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Integration host factor (IHF) can activate transcription from the early promoter (Pe) of bacteriophage Mu
both directly and indirectly. Indirect activation occurs through alleviation of H-NS-mediated repression of the
Pe promoter (P. Van Ulsen, M. Hillebrand, L. Zulianello, P. Van de Putte, and N. Goosen, Mol. Microbiol.
21:567–578, 1996). The direct activation involves the C-terminal domain of the alpha subunit (aCTD) of RNA
polymerase. We investigated which residues in the aCTD are important for IHF-mediated activation of the Pe
promoter. Initial in vivo screening, using a set of substitution mutants derived from an alanine scan (T. Gaal,
W. Ross, E. E. Blatter, T. Tang, X. Jia, V. V. Krishnan, N. Assa-Munt, R. Ebright, and R. L. Gourse, Genes Dev.
10:16–26, 1996; H. Tang, K. Severinov, A. Goldfarb, D. Fenyo, B. Chait, and R. H. Ebright, Genes Dev.
8:3058–3067, 1994), indicated that the residues, which are required for transcription activation by the UP
element of the rrnB P1 promoter (T. Gaal, W. Ross, E. E. Blatter, T. Tang, X. Jia, V. V. Krishnan, N. Assa-
Munt, R. Ebright, and R. L. Gourse, Genes Dev. 10:16–26, 1996), are also important for Pe expression in the
presence of IHF. Two of the RNA polymerase mutants, aR265A and aG296A, that affected Pe expression most
in vivo were subsequently tested in in vitro transcription experiments. Mutant RNA polymerase with aR265A
showed no IHF-mediated activation and a severely reduced basal level of transcription from the Pe promoter.
Mutant RNA polymerase with aG296A resulted in a slightly reduced transcription from the Pe promoter in the
absence of IHF but could still be activated by IHF. These results indicate that interaction of the aCTD with
DNA is involved not only in the IHF-mediated activation of Pe transcription but also in maintaining the basal
level of transcription from this promoter. Mutational analysis of the upstream region of the Pe promoter
identified a sequence, positioned from239 to251 with respect to the transcription start site, that is important
for basal Pe expression, presumably through binding of the aCTD. The role of the aCTD in IHF-mediated
stimulation of transcription from the Pe promoter is discussed.

Transcription initiation in Escherichia coli is influenced by
promoter architecture and by the presence of regulatory pro-
teins, which can either stimulate or repress this process (for a
review, see reference 6). A classical E. coli promoter contains
the 235 and 210 elements; both the sequence and the spacing
of these elements are important determinants for promoter
strength. Sequences upstream of the235 element can increase
promoter activity (2, 5). It was shown in the rrnB P1 promoter
that sequences between 240 and 260 (the so-called UP ele-
ment) increase transcription by interacting with the alpha sub-
unit of RNA polymerase (12, 33). Mutant RNA polymerase,
lacking the C-terminal domain of the alpha subunit (aCTD),
was unable to contact the UP element, and subsequently, tran-
scription from the rrnB P1 promoter was less efficiently initi-
ated (33). The aCTD is a distinct domain of 64 amino acids
which can dimerize and bind the DNA (3). The structure of
this domain has been solved by nuclear magnetic resonance

(21). By using the alanine scan method, in which every amino
acid of two regions of the aCTD one by one was exchanged for
an alanine, the residues at positions 265, 268, 269, 296, 298,
and 299 were identified as important for UP-element binding
(12).
A number of bacterial activators which generally bind to a

site close to the promoter and which stimulate the initiation of
transcription have been identified (20). Of these activators, the
cyclic AMP receptor protein (CRP) is the best studied (re-
viewed in reference 23). Two classes of promoters stimulated
by CRP can be distinguished (20). For class I promoters, with
the CRP binding site located upstream of the 235 element,
most frequently around position 261, contacts have been
found between the activator and the alpha subunit of the RNA
polymerase complex. Mutation and cross-linking studies re-
vealed that the target for CRP interaction also resides in the
aCTD (7, 47, 48). An alanine scan identified glutamic acid 261
as one of the most important residues for this contact (37). In
class II promoters, the CRP binding site is located around
position241 where it overlaps with the classical235 promoter
element. Although CRP bound at such a site makes contact
with the alpha subunit, mutant RNA polymerase lacking the
aCTD is still activated by CRP (1, 45, 47). For these class II
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promoters, contacts between the CRP and the s subunit of the
RNA polymerase complex seem to be most important for
stimulation (22, 25).
For a number of other bacterial activators, among them the

CRP-like protein FNR, PhoB, AraC, OxyR, and integration
host factor (IHF), it has been shown that they mediate their
effect via the aCTD (20). For this reason, they were classified
as class I activators, although it is not known whether all these
proteins indeed function by directly contacting the aCTD. IHF
belongs to the family of histone-like proteins in E. coli, which
also includes proteins like HU, Fis, and H-NS (reviewed in
reference 36). These proteins bind and bend the DNA and are
believed to be involved in compacting the bacterial chromo-
some, in analogy to the eukaryotic histones. IHF is a dimer
consisting of two homologous subunits, IHF a and IHF b,
which recognizes a specific 13-bp consensus sequence (WAT
CAANNNNTTR). This consensus is located in one half of the
DNA region that IHF protects in a DNase I footprint (8, 16,
46). The stable complex of IHF and its binding site results in a
strong bending of the DNA.
IHF is involved in many cellular processes (reviewed in

reference 11), including site-specific recombination, DNA rep-
lication, transposition, phage packaging, and gene expression.
In most processes, the role of IHF is architectural, by helping
the formation of nucleoprotein complexes through bending of
the DNA. IHF can influence gene expression both positively
and negatively (reviewed in reference 18). Activation of tran-
scription by the protein can be achieved via three distinct
mechanisms. First, its role can be purely architectural, as for
instance is the case for a number of s54 promoters (19, 35).
Binding of IHF to its recognition site located between an
activator binding site and the promoter induces a bend in the
DNA that facilitates interaction between the activator and
RNA polymerase. A second mechanism of regulation was re-
cently discovered for the divergent Pe and Pc promoters of
bacteriophage Mu and involves the histone-like protein H-NS
(43). IHF counteracts inhibition of transcription by H-NS at

these promoters, through interference with the formation of a
repressive H-NS–DNA complex. Finally, IHF can stimulate
transcription directly, without the involvement of other pro-
teins. This direct stimulation of transcription was shown in vivo
and in vitro for the bacteriophage l pL1 promoter (13, 15), the
ilvGMEDA PG2 promoter (30), and the bacteriophage Mu Pe
promoter (17, 24). In these promoters, the ihf site is located
around position 285, or 295 in the upstream Pe promoter
region. Since transcription from the l pL1 and Mu Pe promot-
ers could no longer be stimulated by IHF in vitro, when the
aCTD was deleted (14, 43), IHF was classified as a class I
activator. In this paper, we searched for amino acid residues in
the aCTD involved in IHF-mediated activation of the Pe pro-
moter, by using the same set of alanine substitutions used for
identification of the targets of the CRP (37) and the UP ele-
ment (12). The results show that the same amino acids of the
aCTD that are important for binding to the UP element of the
rrnB P1 promoter affect also the basal expression from the Pe
promoter in the absence of IHF. Furthermore, mutant RNA
polymerase with substitution R265A in the aCTD, which
showed the lowest level of basal expression, could no longer be
activated by IHF. These results suggest that the aCTD binds to
a UP-element-like sequence in the Pe promoter region and
that IHF activates transcription by improving the binding of
the aCTD to the DNA. Possible aCTD binding sequences in
the Pe promoter region are investigated.

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli strains used in this paper are
AB1157 (28), pp3294 (thy rpsL galK), pp3295 (thy rpsL galK ihfB/hip157), pp3296
(thy rpsL galK hns::Tn10), and pp3297 (thy rpsL galK ihfB/hip157 hns::Tn10).
Construction of the last four strains has been described previously (43).
The plasmids carrying the mutated alpha subunit genes generated by the

alanine scan method have been described elsewhere (12, 37). The gene coding
for the alpha subunit lacking the aCTD was constructed by filling in a HindIII
site with the Klenow fragment of DNA polymerase I, followed by religation of
the blunt ends. The filling-in was checked by sequencing and results in a frame-

FIG. 1. Schematic representation of Pe promoter constructs used in this paper. The promoters are indicated by arrows; the ihf site is indicated by a filled box. The
open boxes represent the galK reporter gene. T indicates the position of the transcription terminator fragment. Plasmid pGP1409 (dPe) contains the Mu sequence from
coordinates 821 to 1063. Plasmids pGP186 (dPe), pGP774 (wtPe), and pGP1411 (dPe) contain the Mu sequence from coordinates 821 to 1243. PGP186 derivatives carry
different insertions or deletions between the ihf site and the dPe promoter that change the spacing between the two with the number of base pairs indicated. Plasmid
pGP1443 contains a 1A sequence upstream of the ihf binding site, replacing Mu coordinates 821 to 930.
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shift that leads to a truncated alpha subunit of 230 amino acids to which three
additional amino acids (SFR) are fused.
All Pe promoter constructs used in this study are depicted in Fig. 1. The dPe

promoter has a 1-bp deletion between the 235 and 210 elements, resulting in a
reduced activity of this promoter (42). For the construction of the dPe-galK
fusion in the low-copy-number plasmid pACYC184, a ClaI-NdeI fragment, con-
taining the dPe-galK fusion of plasmid pGP188 (42), was cloned into the AccI-
NdeI sites of the polylinker of pUC21 (44). Next, a BamHI-XbaI fragment
containing the transcription terminators of the rrnB gene was inserted down-
stream of the galK gene, resulting in plasmid pGP1407. Finally, the SphI-XbaI
fragment of pGP1407, containing the whole construct, was ligated in the SphI-
XbaI sites of plasmid pACYC184, resulting in plasmid pGP1409.
The plasmids used for the in vitro transcription studies (pGP774 and

pGP1411) have been described before (42, 43).
Plasmids pGP186, pGP18611, pGP18626, and pGP18624 used in the in vivo

experiments have been described by Van Rijn et al. (42). The plasmid
pGP1862414 was constructed by filling in the BamHI site, with the Klenow
fragment of DNA polymerase I followed by the religation of the blunt ends. The
results were checked by sequencing.
For the construction of plasmid pGP1443, in which Mu-derived sequences

upstream of the ihf binding site are replaced by a sequence which was shown (9)
to contain no intrinsic bending (1A sequence), first the Mu-derived sequences
(coordinates 821 to 930) upstream of the ihf binding site of plasmid pGP18611
were eliminated, by inserting a synthetic fragment

ClaI, 59-CGATTACTGATTTAAACTCCTTATTTATCAACGCGTTAATCAGGG-39
39-TAATGACTAAATTTGAGGAATAAATAGTTGCGCAATTAGTCCCCTAG-59 BamHI.

(the ihf consensus sequence is given in boldface; the MluI restriction site is
underlined) in the ClaI-BamHI sites of this construct, resulting in plasmid
pGP1424. Next, the BamHI site was removed by making use of the MluI sites in
the ihf consensus sequence and the galK gene. The MluI fragment of plasmid
pGP1434 was exchanged for the MluI fragment of wild-type (wt) plasmid
pGP186. Finally a ClaI-AccI fragment from pUC21, containing the 1A sequence
(9), was cloned in the ClaI site, resulting in plasmid pGP1441. For the exact
sequence, see Fig. 3B.
Proteins. IHF was purified as described by Zulianello et al. (50). The com-

mercially purchased E. coli RNA polymerase was from Pharmacia. Reconstitu-
tion of wt and mutant RNA polymerases has been described elsewhere (38). IHF
was diluted in buffer B (50 mM Tris [pH 7.5], 1 mM EDTA, 10% glycerol, 10 mM
b-mercaptoethanol). The RNA polymerases were diluted in in vitro transcription
reaction buffer (see “In vitro transcription assay”), omitting the nucleotides.
GalK assay. Galactokinase (GalK) activities were determined as described

elsewhere (27). GalK activities (the average of three to six experiments) are
expressed as nanomoles of galactose phosphorylated per minute per 108 bacteria
at 328C.
In vitro transcription assay. In vitro transcription reactions were carried out

essentially according to the work of Ross et al. (34) in a total volume of 10 ml
containing 10 fmol of supercoiled plasmid DNA, 10 mM Tris-HCl (pH 7.6), 50
mM MgCl2, 100 mM KCl, 1 mM dithiothreitol, 100 mg of bovine serum albumin
per ml, 500 mM ATP, 50 mM GTP, 50 mM CTP, 10 mM UTP, and 40 mM
[a-32P]UTP (Amersham, 3,000 Ci/mmol). Different amounts of IHF were pre-
incubated with pGP774 or pGP1411 DNA for 10 min at room temperature.
When no protein was added, buffer B was added instead. Next, the transcription
was initiated by adding 10 fmol of reconstituted wt or aG296A RNA polymerase
or 50 fmol of reconstituted D235 or aR265A RNA polymerase. These concen-
trations of reconstituted RNA polymerases gave rise to the same amount of
RNA I transcript (expressed from the same pGP774 or pGP1411 plasmids) in the
absence of IHF. After incubation at room temperature for 30 min, the reactions
were terminated by addition of 10 ml of stop solution (7 M urea, 1% sodium
dodecyl sulfate, 10 mM EDTA, 0.04% bromophenol blue). A 6-ml aliquot of the
incubation mixture was electrophoresed on a 6% acrylamide–7 M urea gel, and
the transcripts were visualized by autoradiography. For quantification of the
transcripts, the gels were counted in a b-scope radiographic imager (Betagen
Inc.).

RESULTS

Effect of mutant alpha subunits on expression from the Pe
promoter in the presence of IHF in vivo. The early (Pe) pro-
moter of bacteriophage Mu controls the expression of the
genes needed for transposition (17). The stimulation of tran-
scription from this promoter by IHF was shown in vivo, with
galK fusion plasmids (41, 42). Furthermore, in vitro studies
indicated that this stimulation is mediated via the aCTD of the
RNA polymerase (43). To locate the target of IHF-mediated
activation in the aCTDmore precisely, two sets of alanine scan
mutants isolated by Tang et al. (37) and Gaal et al. (12) were
tested in vivo for their activities in Pe expression in the pres-

ence of IHF. For this purpose, strain AB1157 was cotrans-
formed with a high-copy-number plasmid carrying a gene cod-
ing for one of the mutated alpha subunits and the low-copy-
number Pe-galK construct pGP1409 (see Materials and
Methods). Expression of the mutated rpoA gene from the
high-copy-number plasmid results in a greater part of the RNA
polymerase complexes being mutant. The Pe-galK construct
contains a down-mutation in the Pe promoter (dPe [42]), with
a lower activity than that of the wt. The IHF-mediated stimu-
lation of this dPe promoter is more readily observed. The
alanine substitutions in the aCTD that were tested are located
in the regions from residues 256 to 270 and 291 to 301 (Table
1). Plasmids expressing either the wild type or a truncated
alpha subunit, with a deleted aCTD (see Materials and Meth-
ods), were used as controls.
Deletion of the aCTD results in lower galK expression from

the dPe promoter, as was expected (Table 1). Within the re-
gion 255 to 270, substitution R265A strongly reduces expres-
sion of the dPe-galK fusion, while substitution N268A has a
moderate effect. Substitution of R265A in the aCTD results in
an RNA polymerase that is even more impaired in galK ex-
pression than mutant RNA polymerase lacking the aCTD.
This could be the result of a reduced stability of the truncated
a subunit, since construction of the mutant gene encoding this
subunit results in the addition of 3 amino acids, which are
normally not present in this protein (see Materials and Meth-
ods). Such unstable truncated alpha subunits would lead to a
higher level of wt RNA polymerase with respect to the mutant
RNA polymerase in the cell. Within the region 291 to 301,
substitutions G296A, K298A, and S299A lead to a moderately

TABLE 1. GalK activity of pGP1409 in the presence of
different mutant alpha subunitsa

Subunit Activity of strain AB1157
(pGP1409) % of wt

a-wt 14.2 6 3.0
Deletion-a 5.7 6 1.3 40

aP256A 14.1 6 0.9 99
aV257A 10.7 6 1.7 75
aD258A 11.7 6 1.6 82
aD259A 10.5 6 1.2 74
aL260A 9.6 6 1.1 68
aE261A 11.7 6 1.7 82
aL262A 10.0 6 1.3 70
aT263A 10.0 6 1.3 70
aV264A 13.5 6 1.7 95
aR265A 4.9 6 1.6 35
aS266A 11.9 6 2.2 84
aA267 Not determined
aN268A 7.9 6 1.4 56
aC269A 10.5 6 2.2 74
aL270A 11.2 6 1.2 79
aK291A 15.3 6 1.1 107
aT292A 16.1 6 1.6 113
aP293A 12.4 6 2.2 87
aN294A 13.4 6 0.7 94
aL295A 12.1 6 0.9 85
aG296A 7.6 6 0.3 54
aK297A 15.3 6 1.8 108
aK298A 8.4 6 0.9 58
aS299a 7.6 6 0.6 54
aL300A 15.4 6 1.2 108
aT301A 16.0 6 1.9 113

a GalK activities are expressed in nanomoles of galactose phosphorylated per
minute per 108 cells at 328C.
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reduced galK expression, comparable to that of the aN268A
mutant.
All the mutations that result in lower Pe expression have

also been shown to lead to reduced binding of the alpha sub-
unit to the UP element of the rrnB P1 promoter (12). This
suggests that, for optimal expression from the Pe promoter, the
aCTD has to contact the DNA, as was found for the rrnB P1
promoter.
Effects of mutant alpha subunits on transcription from the

Pe promoter in vitro. To investigate whether the results with
the alpha mutants obtained in vivo indeed reflect a direct effect
of these mutants on Pe expression, we performed in vitro tran-
scription experiments with reconstituted RNA polymerases,
carrying wt or mutant alpha subunits. Two single-substitution
mutants, aR265A and aG296A, were chosen, one from each
region, mutants which strongly affected Pe expression in our in
vivo assay. In addition, RNA polymerase reconstituted with an
alpha subunit lacking the aCTD (D235 RNA polymerase) and
a reconstituted wt RNA polymerase were included in our as-
says as controls. The reconstitution of the RNA polymerase
complexes has been described previously (38). In the in vitro
transcription assay, supercoiled plasmid pGP774 (wt Pe) or

pGP1411 (dPe) is incubated with reconstituted wt and mutant
RNA polymerases in the absence and presence of purified IHF
(see Materials and Methods). When the reconstituted wt RNA
polymerase is compared with the commercially obtained RNA
polymerase, twice the amount of reconstituted polymerase has
to be used to obtain a comparable level of the RNA I tran-
script, which serves as a reference in our assays (results not
shown). Both the dPe and the wt Pe promoters are stimulated
by IHF when the reconstituted wt RNA polymerase is used
(Fig. 2A and C). To obtain comparable levels of RNA I tran-
script, five times more of the D235 RNA polymerase than of
the reconstituted wt RNA polymerase has to be used (Fig. 2B
and D). This might be due to a reduced stability of the mutant
RNA polymerase complex or to an overall reduced level of
transcription initiation by this mutant RNA polymerase. Tran-
scription from the Pe promoter is even more reduced with the
D235RNA polymerase, since the relative amount of wt Pe-
derived transcript, compared to the RNA I transcript, is much
lower than when the reconstituted wt RNA polymerase is used
(Fig. 2, compare C and D); the dPe transcript cannot even be
detected (Fig. 2B).
When the aR265A RNA polymerase is used (Fig. 2B and

FIG. 2. In vitro transcription assays with plasmids pGP1411 (dPe) (A and B) and pGP774 (wtPe), (C and D) in the absence and presence of the IHF protein. The
reconstituted RNA polymerases used are wt RNA polymerase and aG296A RNA polymerase (10 fmol) (A and C) and D235 RNA polymerase and aR265A RNA
polymerase (50 fmol) (B and D). Amounts of IHF are in picomoles. The positions of the Pe and RNA I transcripts are indicated. The amounts of wt Pe transcripts
were quantified in a b-scope radiographic imager. From these quantifications, the factor of IHF-mediated activation at 1 pmol of IHF was calculated to be 2.2 for wt
RNA polymerase, 3.6 for aG296A RNA polymerase, and 1.0 for D235 RNA polymerase and aR265A RNA polymerase.
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D), overall transcription is as low as with the D235RNA poly-
merase, as judged by the amount of mutant RNA polymerase
required. In addition, the aR265A RNA polymerase is specif-
ically impaired in transcription from the Pe promoter, resulting
in a reduced amount of wt Pe transcript and no detectable
dPe transcript. The aG296A RNA polymerase seems to be
less affected in overall transcription compared to the D235 and
the aR265A mutants, since a normal amount of RNA I tran-
script was found (Fig. 2A and C). Nevertheless, the rate of
transcription initiation at the wt Pe promoter appears to be
slightly affected, as the relative amount of wt Pe transcript,
compared to the amount of RNA I transcript, is somewhat
lower than with wt RNA polymerase (about 60% when mea-
sured). These results show that mutations in the aCTD can
lead to a reduced basal expression from the Pe promoter,
presumably because this domain needs to interact with the
DNA for optimal Pe promoter activity.
Addition of purified IHF to the in vitro transcription reac-

tion results in stimulation of transcription from both Pe pro-
moters when the reconstituted wt RNA polymerase is used
(Fig. 2A and C). As expected, IHF does not stimulate tran-
scription with the D235 RNA polymerase, since the aCTD has
been shown to be essential for IHF-mediated activation of Pe
(Fig. 2B and D). Addition of IHF does not stimulate when the
mutant aR265A RNA polymerase is used (Fig. 2B and D).
Apparently, R-265 is not only involved in basal expression
from the Pe promoter but is also involved in the IHF-mediated
activation. This could mean that R-265, which for basal tran-
scription is contacting the DNA, is now contacting IHF. More
likely, since the 265-amino-acid moiety has been shown to be
involved in DNA contacts (12, 21), the interaction of the
aCTD with DNA that enhances the level of basal expression
could be further promoted by IHF. IHF can normally activate

transcription from the Pe promoter when the aG296A RNA
polymerase is used (Fig. 2A and C). Apparently, a mutation in
the alpha subunit that leads to a partial reduction of basal Pe
expression can still be activated by IHF.
Sequences between the ihf site and the 235 promoter ele-

ment are important for basal Pe expression. The in vitro tran-
scription experiments indicate that binding of the aCTD to the
promoter region is required for optimal basal Pe expression. In
the rrnB P1 promoter, the aCTD contacts the UP element
located from240 to260 with respect to the transcription start
site (12, 33). Therefore, a UP-element-like sequence could be
present in the region between the 235 promoter element and
the ihf recognition sequence. The sequence of this region is
A/T rich, like the sequence of the rrnB UP element (Fig. 3).
We investigated this hypothesis by using a set of dPe-galK
constructs with BamHI linkers inserted at different positions in
the DNA region upstream of the 235 promoter element (Fig.
3). Since expression from the Pe promoter is influenced by IHF
and H-NS (43), the basal expression from this promoter has to
be studied in a strain lacking both proteins (pp3297 [see Ma-
terials and Methods]). The constructs that were tested are
listed in Fig. 3. For plasmids pGP18611 and pGP18626, with
the BamHI linker inserted at positions 257 and 250, respec-
tively, the same basal expression is found as for the wt con-
struct pGP186 (Table 2). The insertion of a BamHI linker
changes the relative position of all sequences located further
upstream with respect to the promoter (Fig. 3). Therefore, our
results show that sequences upstream of position 249 are not
important for the basal expression. Also, other plasmids with
the BamHI linker inserted at the same positions but fused to
different sequences upstream gave comparable levels of GalK
expression (results not shown). The basal expression of the
pGP18624 plasmid, with the BamHI linker inserted at posi-

FIG. 3. Sequences of the upstream region of the Pe promoter variants used in this paper. (A) Sequences of plasmids used for identification of a UP-element-like
sequence upstream of the Pe promoter. The ihf consensus sequence and the235 promoter element are given in boldface. The BamHI linker sequences are underlined.
Positions are indicated with respect to the transcription start site. The upstream region of the rrnB P1 promoter, containing the UP element, is also shown (31). (B)
Sequences of plasmids used for exchanging the Mu-derived sequence upstream of the ihf binding site. Positions are indicated with respect to the transcription start site.
The ihf consensus is given in boldface; the ihf binding site is underlined.
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tion 239, however, is considerably reduced (Table 2). This
suggests that the sequence upstream of 239 (inserting the
BamHI linker did not change the C at position 239) but
downstream of position 250 influences basal expression, prob-
ably by binding the aCTD, in analogy to the rrnB UP element.
Also, construct pGP186217, with the BamHI linker at the
same position, but with a different fusion to the upstream
sequences, shows a reduced basal Pe expression (Table 2).
It has been shown that the purified alpha subunit specifically

binds to the UP element of the rrnB P1 promoter (33). We did
not observe binding of purified alpha to the Pe upstream re-
gion, however, although the concentrations that we use (up to
1 mM) may not have been high enough to observe complete
occupancy. Thus, although there might be sequences upstream
of the Pe 235 promoter element that show a higher affinity for
the aCTD, the binding of the alpha subunit to this region
seems less stable compared to the binding to the rrnB UP
element.
The in vitro transcription experiments show that residue

R-265 is important for both basal Pe expression and IHF-
mediated activation. This residue has also been described as
important for DNA binding (12) and thus possibly for inter-
action with the 239 to 251 region. IHF might therefore ac-
tivate Pe expression by helping the aCTD to bind to this
upstream Pe promoter region. To test this hypothesis, we in-
vestigated whether impaired basal Pe expression, as a result of
the disrupted UP-element-like sequence, influences IHF-me-
diated activation. The ihf site in the pGP18624 construct,
however, is not properly positioned on the DNA helix, since it
is located 4 bp closer to the 235 promoter element compared
to the normal situation, and as a consequence, IHF is no longer
able to stimulate Pe transcription (42, 43). We therefore re-
stored the phasing of the ihf recognition sequence, by filling in
the receding ends of the BamHI site, resulting in plasmid
pGP1862414 (see Materials and Methods). As a conse-
quence, the sequence between positions 239 and 251 of plas-
mid pGP1862414 remains different from the wt sequence, but
it also differs from the sequence of plasmid pGP18624 (Fig. 3).
Expression from the Pe promoter was measured in the absence
and presence of IHF and H-NS (Table 3). The basal Pe ex-
pression of the pGP1862414 construct (in the absence of IHF
and H-NS) appears to be higher than the basal expression of
pGP18624 but is still reduced compared to the normal basal
Pe expression. Apparently, the additional 4 bp partially restore
the binding of the aCTD to this region, although they do not
restore the original sequence of the region. IHF is activating
Pe expression in pGP1862414 (compare pp3296 and pp3297),
but the level is lower than in the wt construct pGP186. This
shows that IHF does not fully compensate for the reduced
binding of the aCTD in the239 to251 region, suggesting that
also in the presence of IHF the aCTD must remain in contact
with this region for optimal Pe expression. The Pe promoter in

the pGP1862414 construct is repressed by H-NS (pp3295),
and this repression is alleviated by IHF (pp3294). This is in
agreement with previous results, which showed that the aCTD
is not involved in this process (43).
Replacement of sequences upstream of the ihf site has no

effect on IHF stimulation. Our experiments suggest that the
aCTD binds to a UP-element-like region in the Pe promoter
both in the absence and in the presence of IHF. IHF might
activate transcription by improving the binding of the aCTD to
this upstream Pe promoter region. Since, in the RNA poly-
merase complex, two alpha subunits are present, it seems also
possible that IHF facilitates the binding of the second aCTD to
DNA sequences upstream of the ihf binding site, which are
brought in the vicinity of the RNA polymerase-promoter com-
plex by the bending introduced by IHF. The most straightfor-
ward way to test this would be to use linear promoter con-
structs lacking the sequences upstream of the ihf site in the
transcription assay. These experiments, however, are not fea-
sible, since the activity of the Pe promoter on linear DNA is
too low to detect (our unpublished observations). Instead, we
constructed a dPe-galK fusion plasmid (pGP1443) in which we
replaced sequences upstream of the ihf binding site (Mu co-
ordinates 821 to 930) of plasmid pGP186 with other DNA
sequences (see Materials and Methods). The DNA that was
chosen for this purpose is a 1A sequence fragment consisting
of eight repeats of CAGGACTCGA (9), flanked by sequences
of the polylinker of pUC21 (see Materials and Methods). Un-
like the original Mu-derived sequences, this DNA is not A/T
rich and contains no sequence-directed bends, which have
been proposed to influence transcription initiation (4, 26, 49).
Expression was measured both in the absence and in the pres-
ence of IHF and H-NS (Table 4). Although the levels of galK
expression of pGP1443 differ slightly from levels obtained with
the wt construct pGP186, IHF is able to activate Pe expression
from this plasmid, both in the absence and in the presence of
H-NS. Apparently, transcription activation by IHF is not me-
diated via sequence-specific binding of the aCTD to the DNA
upstream of the ihf site, although it cannot be excluded that
nonspecific contacts are facilitated.

TABLE 2. GalK activities of dPe promoter constructs with
BamHI linkers inserted at different locationsa

Construct Activity in pp3297
(ihf/hns)

pGP186 (no BamHI) ............................................................ 201 6 44
pGP18611 (BamHI at 257) ............................................... 197 6 35
pGP18626 (BamHI at 250) ............................................... 236 6 38
pGP18624 (BamHI at 239) ............................................... 61 6 6
pGP186217 (BamHI at 239) ............................................. 62 6 6

a Activities were measured in an ihf/hns strain. GalK activities are expressed in
nanomoles of galactose phosphorylated per minute per 108 cells at 328C.

TABLE 3. GalK activities of dPe promoter constructs with
mutations in the putative UP-element-like sequencea

Strain pGP186 pGP18624 pGP1862414

pp3294 (wt) 460 6 70 14 6 3 184 6 26
pp3295 (ihf) 21 6 3 10 6 3 22 6 2
pp3296 (hns) 430 6 75 24 6 4 287 6 47
pp3297 (ihf/hns) 201 6 44 61 6 6 154 6 27

a Activities were measured in wt, ihf, hns, and ihf/hns strains. GalK activities
are expressed in nanomoles of galactose phosphorylated per minute per 108 cells
at 328C.

TABLE 4. GalK activities of dPe promoter constructs with or
without deletion of the DNA sequences upstream

of the ihf binding sitea

Strain pGP186 pGP1443

pp3294 (wt) 4606 70 361 6 65
pp3295 (ihf) 21 6 3 50 6 7
pp3296 (hns) 430 6 75 421 6 65
pp3297 (ihf/hns) 201 6 44 281 6 43

a Activities were measured in wt, ihf, hns, and ihf/hns strains. GalK activities
are expressed in nanomoles of galactose phosphorylated per minute per 108 cells
at 328C.
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DISCUSSION

Besides being involved in the activation of RNA polymerase
by many transcription factors (6, 20), the aCTD of the RNA
polymerase complex plays an important role in the basal ex-
pression of a promoter, when this promoter contains an aCTD
binding site, such as the UP element in the rrnB P1 promoter
(12, 33). The experiments described in this paper indicate that
the early promoter (Pe) of bacteriophage Mu requires for
efficient basal expression the binding of the aCTD upstream of
the 235 promoter element. A mutant RNA polymerase that
lacks the aCTD is specifically impaired in transcription from
Pe in an in vitro transcription assay. Two mutant RNA poly-
merases, carrying alpha subunits with Ala substitutions at po-
sition 265 or 296, also showed reduced transcription from the
Pe promoter. These two mutations impair the binding of the
aCTD to the UP element of the rrnB P1 promoter (12), sug-
gesting that for efficient Pe expression the aCTD has to bind a
UP-element-like sequence upstream of the Pe promoter. Such
a sequence could be identified in the region from 239 to 251,
with respect to the transcription start site. When this sequence
is changed by inserting a BamHI linker, the basal Pe expression
decreases about fourfold. This reduction, however, is less pro-
nounced compared to the 30-fold reduction that was observed
when the rrnB UP element was deleted (32). Furthermore,
unlike the rrnB UP element, no specific binding of purified
alpha subunit to the Pe UP-element-like region could be
shown. The affinity of the aCTD for the upstream Pe promoter
region appears to be much lower than the affinity for the UP
element. There are no obvious homologies between the rrnB
UP element and the upstream region of the Pe promoter, but
both DNA sequences are relatively A/T rich (Fig. 3).
The sequence of the Pe UP-element-like region contains a

tract of adenines. For a number of different promoters, it has
been shown that the cloning of A/T-rich sequences upstream of
the promoter increases transcription (4, 26, 31, 40, 49). These
results are commonly explained by the intrinsic curvature of
these sequences, but an enhanced binding of the aCTD of the
RNA polymerase complex to these A/T-rich sequences could
also explain their stimulating effect. It has also been shown that
A/T-rich sequences upstream of a promoter can inhibit the
clearance of this promoter by RNA polymerase, due to the
increased stability of the RNA polymerase-promoter complex
(10). Such an enhanced stability can possibly also be explained
by binding of the aCTD to the A/T-rich DNA.
IHF activates Pe expression via two distinct mechanisms,

indirectly via counteracting the H-NS-mediated repression of
the Pe promoter and directly without the involvement of other
proteins (43). The indirect transcription activation does not
involve the aCTD, since repression of transcription from the
Pe promoter by H-NS is also relieved by IHF, when a mutant
RNA polymerase lacking the aCTD is used. The results pre-
sented in this paper confirm this observation. The Pe promoter
constructs that give a reduced basal expression in vivo, as a
result of mutations in the UP-element-like sequence, are still
normally repressed by H-NS, and this repression is alleviated
by IHF. Furthermore, when mutant RNA polymerases con-
taining the aR265A or the aG296A are used, the Pe promoter
is still subject to H-NS-mediated repression, which IHF can
counteract (results not shown).
For both the l pL promoter and the Mu Pe promoter, it has

been shown that the presence of the aCTD is required for
direct activation (14, 43). The results described here show that
the same amino acid (R-265) that is involved in binding of the
aCTD to DNA is also important for the IHF-mediated acti-
vation. Our results suggest furthermore that both in the pres-

ence and in the absence of IHF the aCTD binds to the UP-
element-like region upstream of the Pe promoter. In the RNA
polymerase complex, there are two alpha subunits and it ap-
pears that the aCTDs can dimerize (3). Nevertheless, it has not
been shown unambiguously that both CTDs are involved in
contacting DNA. If they do, the most straightforward model
for the IHF-mediated activation would be that IHF stabilizes
the binding of the two aCTD’s to the UP-element-like region
between the ihf site and the Pe promoter, either by inducing
conformational changes in the DNA or by contacting the
aCTD domain. Residues of the aCTD involved in such a
contact might well be located in a different region of this
domain, which has not been explored in the collection of ala-
nine substitution mutants presented in this study.
Alternatively, if only one aCTD interacts with the DNA

upstream of the 235 region, the second aCTD would be avail-
able for making contacts with DNA sequences located further
upstream, i.e., on the other side of the ihf site. The activating
function of IHF would then be to facilitate this contact by
bringing the upstream sequences closer to the RNA polymer-
ase complex through bending of the DNA. Such an interaction
of the aCTD with sequences upstream of the ihf site would
have to be independent of the base composition, since fusion
of the IHF site to different non-A/T-rich sequences did not
alter the IHF-mediated activation.
For the activation of class I promoters by the CRP, residue

R-265 of the aCTD did not seem to be important, at least in
vivo (37). Recently, however, it was found that substitution of
R-265 did affect the CRP-mediated activation in vitro (29).
The reason for this discrepancy is not clear, but since R-265
has also been found to be essential for the response to other
class I activators, like OxyR (39), it is conceivable that the class
I activators function in a common way, by stabilizing the bind-
ing of aCTD to the DNA.
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