also are the StyI sites at bp 888 and 1017, used for constructing pRK21417; the NdeI site at bp 1844, used for constructing pRK21416; and
the BssHII site at bp 2015, used for constructing pRK2912. Tn7 indicates the site of the Tn7 insertion in pRP101. The amino acid sequences
of the predicted polypeptides of trbA, kibA, klbB, and klbC are shown below the nucleotide sequence. Two potential starts are indicated for
trbA and klbA. The ATP-binding motif present in the KlbA sequence and the leucine zipper motif in KlbC are indicated.

Identification of potential structural genes in the kilB
operon. The nucleotide sequence was examined for ORFs.
Three ORFs predicted to be protein-coding regions by the
method described by Fickett (20) were located downstream
of the kilB promoter. They were found to have possible
Shine-Dalgarno sequences (86) for E. coli and Pseudomonas
aeruginosa and to exhibit the G+C content and codon
structures characteristic of previously identified RK2 genes
(Table 2). These putative genes were named klbA, klbB, and
klbC (kib is pronounced klib [from kilB]), in accordance with
our previously established nomenclature for genes of the
kilB locus (5, 28). A fourth ORF was identified in the region
between the kilB and trfA promoters (Fig. 3). Its G+C
content and codon structure showed a slight deviation from
those of other known RK2 genes (Table 2). This ORF has
recently been identified as the trbA gene, which is involved
in the conjugal transfer of RK2 and negative control of trfA
and kilB (37, 48).
klbB is required for the host-lethal phenotype of the kilB

region. Plasmid pRK21416 carries the kilB promoter, the
entire klbA gene, and a portion of klbB up to the NdeI site at
position 1844 in the nucleotide sequence. Because its phe-
notype is Kil-, we conclude that kibA is not sufficient for
expression of the host-lethal phenotype of the kilB region. In
contrast, plasmids pRK2709A36 and pRK2912, whose
cloned kilB fragments end at the BssHII site near the end of
klbB at position 2015, were both Kil+. These results demon-
strate that at least some of the klbB coding region between
the NdeI and BssHII sites is required for the lethal pheno-
type.
The function of the kilB operon. The transposon Tn7

insertion in the kilB region of pRP101, a derivative of the
RK2-like plasmid RP4, resulted in loss of conjugal transfer
and surface exclusion (9). We sequenced the junction of the

-pl p -/3Pi p2/p3 TI T2 pMB1 ori blap

b11
b10

35-mer

FIG. 4. Strategy for determining the transcriptional start site of
the kilB operon. The 285-bp kilB promoter region (thick line), which
contains all three possible promoters (pl, p2, and p3), was cloned
upstream of the rrnB transcriptional terminators T1 and T2 of the
vector pCH8 (thin line). The possible RNA transcripts are depicted
as thin arrows below the pRK21407 map. The thick arrows represent
the 32P-labeled 35-mer primer, which hybridizes to any transcript
originating from the kilB promoter region. blap shows the promoter
for the bla gene. bla indicates the bla-specific primer.

Tn7 insertion in pRP101 and found that the transposon
disrupts the klbC coding sequence (Fig. 3). Therefore, the
insertion is located within the kilB operon but downstream of
the region shown to be responsible for host lethality. To

GC A T 1 2 3 4 5

(- bla

(- p2/p3

A

FIG. 5. Transcriptional start site of the kilB operon. The 32P-end-
labeled 35-mer and bla primers were annealed to RNA extracted
from cells containing the appropriate plasmid and extended by
reverse transcriptase. The labeled DNA products were separated on
polyacrylamide sequencing gels and visualized by autoradiography
as described in Materials and Methods. The reference sequences
were obtained by the dideoxynucleotide chain termination method
with the end-labeled 35-mer primer and plasmid pRK21407. RNAs
for primer extension were isolated from strains containing the
following plasmids: pRK21407 (lanes 1 and 2 [lane 1 has one-fifth the
amount shown in lane 2]), pCH8 (lane 3), untreated 32P-labeled
35-mer primer (lane 4), and untreated 32P-labeled bla primer (lane 5).
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FIG. 6. Effect of korB on abundance of transcripts initiated from
the kilB promoter. The 32P-end-labeled 35-mer and bla primers were
annealed to RNA extracted from cells containing the appropriate
plasmid and extended by reverse transcriptase. Strains carrying the
inducible korB plasmid pRK21408 were grown in the presence of
IPTG. Plasmid pRK21407 contains the kilB promoter and the
upstream KorB box; pRK21413 carries the kilB promoter but is
lacking the upstream KorB box (Fig. 3). The labeled DNA products
were separated on polyacrylamide sequencing gels and visualized by
autoradiography as described in Materials and Methods. The refer-
ence sequences were obtained by dideoxynucleotide chain termina-
tion method with the end-labeled 35-mer primer and plasmid
pRK21407. RNA for primer extension was isolated from strains
containing the following plasmids: pRK21407 (lanes 1 and 2 [lane 1
has one-fifth the amount in lane 2]), pRK21407 and pRK21408 (lane
3), pRK21413 (lane 4), pRK21413 and pRK21408 (lane 5), pCH8
(lane 6), untreated 32P-labeled 35-mer primer (lane 7), and untreated
32P-labeled bla primer (lane 8).

confirm that the klbC::Tn7 mutation does not alter the lethal
phenotype of the kilB region, we transferred it by homolo-
gous recombination to the kilB+ plasmid pRK2135, which
carries the same SalI-to-KpnI region (coordinates, kb 14.0 to
23.8) that is present on pRK2709 (Fig. 2). The resulting
plasmid (pRK21430), which is identical to pRK2135 except
for the Tn7 insertion in klbC, is Kil+, as expected (data not
shown).

Plasmid pRP101 is defective in conjugal transfer (Tra-)
and surface exclusion (Eex-). Cells carrying pRP101 are
also resistant to the bacteriophage PRD1 (Dps-) (73), which
normally infects RK2- or RP4-containing cells and is thought
to adsorb to the IncP sex pilus (93) (Table 3). The only genes
known to be responsible for surface exclusion are eexA and
eeuxB, located approximately 6 kb downstream of klbC (50,
52). This intervening region is known to contain genes for
conjugal transfer and phage sensitivity (10). To determine
whether the phenotypes associated with the Tn7 insertion
(i.e., Eex-, Tra-, and Dps-) result from a loss of klbC or
from a polar effect on the expression of downstream genes,
we tested the ability of klbC to complement pRP101 in trans.
Plasmid pRK2135 carries kibA, klbB, and klbC and a region

TABLE 2. G+C composition of ORFs in the kilB region

% G+C content

ORF Base position in codon Coding
1 2 3 region

RK2 averagea 66.3 45.4 70.0 63.9
klbA 63.6 41.8 77.3 60.9
klbB 65.1 46.6 80.1 63.9
klbC 58.6 45.2 76.9 60.3
ORF4 56.6 40.2 65.6 54.1

a Values are the averages for genes of RK2 and RK2-like plasmids whose
proteins have been identified (11, 25, 36, 41, 42, 50, 76, 95, 97, 100, 111).

TABLE 3. Phenotypes and complementation analysis of pRP101
and pRK21418

Relative Relative entry PRD1
Test plasmid(s) transfer exclusion EOPc

efficiency' indexb

None 1.0 <10-7
RK2 1.0 0.03 1.0
pRP101 < 10-5 1.4 < 10-7
pRP101 + pRK2135 <10-5 0.6 <10-7
pRK21418 <10-5 0.05 < 10-7
pRK21418 + pRK21416 11.0 1.0

a The recA donor strains contained the test plasmid(s). Transfer efficiency
is the ratio of transconjugants per milliliter to donors per milliliter. Relative
transfer efficiency is normalized to the transfer efficiency of the RK2-
containing strain.

b Recipient strains contained the test plasmid(s). Entry exclusion index is
the ratio of transconjugants per milliliter to recipients per milliliter. Relative
entry exclusion index is normalized to the entry exclusion index of the
plasmidless strain.

c EOP, efficiency of plating. EOP is the number of PFU of PRD1 on each
strain relative to that of the RK2-containing strain.

of approximately 4 kb downstream of klbC, but it does not
include eexA or eexB, which are located 2.6 kb further
downstream (49), and is unable to confer a surface exclusion
phenotype (data not shown). We tested the ability of
pRK2135 to complement the pRP101 transfer defect, PRD1
resistance, and entry exclusion defect in a recA host (Table
3). The results show that pRP101 is unable to transfer, even
in the presence of pRK2135. Surface exclusion was indicated
by the reduced ability of the IncP transfer system to mobilize
the compatible IncQ plasmid pBK1 to recipients containing
RK2. Table 3 shows that pBK1 was mobilized into an
RK2-containing strain 30-fold less efficiently than into the
plasmidless strain. In contrast, pBK1 was transferred to
strains containing pRP101 alone or pRP101 and pRK2135
with efficiencies similar to that of the plasmidless recipient.
We also tested these strains for sensitivity to bacteriophage
PRD1. Only the RK2-containing strain allowed the forma-
tion of plaques by PRD1.
These results show that none of the defects of pRP1O1 is

complemented by pRK2135 and that the multiple effects of
the Tn7 insertion in pRP101 most likely result from a polar
effect on the expression of downstream genes. Thus, the kilB
operon is predicted to extend for a considerable distance
beyond klbC and include Tra2 region genes required for
conjugal transfer, surface exclusion, and phage sensitivity.
To confirm the role of the kilB locus in conjugal transfer,

we constructed an RK2 derivative, pRK21418, that contains
an insertion within the klbA gene and examined its pheno-
type with respect to conjugal transfer, entry exclusion, and
PRD1 sensitivity. We found that pRK21418 is transfer-
defective and resistant to PRD1 (Table 3). However, unlike
pRP101, pRK21418 expresses surface exclusion. The Eex+
phenotype of pRK21418 suggested that the insertion is
nonpolar on the expression of eexA and eexB and that the
Tra- and Dps- phenotypes should be complementable by
kibA in trans (pRK21416). The results in Table 3 confirm this
prediction and demonstrate that kibA, the first gene of the
kilB operon, is required for conjugal transfer and phage
sensitivity of RK2.

DISCUSSION

Genetic, molecular, and nucleotide sequence analyses of
the kilB region were used to identify and characterize the
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first three genes of the kilB operon, designated kibA, klbB,
and klbC. The nucleotide sequence also revealed a fourth
ORF between the kilB and trfA promoters, which was
recently identified as the trbA gene (37, 48). We determined
that (i) transcription initiates 46 nucleotides upstream of
kibA, (ii) KorB regulation of kilB requires a KorB-binding
site located 183 bp upstream, (iii) klbB is required for the
host-lethal phenotype of the kilB operon, (iv) kibA is re-
quired for conjugal transfer, and (v) the kilB operon is likely
to be a large transcriptional unit encompassing genes of the
Tra2 region involved in conjugal transfer and surface exclu-
sion. Both kilB and the replication initiator gene, trfA, are
regulated as part of the kil-kor regulon of plasmid RK2.
Therefore, the kil-kor regulon is a unique example of plas-
mid-mediated coregulation of conjugal transfer and vegeta-
tive replication.
The amino acid sequences of the predicted polypeptide

products of kibA, klbB, and klbC are shown beneath the
nucleotide sequence in Fig. 3. There are two potential
in-frame translational start sites in kibA. The GTG at posi-
tion 739 and the ATG at position 802 are both preceded by
potential ribosome-binding sites. Initiation of translation
would result in polypeptides with molecular masses of
34,995 and 32,465 Da, respectively. Evidence has been
presented recently in favor of the GTG start (62). The
predicted amino acid sequence of KlbA shows an ATP-
binding site motif (Fig. 3). In addition, the sequence has
possibly significant homology (30% identity and 52% simi-
larity) to the product of virBIl, a gene of Agrobactenium
tumefaciens Ti plasmids involved in transfer of T-DNA to
plant cells (106). These properties have also been noted by
Motallebi-Veshareh et al. (62). The product of klbB is
predicted to be a 145-amino-acid polypeptide with a molec-
ular mass of 15,012 Da. Hydrophobicity analysis of the
amino acid sequence suggests that KlbB has three potential
membrane-spanning domains (data not shown). The KlbB
polypeptide displays 36% identity and 61% similarity to the
RK2 membrane protein KlaC, the product of the lethal kWaC
gene of the kiL4 operon (28, 105). The klbC product is
predicted to be a basic, 103-amino-acid polypeptide with a
mass of 12,085 Da. The klbC gene ends with a TGA stop
codon that overlaps the ATG start codon of another ORF,
indicating that the kilB operon contains at least one addi-
tional gene. This overlapping start-stop motif, which sug-
gests the possibility of translational coupling (1, 69), is
common to several adjacent RK2 genes, including korA and
incC2 (97), incC and korB (41), kiaB and kiaC (28), traI and
traG, traG and traF, traL and traM (111), andparB andparC
(25, 75). The nucleotide sequence (Fig. 3) was compared
with the recently completed Tra2 sequence of IncP plasmid
RP4 (49); the RK2 sequence presented here is identical to
that of the comparable region of RP4.
Our analysis of the deduced amino acid sequence of KlbC

revealed a perfect match to the leucine zipper motif, Leu-
6X-Leu-6X-Leu-6X-Leu, known to be involved in protein-
protein interactions of several eukaryotic proteins (45).
Chiral wheel analysis predicted the putative KlbC leucine
zipper to have the amphipathic property of known functional
eukaryotic leucine zippers. There are few examples of the
leucine zipper motif in prokaryotic proteins. The only other
reported perfect match to the leucine zipper motif occurs in
the MetR activator protein of E. coli (57). In this case, the
leucines in the heptad repeat regions were shown to be
involved in the formation of a DNA-binding homodimer.
Leucine heptad repeats are also important in the formation
of tetramers of Lac repressor (2) and intramolecular inter-

actions within or" (80) and have been postulated to be
involved in interactions of plasmid replication initiators (26).
The putative leucine zipper in KlbC might therefore be
involved in the interaction of KlbC monomers with each
other or with other proteins. At present, we have no evi-
dence for the biochemical function of KlbC. Given that most
known leucine zipper proteins bind DNA (104), there is
reason to consider the possibility that KlbC is a DNA-
binding protein. Although KlbC displays no obvious DNA-
binding motif, such as the zinc finger or helix-turn-helix (70),
its leucine zipper region, like that of the MetR regulatory
protein (57), is followed by a basic region. Another possibil-
ity is that KlbC participates in the formation of protein
complexes needed for the assembly of the sex pilus, which is
considered a major function of the Tra2 region (10, 48, 71).
Our results do not support the conclusion of Motallebi-

Veshareh et al. (62) that the first gene of the kilB operon is
responsible for the host-lethal (Kil') phenotype of the kilB
region. The deletion analysis presented in the present study
shows that (i) kibA is not sufficient for killing host cells and
(ii) at least some of the klbB structural gene is required.
Since the polar klbC::Tn7 of pRP101 does not abolish the
Kil+ phenotype, the portion of the kilB operon that includes
kibA and klbB constitutes the host-lethal kilB determinant.
When we first reported the existence of kilB, we noted that

it was the only kil determinant not excluded from a role in
conjugal transfer (22). Lessl et al. (50) were the first to
propose that the kilB operon is responsible for the expres-
sion of transfer genes in Tra2. They identified the eexA and
eenxB genes for surface exclusion by plasmid R18 but de-
tected no promoter-like sequences in the immediate up-
stream region. In addition, they found that a Tn7 insertion
several kilobases upstream abolished the surface exclusion
phenotype and suggested that the insertion blocked expres-
sion of the eex genes from the kilB promoter. Recently,
Motallebi-Veshareh et al. (62) presented the nucleotide
sequence of the first gene of the kilB operon and showed
evidence that this gene is required for conjugal transfer. The
transfer-defective phenotype of the kibA mutant constructed
in the present study and its ability to be complemented in
trans is consistent with their results. In addition, we have
identified two other genes of the kilB operon, klbB and klbC,
located directly downstream of kibA and found that a Tn7-
insertion in klbC is responsible for the transfer-defect and
absence of surface exclusion exhibited by plasmid pRP101.
Additional evidence supporting the possibility that the kilB
promoter expresses the transfer genes in the Tra2 region was
recently provided by Lessl et al. (48). They found by
electron microscopy that the only detectable RNA poly-
merase-binding sites in the Tra2 region were upstream of the
first gene of the kilB operon. In addition, it has recently been
shown that the only occurrences of possible cr0 promoter
sequences are upstream of the kibA counterpart in RP4 (49).
All of these results stand in contrast to those of Palombo et
al. (71), who deduced the existence of at least six operons in
the Tra2 region, on the basis of partial complementation of
transposon Tn5-induced mutations that were assumed to be
polar. The results presented here showing polarity from the
Tn7 insertion of klbC suggest that the TnS insertion muta-
tions described by Palombo et al. (71) were not completely
polar on the expression of downstream genes. Our results
therefore support the conclusion that the kilB operon ex-
tends through the Tra2 region and includes genes for conju-
gal transfer and surface exclusion. We do not know whether
the kilB promoter is the only promoter involved in the
expression of Tra2 genes. Although the evidence suggests
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that there are no promoters downstream of the kilB pro-
moter, it is possible that the upstream trbA promoter also
participates in the expression of the operon.
The trbA gene located between the kilB and trfA promot-

ers (Fig. 3) may be involved in conjugal transfer (48), and its
overexpression leads to reduction in the expression of trfA
and kilB operon fusions (37). Its role in the regulation of
transfer and the kilB host-lethal determinant is not yet
known. Our results demonstrate that trbA is insufficient to
control the kilB determinant because kilB+ plasmids that
also contain trbA are Kil', unless KorB is present in the cell
(Fig. 2). Our studies also show that regulation of the kilB
promoter does not require trbA, since KorB is able to reduce
transcription from the kilB promoter in the absence of trbA
(Fig. 6). However, it is possible that trbA is important for
regulation of the kilB operon. This may explain why we (101)
and others (46) have not been able to mutate trbA in kilB+
plasmids, even in the presence of KorB.
The transcriptional start site of the kilB operon, deter-

mined by primer extension analysis, is located 46 nucle-
otides upstream of a potential kibA start codon. This start
site follows two overlapping sequences (p2 andp3) predicted
to be reasonable aC70 promoters by the matrix analysis of
Hawley and McClure (32). Recently, Lessl et al. (48)
mapped RNA polymerase-binding sites in the Tra2 region by
electron microscopy and predicted that the sequence corre-
sponding to p3 is the kilB promoter. Our results are consis-
tent with this prediction. However, while p3 has better
spacing to the transcriptional start site, p2 is calculated by
the Hawley-McClure analysis to be a stronger promoter. We
have not yet determined which of these overlapping se-
quences is the functional promoter. Nevertheless, the tran-
scriptional start does not correspond to the p1 sequence,
which was predicted to be the kilB promoter by Smith et al.
(90) and by Motallebi-Veshareh et al. (62). p1 scores signif-
icantly lower than p2 and p3 in the Hawley-McClure analy-
sis, and our experiments showed no evidence of transcrip-
tion initiating from pl. We conclude that the kilB promoter
must bep2 or p3.
Our finding that transcripts initiating from the kilB pro-

moter are less abundant in cells expressing KorB is consis-
tent with evidence from operon fusions that KorB controls
gene expression by functioning as a transcriptional repressor
(12, 22, 36, 85, 88, 94, 109). The 39-kDa KorB protein (12,
41, 95) exists as a dimer in solution and recognizes the
palindromic DNA sequence 5'-I'ITAGC(G/C)GCTAAA-3'
(8). This sequence occurs at least 12 times in the RK2
genome, but only four occurrences have been clearly impli-
cated in gene regulation. In the trfA, kilA, and korA promot-
ers, the KorB box is located 4 bp upstream of the -35
sequence (90, 110). Presumably, when KorB is bound to this
site, RNA polymerase is prevented from interacting with the
promoter. In the kffrA promoter, the KorB box is positioned
39 nucleotides upstream of the -35 sequence for the primary
promoter and overlaps the -10 region of a possible second
promoter (36, 100). In this case, KorB regulation of kfrA
expression depends on the presence of the KorF proteins. It
has been proposed that the DNA is wrapped around the
histone-like KorF proteins such that KorB is brought into
close proximity to the RNA polymerase-binding site (36).
Surprisingly, the closest KorB box to the kilB promoter is
located 183 bp upstream of the transcriptional start site, and
deletion of this KorB box abolishes regulation of kilB tran-
scription by KorB. In addition, KorB alone is sufficient to
reduce transcription from the kilB promoter. It seems un-
likely that a KorB dimer bound to this site alone would

sterically block the binding of RNA polymerase to the kilB
promoter. We envisage two possible models to explain the
regulation of kilB transcription by KorB. (i) The upstream
region contains an enhancer of transcription, and the activity
of the enhancer is blocked by binding of KorB to the region.
Indeed, we find that deletion of the region upstream of -163,
which includes the KorB box, results in reduced expression
from the kilB promoter. However, additional studies will be
required to test whether the lower activity results from the
loss of specific RK2 sequences upstream of the kilB pro-
moter. (ii) KorB directly inhibits initiation of transcription at
the kilB promoter. This could be accomplished by the
looping of DNA to allow KorB bound to the upstream target
to interact with the RNA polymerase directly or with the
promoter. There is considerable precedent for the involve-
ment of DNA loops in transcriptional regulation (56, 81).
Efficient regulation of the E. coli lac promoter requires DNA
looping by tetrameric Lac repressor which is bound simul-
taneously to an operator within the promoter (O1) and a
second lower-affinity operator located 92 bp upstream (03)
or 401 bp downstream (02) (66). Examination of the kilB
sequence shows that the kilB promoter contains a partial
KorB box with a perfect match to one arm of the palindrome
and three matches in the remaining seven nucleotides of the
binding site (Fig. 3). In addition, Balzer et al. (8) have
presented evidence that tetramers of KorB may interact with
the KorB box. Binding of a tetramer to the upstream KorB
box would dramatically increase the local concentration of
KorB. Thus, with DNA looping, even the lower-affinity
partial KorB box may be occupied, such that binding of
RNA polymerase to the kilB promoter is inhibited. We are
currently testing the prediction that mutations in the partial
KorB box will reduce or eliminate sensitivity to KorB.
The arrangement of KorB boxes in the region that con-

tains the divergent trfA and kilB promoters suggests other
possibilities for their coordinated regulation. The upstream
KorB box involved in kilB regulation is also 451 bp upstream
of another KorB box in the trfA promoter (Fig. 3). If a KorB
tetramer were to interact with these two targets, then tifA
expression would be inhibited, while kilB expression would
be favored. Alternatively, a tetramer of KorB might simul-
taneously block both trfA and kilB expression by interacting
with the KorB box within the trfA promoter and the partial
KorB box within the kilB promoter. We are currently
investigating these possibilities.
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