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The KorB and TrbA proteins of broad-host-range plasmid RK2 are key regulators of the plasmid genes
required for conjugative transfer. rbBp is the primary promoter responsible for expression of mating pair
formation genes. We show that despite the targets for KorB and TrbA at ¢trbBp being about 165 bp apart, 189
bp upstream of the transcription start point and overlapping the —10 region, respectively, these two proteins
show up to 10-fold cooperativity for the repression of trbBp. Deletion analysis of TrbA showed that the C-
terminal domain (CTD), which has a high degree of sequence conservation with the CTD of KorA, is required
for this cooperativity with KorB. Western blotting demonstrated that the apparently mutual enhancement of
repression is not due simply to elevation of repressor level by the presence of the second protein, suggesting
that the basis for cooperativity is interaction between KorB and TrbA bound at their respective operators.

The self-transmissible, broad-host-range plasmid RK2 (in-
distinguishable from RP4 and RP1) has been studied in great
detail (17). Its replication, partitioning, and transfer functions
show many features of interest, but its most striking aspect is
the complex regulatory circuitry which coordinates expression
of the genes for all these basic functions. The regulatory pro-
teins responsible for this coordination are KorA and KorB,
encoded in the central control operon; KorC, encoded in the
klc operon; and TrbA, encoded before the #b operon. The
study described in this paper focused on the interactions be-
tween KorB and TrbA at #bBp (Fig. 1), since this is a key point
in regulating the expression of genes for conjugative transfer
(26): trbBp directs transcription of the whole of the #b operon,
which encodes all but one of the genes needed for pilus syn-
thesis and mating pair formation.

KorB binds specifically to twelve places on the plasmid ge-
nome (KorB operators Ogl to Og12) (1, 24), with a hierarchy
of binding affinities (10). Five of these sites (Og4, Og5, Ogz7,
Og8, and Oy9) are within the regions encoding transfer genes,
but none of them are very close to promoters, and only one of
them (Og9) is known to mediate KorB repression of transcrip-
tion. Og9 is 189 bp upstream of #bBp (Fig. 2) (24), and KorB
is a strong repressor of #rbBp (22). It has been proposed that
KorB may cause looping between Og9 and a possible degen-
erate operator overlapping the #rbBp —35 region (22), but this
was excluded as a necessary element for KorB repression (8).
This raises the possibility that KorB bound at a distance from
the promoter makes direct contact with RNA polymerase
through the creation of a DNA loop.
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The binding site for TrbA is not known, but it definitely
represses transcription from the promoters traGp, tralp, traKp
(25), and #bBp (7). Evidence presented in this paper indicates
that the target for TrbA is within the #bB promoter itself,
overlapping the —10 region. In addition to defining the targets
for KorB and TrbA alone more closely and thus making it clear
that these sites are separated by at least 140 bp, we demon-
strate that there is cooperativity between KorB and TrbA and
that this cooperativity depends on a C-terminal domain (CTD)
of TrbA which shows a high degree of conservation with the
CTD of KorA. The results suggest that KorB and TrbA can
interact at a distance and thus have wider significance, because
this leads to hypotheses about the role of the orphan KorB
binding sites in the Tral and Tra2 region and may help to
provide clues to the logic of the regulatory organization of the
RK2 genome.

MATERIALS AND METHODS

Bacterial strains and plasmids. The Escherichia coli K-12 strain used was
C600K (thr-1 leu-6 thi-1 lacYL supE 44 tonA2 galK3) (13). The plasmids used are
listed in Table 1. Bacteria were grown in L broth (9) with shaking at 37°C. Solid
medium was obtained by the addition of agar (1.5% [wt/vol]). Antibiotic resis-
tance was selected by the addition of penicillin G (Pn") (sodium salt at 100 pg/
ml) in liquid medium and 300 pg/ml in solid medium), kanamycin (Km") (50 p.g/
ml), streptomycin (Sm") (30 wg/ml), and tetracycline (Tc") (25 pg/ml).

Isolation of DNA, genetic manipulation, and sequencing. Plasmid DNA was
prepared on both small and large scales by the method of Birnboim and Doly (2)
and, if necessary, by CsCl-ethidium bromide equilibrium density gradient cen-
trifugation. DNA manipulations were carried out by standard techniques (19)
using enzymes according to the manufacturer’s instructions. Sequencing was
performed automatically on an Applied Biosystems 373A DNA sequencer using
a dye terminator kit supplied by the manufacturer.

Primers used for PCR amplification of relevant fragments. The primers used
for PCR amplification were as follows: 1, 5" CGGAATTCATGTACAACCAG
ATATTTTTCACC 3'; 2, 5 GGGAATTCATGTCGGAGAGGGCAGGGGTT
3'; 3,5 GGGAATTCATGACGAAACATGAGCTGTCG 3'; 4,5 GGGTCGA
CTCACGGCACGCTGCTCTTGAAAGG 3'; 5, 5" GGGTCGACTCACGCCT
TATGTGACGGCAAAAC3'; 6, 5" GGGTCGACTCATACGATAAACGCCT
TATG 3"; 7, 5" GGGTCGACTCATTTCTTTACGATAAACGCCT 3'; 8, 5' G
GGTCGACTCAGCCCCATTTCTTTACGAT 3'; 9, 5" GGGTCGACTCAGG
TGTCGTCGCCCCATTTCT 3'; 10, 5" GGGTCGACTCAGAGCCTTCCACG
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FIG. 1. Linear map of the RK2 plasmid showing the main features of its 60-kb genome: transposable elements Tn/ and IS27 (black blocks),
antibiotic resistance markers as indicated in Materials and Methods, origin of vegetative replication (oril’), and two blocks of transfer genes, Tral
and Tra2 (dark grey blocks), including origin of transfer oriT. Arrowheads for oril” and oriT indicate the direction of replication or transfer.
Enlarged are the trfAp-trbAp-trbBp region with the #rbA gene and the central control operon, Ctl. Arrows by trfAp, trbAp, and trbBp indicate
transcription start points and direction of transcription. The arrow above korA indicates the single promoter which is responsible for transcription

of all five cistrons in the central control operon.

CAGCTT 3'; 11, 5" GGGGGATCCGAATTCCGTCGTGCGGTTCGATTAG
C3'; 12, 5" GGAGATCTAGATCTTGCAGGCTCGAGACT 3'; 13, 5' GGGG
ATCCACATTATCGCACAGG 3'; 14, 5 CGGGATCCTGAGCGCGGCCAA
CAGGTCC 3'; and 15, 5 CGGGATCCTTGACCGCGAGGCACTCG 3.

Cloning of pr ter fragments. For mapping of the TrbA binding site and the
KorB secondary binding site, the following plasmids were prepared as described
below. For pMZT37, the BamHI trbBp fragment from pGBT178 was subcloned
into the BamHI site of pPTO1. pGBT178 carries the same fragment as pGBT78
(8), with transposon insertion 104 in position 18594 of RK2 (20, 21) cloned into
pGBT100. For pMZT38, the BamHI trbBp fragment from pGBTA66/78 was
subcloned into the BamHI site of pPTO1. Plasmid pGBTAG66/78 was obtained by
ligating together the BamHI/EcoRI fragments from pGBT78 (EcoRI site with-
in transposon insertion 104) and the BamHI/EcoRI fragment from pGBT66
(EcoRI site within transposon insertion 103) (Fig. 2) and inserting the resulting
BamHI fragment into pGBT100. For pMZT39, the fragment amplified by PCR
with primers 15 and 14 (Fig. 2) on template pMZT51 was cloned as a BglII/
BamHI fragment into pPTO1. pMZT51, which carries RK2 DNA from coordi-
nates 18007 to 18915 (trfA-trbA-trbBp) cloned as a BamHI fragment into pPTO1,
has mutations in the putative secondary KorB operator overlapping the trbBp
—35 region. Mutation changes CTTGCAGGCTAAAC to CTTGCAGGCTC
GAG (—35 region in bold) and introduces an Xhol site. The mutation was
obtained by site-directed mutagenesis on a pMZT15 (26) template with primer
5" GTCTTGCAGGCTCGAGACTTTCGGTATATCG 3'. For pMZT40, the
trbBp BamHI fragment from a pGBT278 derivative in which the DNA upstream
of the 104 insertion site (Fig. 2) had been deleted was subcloned into the BamHI
site of pPTO1. For pMZT41, the fragment amplified by PCR with primers 11 and
14 (Fig. 2) was cloned into the BamHI site of pPTO1. For pMZT42, the fragment
amplified by PCR with primers 12 and 13 (Fig. 2) was cloned as a Bg/II/BamHI
fragment into the BamHI site of pPTO1. Primer 12 carries a mutation in the
putative degenerate KorB operator identical to that in pMZT51. This mutation
does not change the sensitivity to either KorB or TrbA and was used because it
introduces an Xhol site, which is convenient for future purposes.

Construction of plasmids overexpressing truncated derivatives of TrbA. Plas-
mids pMZT43 to pMZT50 were constructed using fragments amplified from the
pMZT24 DNA template by PCR with primers 1 + 9,1 +8 1+ 7,1+ 6,1 +
5,1+ 4,2+ 10, and 3 + 10, respectively (Fig. 2). The fragments were purified
and cloned into the EcoRI/Sall sites on pGBT30 (6). TrbA was expressed from
tacp induced with IPTG (isopropyl-B-p-thiogalactopyranoside).

PCRs. Reactions were performed using standard procedures (16), with pa-
rameters as follows: a 5-min denaturation at 96°C followed by 25 rounds of
temperature cycling (96°C for 15 s, 55°C for 30 s, 72°C for 90 s) and a final 5-min
step at 72°C. Routinely, 10 pmol of each primer was used with 50 ng of template
and 1 U of Taq polymerase in 50 wl of reaction buffer as recommended by the
manufacturer (Northumbria Biologicals Ltd.). Amplified fragments were puri-
fied by electroelution and digested with the appropriate enzyme(s) before clon-
ing. The identity of the inserted fragment was confirmed by DNA sequencing.

Measurement of XylE activity. The level of xylE expression was determined by
an enzymatic assay of catechol 2,3-oxygenase activity in overnight and logarith-

mically growing bacteria using the method of Zukowski et al. (27). One unit is
defined as the amount of enzyme necessary to convert 1 mmol of substrate to
product in 1 min under standard conditions. The XylE units presented in the
tables were normalized for differences in reporter plasmid copy number. This
was done by isolating plasmid DNA from each culture used in the assay, followed
by digestion with a restriction enzyme, separation on an agarose gel, and deter-
mination of relative band intensity with Imagequant software on a phosphorim-
ager. Protein concentration was determined by the Biuret method (3).

Measurement of promoter activity by Northern blotting. Total RNA was
isolated from 12-ml cultures of logarithmically growing bacteria. Pellets were
quick-frozen in liquid nitrogen prior to extraction. Bacteria were resuspended in
200 pl of lysis buffer (0.02 M sodium acetate [pH 5.5], 0.5% sodium dodecyl
sulfate [SDS], 1 mM EDTA), and then 200 pl of acid phenol was added. Samples
were vortexed and then incubated at 60°C for 5 min. Phenol and aqueous phases
were separated by centrifugation, and the aqueous phases were reextracted with
hot phenol a further two times. Sodium chloride was added to 0.5 M, and the
RNA was allowed to precipitate at —20°C for 1 h after the addition of 3 volumes
of 100% ethanol. After centrifugation the RNA pellet was washed twice with
70% ethanol. Twenty micrograms of each RNA sample was fractionated on a
formaldehyde denaturing gel (1.2% agarose) (19). Fractionated RNA was blot-
ted onto a nylon membrane in a 20X SSC transfer buffer (1 SSCis 0.15 M NaCl
plus 0.015 M sodium citrate) and UV cross-linked to the membrane. A 32P-
labeled xy/E DNA probe was hybridized to the membrane overnight at 68°C in
7% SDS-0.25 M phosphate buffer (pH 7.2)-10 mM EDTA, followed by two
15-min washes in 2X SSC-0.1% SDS at 68°C. Hybridization signal intensity for
each lane was determined using a phosphorimager and Quantity One software
(Bio-Rad Laboratories).

Antibody preparation. Rabbit polyclonal antibodies against KorB and TrbA
were prepared as described previously for antibodies against KorA (5).

Western blot analysis. The protein extracts were prepared as described for the
XylE assay, and proteins were separated by SDS-20% polyacrylamide gel elec-
trophoresis according to the method of Sambrook et al. (19). The proteins were
electrotransferred onto nitrocellulose filters at 50 mA overnight according to the
method of Sambrook et al. (19). The filters were used directly for Western
blotting with a Bio-Rad detection kit.

RESULTS

KorB cooperates with TrbA in repression of rbBp. It was
previously observed that both KorB and TrbA are necessary
to fully repress rbBp (26). To test whether there is cooperat-
ivity between these two repressors when both are present we
constructed strains carrying three compatible plasmids: a re-
porter plasmid carrying #rbBp linked to xy/E (pGBT63), a plas-
mid overproducing TrbA (pMZT24) or the relevant control
(pGBT30), and a plasmid overproducing KorB (pDM1.21)
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FIG. 2. Sequence of the trfAp-trbAp-trbBp region. Coordinates refer to the complete sequence of RK2, available as GenBank accession no.
LZ7758. —35 and —10 regions of relevant promoters are indicated. O,, KorA operator; Oy, KorB operator; SD, Shine-Dalgarno sequence.
Asterisks and alternative letters show mutations in either the putative degenerate KorB operator (first three, from left to right) or in the —10 region
of the trbBp region (fourth and fifth). The primers used for amplification of promoter fragments and TrbA deletions by PCR (described in
Materials and Methods) correspond to the following coordinates: 1, 18190 to 18212; 2, 18259 to 18278; 3, 18242 to 18263; 4, 18449 to 18431; 5,
18498 to 18477; 6, 18506 to 18489; 7, 18514 to 18493; 8, 18518 to 18501; 9, 18527 to 18508; 10, 18554 to 18534; 11, 18716 to 18735; 12, 18742 to
18759; 13, 18790 to 18776; 14, 18915 to 18896; and 15, 18397 to 18414. orf, open reading frame.
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TABLE 1. Plasmids used in this study

Plasmid Size (kb) Replicon Selective marker” Description Reference
pGBT30 6.3 pMBI1 Pn* Expression vector 6
pGBT63 10.6 pSC101 Km* trbBp-xylE 7
pGBT66 10.6 pSC101 Km" trbB-xylE, transposon insertion 103 8
pGBT100 6.3 pMB1 Pn" Dual xylE-galK promoter probe 4
pGBT178 8.8 pMB1 Pn* trbBp-xylE, transposon insertion 104 This study
pGBT278 8.8 pMBI1 Pn* trbBp-xylE, transposon insertion 104 This study
pGBTA66/78 8.7 pMB1 Pn* trbBp-xylE, deletion between transposon insertions 103 and 104 This study
pPTO1 10.1 pSC101 Km" xylE promoter probe 23
pDM1.2 14.0 IncQ Sm’ Expression vector 12
pDM1.21 14.0 IncQ Sm* KorB overexpression 12
pMZT11 11.0 pSC101 Km" trfA trbA trbB xylE 26
pMZT14 10.6 pSC101 Km* trbBp-1-xylE 26
pMZT15 8.0 M13 mp8RF Substrate for site-directed mutagenesis 26
pMZT24 6.6 pMB1 Pn* TrbA (wt) overexpression 26
pMZT37 10.6 pSC101 Km* trbB-xylE, transposon insertion 104 This study
pMZT38 10.5 pSC101 Km* trbB-xylE, internal deletion between insertions 103 and 104 This study
pMZT39 10.6 pSC101 Km" trbB-xylE, mutation in putative degenerate KorB operator This study
pMZT40 10.4 pSC101 Km" trbB-xylE (RK2 coordinates 18594 to 18915) This study
pMZT41 10.3 pSC101 Km" trbB-xylE (RK2 coordinates 18715 to 18915) This study
pMZT42 10.2 pSC101 Km* trbB-xylE (RK2 coordinates 18742 to 18790) This study
pMZT43 6.6 pMBI1 Pn’ TrbA-CA8 This study
pMZT44 6.6 pMB1 Pn* TrbA-CAl11l This study
pMZTA45 6.6 pMB1 Pn" TrbA-CA13 This study
pMZT46 6.6 pMB1 Pn* TrbA-CA15 This study
pMZT47 6.6 pMBI1 Pn* TrbA-CA18 This study
pMZT48 6.6 pMBI1 Pn’ TrbA-CA33 This study
pMZT49 6.6 pMB1 Pn* TrbA-NA18 This study
pMZT50 6.6 pMB1 Pn* TrbA-NA23 This study
pPMZT51 11.0 pSC101 Km* trfA trbA trbB (18007 to 18915) This study

“ Pn", resistance to penicillin G; Km?, resistance to kanamycin; Sm", resistance to streptomycin.

or the relevant control (pDM1.2) (Table 2). Both the trbA
(pMZT24) and KorB (pDM1.2.1) open reading frames were
cloned under the control of the fac promoter so that their
expression could be simultaneously induced with IPTG. The
activity of the reporter xy/E was measured in the presence of
either TrbA and KorB together or TrbA or KorB alone (Table
2). The repression (R) in the presence of both TrbA (A) and
KorB (B) was much greater [R(AB) = 203.5-fold] than in the
presence of TrbA only [R(A) = 2.3-fold] or KorB only
[R(B) = 8.3-fold]. It was also much greater than the product of
the repression indices of both proteins [R(A) X R(B) = 19.1-
fold], which would be expected for the situation where the two
repressors act independently of each other.

The in vivo cooperativity index (CI) was calculated as de-
scribed by Kostelidou et al. (11) as a ratio of experimentally
obtained repression in the presence of both proteins [R(AB)]
to the product of the repression indices of individual proteins
[R(A) X R(B)], so CI = R(AB)/[R(A) X R(B)]. The CI re-
veals the degree of enhancement of repression activity that the
two repressors can achieve when they act together. Table 2
shows that for assays performed on logarithmically growing
cultures, CI = 10.7, which means that the repression by TrbA
and KorB is 10.7-fold stronger than the product of their in-
dividual repression indices. The simplest explanation is that
there is cooperative interaction between them.

The results presented in Table 2 for logarithmically growing
bacteria were obtained in the presence of 0.05 mM IPTG. At
this low concentration the repression by KorB and TrbA indi-
vidually is 8.3- and 2.3-fold, respectively. At higher IPTG con-
centrations a greater repression was observed for both TrbA
and KorB alone, but since the residual promoter activity was
very low we could not calculate accurately the degree of en-

hancement that the repressors can achieve together. Similar
experiments were done on stationary-phase cultures using 0.03
mM IPTG (Table 2). A very strong repression was again ob-
served in the presence of both proteins, and the CI was calcu-
lated to be 6.19.

Since it is possible that the XylE activity measured does not
give an accurate picture of transcription from the promoter
(for example, if the relationship between enzyme activity and
mRNA level is significantly nonlinear), we checked these re-
sults by Northern blotting followed by phosphorimager quan-
titation as described in Materials and Methods. An E. coli
(strain C600) control was included on the Northern blot to
allow for subtraction of nonspecific background hybridization
from the values obtained. The mRNA hybridization values
reported in Table 2 were normalized for differences in reporter
plasmid copy number as described for measurements of XylE
activity. We also used the same cultures in parallel for XylE
assays. The results showed that while the apparent level of
cooperativity was different between the two methods, a signif-
icant level of cooperativity was confirmed by the Northern
blotting. This figure may be on the conservative side, because
when a strain carrying the reporter plasmid without an inserted
promoter was used as a negative control it actually gave a
signal higher than the repressed level of mRNA from #bBp.
This led to a calculated mRNA level of zero or less, which gives
a level of cooperativity of >20.

KorB represses trbBp at a distance. The identified KorB
binding site in the #bBp region, Oy9, lies 189 bp upstream of
the #bBp transcription start point, and binding of purified
KorB at this site has been explored in vitro (8). In thinking
about KorB-TrbA cooperativity it was important to explore the
constraints on the KorB action on #bBp in vivo. To test the
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TABLE 3. Mapping of sites needed for repression of #bBp by KorB and TrbA“

KorB?

TrbA?

Reporter Overnight culture Logarithmic culture Overnight culture Logarithmic culture
plasmid Presence (+) or (+ 0.05 mM IPTG) (+ 0.5 mM IPTG) Presence (+) or (+ 0.05 mM IPTG) (+ 0.5 mM IPTG)
absence (—) of repressor absence (—) of repressor
XylE units” R¢ XylE units® R¢ XylE units® R¢ XylE units® R¢
pGBT63 + 0.53 24.3 0.053 48.9 + 0.84 18 0.39 3.54
- 12.9 2.59 - 15.1 1.38
pGBT66 + 0.21 31.4 0.032 59.6 + 0.81 14.7 0.34 4.3
- 6.6 1.91 - 11.9 1.46
pMZT37 + 0.23 22.6 0.025 78.8 + 0.93 12.7 0.25 3
- 52 1.97 - 11.8 0.74
pMZT38 + 0.22 31.3 0.02 112 + 0.8 14.4 0.23 5.04
- 6.9 2.24 - 11.5 1.16
pMZT39 + 0.29 19.3 0.025 96 + 0.99 13.9 0.43 3.6
- 5.6 2.4 - 13.8 1.56
pMZT14 + 0.009 38.9 0.0045 37.8 + 0.45 1.0 0.06 1.5
- 0.35 0.17 - 0.45 0.09
pMZT40 + 4.22 1.2 0.94 2.6 + 0.77 15.1 0.27 39
- 5.0 2.45 - 11.6 1.05
pMZT41 + 431 1.2 1.1 1.8 + 0.45 17 0.24 5.6
- 5.1 2.01 - 7.64 1.34
pMZT42 + 3.27 1.4 0.82 2.1 + 0.93 17.5 0.12 7.3
- 4.6 1.74 - 16.3 0.84

“ Results come from at least three experiments. The RK2 DNA present in the reporter plasmids is shown in Fig. 3.

> KorB was expressed by plasmid pDM1.21, while the expression vector pDM1.2 was used to replace it for the no-repressor control.
¢ Repression ratio, calculated as XylE units with repressor/XylE units without repressor.

4 TrbA was expressed by plasmid pMZT24, while the expression vector pGBT30 was used to replace it for the no-repressor control.
¢ For clarity, the standard deviation values, which were generally in the same range as shown in the other tables, were omitted.

derivatives were repressed by TrbA at least 13-fold in over-
night cultures, which is similar to the repression of the full-
length promoter fragment (pGBT63), which was repressed 18-
fold. Even pMZT42, which includes only a 50-nucleotide-long
trbBp region, was still 17-fold repressed by TrbA. The results
obtained in logarithmic cultures were similar, except that the
repression was much lower (Table 3). This indicates that the
TrbA target is adjacent to or within the promoter sequence.
Further definition was provided by the fact that pMZT14,
which has two nucleotides changed within the #bBp —10 re-
gion (Fig. 2) (26), is not sensitive to TrbA repression (Table 3).

Cooperation between KorB and TrbA in repression of trbBp
depends on the presence of their binding sites. Since there is
some hint that KorB may still repress t7bBp very weakly when
OgY is deleted, it was possible that the cooperativity between
TrbA and KorB might not require Og9. Therefore we tested all
the plasmids previously used for mapping of TrbA and KorB
binding sites for cooperativity in the three-plasmid system, as
described above. As shown in Fig. 3, cooperative repression by
KorB and TrbA is only possible when both Ogz9 and an intact
—10 region of #rbBp are present. If Oy9 is removed or if the
putative target for TrbA in the —10 region is mutated, KorB
and TrbA no longer give cooperative repression of trbBp.
Therefore, both KorB and TrbA must bind their normal tar-
gets to achieve cooperative repression.

The C terminus of TrbA is essential for cooperativity to
occur. Cooperativity between KorB and another RK2 repres-
sor, KorA, has recently been described (11). The C-terminal,
basic region of KorA was found to be essential for this inter-
action. Since the C-terminal regions of KorA and TrbA are
highly conserved, showing 76% similarity (55% identity) over a
29-residue overlap (Fig. 4), we determined whether the C-ter-
minal region of TrbA is also important for cooperative inter-

action with KorB. For this purpose, a series of C-terminal
deletions of TrbA was prepared (Fig. 4). pMZT48, which has
33 amino acids removed from its C terminus, lacks all of the
basic, conserved region. pMZT47, which has 18 amino acids
removed, lacks about half of the conserved region. pMZT46,
pMZT45, pMZT44, and pMZT43 lack 15, 13, 11, and 8 amino
acids, respectively.

We tested the ability of C-terminally truncated TrbA pro-
teins to repress #rbBp by introducing each of the deletion de-
rivatives in frans to the pGBT63 reporter plasmid (Table 4).
XylIE assays showed that all TrbA deletion derivatives were
able to repress #rbBp. TrbA with 8 amino acids removed
showed almost wild-type repression levels (4.1-fold in logarith-
mic cultures, 15.8-fold in overnight cultures), whereas the de-
letion of 15 amino acids showed the weakest repression (1.7-
fold in logarithmic cultures, 3.5-fold in overnight cultures). All
the other deletions tested showed intermediate levels of re-
pression (Table 4).

To determine whether the variation in effect of these TrbA
derivatives was due to the concentration of each protein after
induction we checked the protein levels by Western blotting on
cleared lysates of cultures previously used in XylE assays. An-
tibodies were prepared, and Western blotting was performed
as described in Materials and Methods. The results are pre-
sented in Fig. 5. Expression levels of wild-type (wt) TrbA
(pMZT24), TrbA-CA8 (pMZT43), TrbA-CA13 (pMZT45),
and TrbA-CA18 (pMZT47) were very similar, whereas expres-
sion of TrbA-CA15 (pMZT46) and TrbA-CA33 (pMZT48) was
weaker. TrbA-CA1l (pMZT44) seems to be quite unstable
since it is detected as two bands on the Western blot.

We tested all TrbA deletion derivatives for the ability to
cooperate with KorB for the repression of trbBp. Cooperativity
was tested in vivo in the three-plasmid system, and the CI was
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FIG. 3. Genetic analysis to determine whether the presence of both TrbA and KorB binding sites are necessary for cooperative repression of
trbBp. Arrows indicate trbBp which is fused to xy/E. M1, mutations in the putative degenerate KorB operator (Fig. 2); M2, mutation in the —10
region of #rbBp which also reduces sensitivity to trbA repression (Fig. 2); Og9, the known KorB operator; 103 and 104, EcoRI sites in a 35-bp
segment left as a result of Tn7723 transposon insertion followed by deletion of the internal EcoRI fragment which is defined by EcoRI sites 15
bp from each end of the transpsoson (20). c.i., cooperativity in vivo index when KorB was expressed from pDM1.21 (pDM1.2 as control) and TrbA
was expressed from pMZT24 (pGBT30 as control). Repressor expression was induced with IPTG as indicated in Table 2.

calculated as described for wild-type TrbA. Deletion of the last
eight amino acids still allows for cooperativity to occur, and the
CI is very similar to that of wt TrbA (Table 4). Deletion of a
further three amino acids (pMZT44) almost completely abol-
ished cooperativity (CI of about 1.0, indicating that the repres-
sion is at the level expected for noncooperating repressors).
However, this protein seems to be quite unstable. Deletion of
13 amino acids (or more) resulted in complete loss of cooper-
ativity (CI < 1, which indicates that the repression is smaller
than predicted for noninteracting repressors), despite the fact
that this protein is expressed at a level comparable with that of
wt TrbA and is still able to repress #rbBp (8.5-fold in overnight
and 2.2-fold in logarithmic cultures).

The effect of enhanced repression in the presence of both
repressors could come from simple stablization of one protein
by another. Therefore, we used Western blotting to compare
the level of TrbA in the presence and absence of KorB and the
level of KorB in the presence and absence of TrbA. As shown
in Fig. 6A, the level of KorB was the same in the presence and
absence of TrbA, and similarly, the level of TrbA was the same
in the presence and absence of KorB (Fig. 6B). Thus, the effect

of enhanced repression in the presence of both proteins does
not come from better expression or stability. We propose that
it is the result of cooperative interaction between KorB and
TrbA, which most probably involves direct interaction between
the two proteins, and that the C-terminal domain of TrbA is
essential for this interaction (see Discussion).

We also prepared two N-terminal deletion derivatives of TrbA,
pMZT49 (N-A18) and pMZTS50 (N-A23), to check if the pres-
ence of the intact CTD is sufficient for cooperativity to occur.
Unfortunately, both derivatives were very unstable: neither of
them was detected by Western blot analysis, and neither showed
any repression of #7bBp in the reporter assay. The lack of ability
to repress trbBp could have resulted from instability as well as
from removal of the putative DNA recognition domain. There-
fore, we could not use them in our test for cooperativity.

DISCUSSION

The topic of this paper is the cooperativity between KorB
and TrbA at the #7bB promoter. For the background to this, we
explored the targets necessary for KorB and TrbA to repress
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KorA MKKRLTESQFQEATQGLEVGQ
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GKANPSLKVMEAIADALETPLPLLESTDLDREALAEIAGH
QTIETARGVLVDGKPQATFATSLGLTRGAVSQAVHRVWAA
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< <

A68/33 A83/18

FIG. 4. Alignment of TrbA and KorA proteins of RK2. The underlining indicates the conserved C-terminal region. Identical amino acids are
shown in bold. Arrowheads indicate the end points of deletions. For TrbA, the numbers indicate the number of amino acids removed from the
C terminus. For the KorA deletions, the numbers indicate the distance from the N terminus, as described by Kostelidou et al. (11), as well as the
number of amino acids removed from the C terminus (N-terminal distance/C-terminal residues removed). The other main feature is the TrbA

helix-turn-helix (HTH) motif as predicted by Jagura-Burdzy et al. (7).

trbBp. We mapped the TrbA binding site to a 50-nucleotide
fragment spanning the #bBp —10 sequence. Such a small frag-
ment is still repressed by TrbA 17-fold in stationary-phase
cultures and 7.3-fold in log-phase cultures. We explored fur-
ther the idea that there may be specific secondary binding sites
for KorB that may be necessary for its repression of trbBp. Our
result with an internal deletion rules out a specific role for the
region between transposon insertions 103 and 104, which was
suggested as a region potentiating KorB binding in vitro (8). If
there is a specific secondary interaction our results point to one
in the #bBp region: a 50-nucleotide fragment spanning the
trbBp —10 sequence still showed slight sensitivity to KorB
repression (about twofold in log-phase cultures [KorB gener-
ally represses this promoter better in logarithmic cultures than
in overnight cultures]). However, mutation of the best candi-
date for secondary interaction with KorB, a putative degener-
ate binding site based on similarity to the Og consensus, did
not support the idea (8). This would point to RNA polymerase

(RNAP) as the direct target for KorB rather than a specific
DNA sequence, as was already observed for the $29 repressor
protein (14).

If KorB and RNAP interact at a distance they may create a
loop between them in the DNA. The cooperativity with TrbA
could be due to a parallel looping interaction between KorB
and TrbA which favors the interaction between KorB and
RNAP as well as increasing the steric hindrance, which blocks
RNAP access to the promoter in the first place. This is con-
sistent with the fact that cooperativity depends on the presence
of both binding sites Og9 for KorB and O+1 for TrbA. An
alternative to looping would be the idea that KorB spreads
along the DNA from O4y9, silencing flanking genetic functions
as suggested for the ParB protein of P1 (18). In vitro footprints
for KorB at and around Og9 (8) are not consistent with this
hypothesis, but the in vivo situation may be different from the
in vitro situation.

The C-terminal region of TrbA is essential for cooperativity

TABLE 4. Repression of trbBp-xylE fusion in pGBT63 by deletion derivatives of TrbA (in pMZT24 and derived plasmids)”

Logarithmic culture
(+ 0.5 mM IPTG)

No. of amino acids

Overnight culture
(+ 0.05 mM IPTG)

Plasmid deleted from CTD
XylE units = SD R? CI with KorB¢ XylE units = SD R? CI with KorB¢

pMZT24 0¢ 0.15 £ 0.02 5.8 10.7 0.57 = 0.09 17.8 6.19
pMZT43 8 0.21 = 0.04 4.1 9.6 0.64 = 0.01 15.8 5.16
pMZT44 11 0.29 = 0.08 3.0 1.23 245 +0.14 4.1 1.36
pMZT45 13 0.40 = 0.11 2.2 0.70 1.20 = 0.15 8.5 0.34
pMZT46 15 0.51 = 0.10 1.7 0.89 347 +0.31 29 0.65
pMZT47 18 0.35 = 0.06 2.5 0.73 1.83 =049 5.5 0.57
pMZT48 33 0.32 £0.05 2.7 0.58 1.58 = 0.15 6.4 0.39
pGBT30 0.87 = 0.07 10.15 = 1.51

“ Results come from at least 3 experiments.
b Repression ratio compared to activity in the presence of pGBT30.

¢ KorB was expressed by plasmid pDM1.21, while the expression vector pPDM1.2 was used to replace it for the no-repressor control.

4 Wt TrbA.
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FIG. 5. Western blot analysis of C-terminally deleted TrbA de-
rivatives, carried out as described in Materials and Methods. Lanes:
1, pMZT24 (TrbA wt); 2, pMZT46 (C-A15); 3, pMZT47 (C-A18); 4,
PMZT48 (C-A33); 5, pMZTA43 (C-A8); 6, pMZT44 (C-All); 7, pMZT45
(C-A13); 8, pGBT30 (no insert).

but not for repression. This is consistent with the prediction
that a helix-turn-helix motif is located close to the N-terminal
domain (7). However, the different deletion derivatives vary in
their stability: A11, A15, and A33 are shown by Western blot-
ting to be less stable than the others, suggesting that removal of
critical residues results in changes in folding and unmasking of
sequences sensitive to proteases. The last eight amino acids,
which constitute a very basic C terminus, RKKLRGRL, are
not necessary for cooperative interaction, which is surprising
since KorB is an acidic protein. Removal of the next three
amino acids, DDT, resulted in almost complete loss of the
ability to cooperate, but it also conferred instability. Removal
of a further two residues, WG, restored stability but made the
protein completely unable to cooperate. Thus, the patch WG
DDT marks the start of the region essential for TrbA to co-
operate with KorB. An alternative explanation, that this patch
is responsible for additional contact with DNA which changes

FIG. 6. Western blot analysis of the relative amounts of TrbA and
KorB alone and in combination with the second repressor, carried out
as described in Materials and Methods. Cleared lysates used for co-
operativity testing were run on SDS-polyacrylamide gel electrophore-
sis gels. (A) Rabbit anti-KorB as primary antibody. Lanes: 1, KorB and
TrbA; 2, KorB only; 3, TrbA only. (B) Rabbit anti-TrbA as primary
antibody. Lanes: 1, KorB and TrbA; 2, TrbA only; 3, KorB only.
Antibodies were prepared as described in Materials and Methods.

J. BACTERIOL.

the structure in such a way that it allows KorB bound at O3z9
to be brought into the vicinity of the promoter, does not seem
very likely.

The ability of KorB and TrbA to cooperate for the repres-
sion of #rbBp provides a second example of cooperativity be-
tween repressors which control RK2 regulatory circuits, the
other being KorB-KorA interactions (11), and suggests that
the interaction of KorB with other regulators is key to the
behavior of these circuits. However, there are clear differences
between the interactions described so far. The most important
difference is the spacing between operators: O, 1 and Ogl in
korAp are separated by 22 bp, while O11 and Oy9 at trbBp are
separated by approximately 165 bp. In addition, the deletion
analysis suggests that different patches may be responsible for
cooperative interaction of KorB with KorA and TrbA, despite
the high similarity in their C termini. For KorA, the patch
involved in cooperativity maps between residues 68 and 83
(Fig. 4), and the region downstream of residue 83 does not
seem to be important. The analogous region of TrbA is still
essential for cooperativity. These differences may reflect the
spatial organization of KorA and KorB on korAp and TrbA
and KorB at #bBp. Interaction between KorB and the second
protein when they are side by side or separated by a DNA loop
may impose different ways of interacting, in addition to the
differences caused by the nonidentical N-terminal domains in
TrbA and KorA.
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