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Initiation of transcription from the cytRP promoter in Escherichia coli is activated by the
cAMP-CRP complex and negatively regulated by the CytR repressor protein. By combining
gel retardation and footprinting assays. we show that cAMP—CRP binds to a single site
centered at position —64 and induces a considerable bend in the DNA. CytR binds to a
region immediately downstream from. and partially overlapping, the CRP site, and induces
a modest bend into the DNA. In combination, cAMP-CRP and CytR bind co-operatively to
eytRP forming a nucleoprotein complex in which the proteins directly interact with each
other and bind to the same face of the DNA helix. CytR binding concomitantly antagonizes
the cAMP-CRP-induced bend. This study indicates that the minimal DNA region required
to obtain CytR regulation consists of a single binding site for each of cAMP-CRP and CytR.
The case described here, in which a protein-induced DNA bend is modulated by a second
protein, may illustrate a mechanism that applies to other regulatory systems.

Keywords: DNA bending: CRP-protein; transcription regulation:
co-operative DNA binding: heterologous co-operativity

1. Introduction

Sequence-specitic  DNA-binding proteins have
important functions in processes such as initiation
of transeription, initiation of replication and site-
specific recombination. Many of these processes
depend on the assembly of multiprotein complexes
in which proteins bound to separated sites on the
DNA interact. Moreover, the formation of the
complexes often requires that the DNA is deformed
into a more bent form (for a review, see Echols,
1986; Raibaud, 1989). Hence, DNA-bending pro-
teins may have crucial roles in these systems by
facilitating the interaction between separated
DNA-bound proteins.

The importance of both intrinsically bent DNA
and protein-induced bends in the initiation of tran-

seription has been clearly demonstrated in many
prokaryotic promoters. In several svstems the
initiation rate depends on the phasing of upstream
bend sequences (Bossi & Smith, 1984; Gourse e al.,
1986; Bracco et al.. 1989; Collis ef al., 1989:
MecAllister & Achberger. 1989). Transcription of the
nitrogen fixation genes in Klebsiella and the flagellar
genes in Caulobacter represent examples in which
integration host factor (IHF), a DNA-bending pro-
tein (Robertson & Nash, 1988). is thought to have a
structural role by facilitating the interaction
between activator proteins bound approximately
100 base-pairs (bp) upstream from the promoter and
the RNA polymerase bound at the promoter (Gober
& Shapiro, 1990: Hoover et al.. 1990). In the
araBAD promoter. the cAMP-CRP complex is also
believed to have a structural role by bending the

1 Author to whom all correspondence should be
addressed.

0022 2836/92/180396 11 $08.00/0

1 Abbreviations used: THF. integration host factor:
bp. base-pair(s); CRP. cyclic AMP receptor protein.

(11992 Academic Press Limited



Counteraction of cAM P-CRP-induced DN A bending 397

DNA in such an orientation that it stimulates the
breaking of an inhibitory loop formed by the AraC
protein (Lobell & Schleif, 1991).

The cAMP-CRP complex induces a DNA bend
estimated from gel-electrophoretic measurements,
model-building and crystallographic studies to be
70° to 140° in various promoters (Weber & Steitz,
1984: Kim et al.. 1989; Schultz e «of., 1991).
Although it has not been shown directly that this
bend is crucial for activation in promoters in which
¢cAMP-CRP is the only activator, several lines of
evidence indicate that bending may contribute to
the activation. Bracco et al. (1989) found that
properly phased A-tract-mediated bends can fune-
tionally replace cAMP—CRP in the gal promoter in
vivo. Similarly, Gartenberg & Crothers (1991)
showed that cAMP-CRP in the lac promoter could
be replaced by appropriately phased DNA bending
sequences in vitro. However, protein—protein inter-
actions between cAMP-CRP and RNA polymerase
have also heen implicated in activation of transcrip-
tion. based on the observation that the two proteins
interact in vitro (Pinkney & Hoggett, 1988) and the
isolation of CRP mutants that are defective in
activation but still bend the DNA like wild-type
CRP (Bell et al., 1990; Eschenlauer & Reznikoff,
1991). Two proposals have been advanced to
suggest the function of the ¢cAMP-CRP-induced
DNA bend: the bend may promote essential
protein-DNA contacts or protein—protein contacts
that would not otherwise be sterically possible (Wu
& Crothers, 1984: Schultz et al. 1991).
Alternatively, the energy stored in the bend may be
used in the initiation process (Zinkel & Crothers,
1991; Liu-Johnson et al., 1986). Finally, recent
studies on the differential effect of Jun homodimers
and Jun—Fos heterodimers imply that distortion of
the DNA is also important for regulation of gene
expression in eukaryotic cells {Diamond et af., 1990:
Kerppola & Cuarran, 1991).

The C'vtR repressor protein in conjunction with
the ¢cAMP--CRP activator complex regulates initia-
tion of transeription from at least nine promoters in
Escherichin coli  (for a review, see Hammer-
Jespersen, 1983). This system illustrates the impor-

tance of protein—protein interactions between
heterologous gene regulatory proteins in gene
expression  (Segaard-Andersen et al.. 199la.b:
Pedersen et al., 1991, Gerlach et al., 1991}

Regulation by cAMP-CRP and CytR has been most
intensively studied in the deoP2 promoter. and has
revealed that regulation of deoP2 by CytR n vivo is
confined to cells containing the ¢AMP-CRP
complex and depends on proper DNA binding of
cAMP-CRP to two CRP sites, CRP-1 located
around position —40 and CRP-2 located around
position —93 (Valentin-Hansen, 1982; Sogaard-
Andersen et al.. 1990a.b: Sggaard-Andersen &
Valentin-Hansen. 1991). These in #ivo observations
are paralleled by the in wiftro observation that the
C'vtR  repressor protein and the cAMP-CRP
complex bind co-operatively to the DNA. CyvtR
binds to deol’? with a relatively low affinity in the

absence of cAMP-CRP. In the presence of cAMP--
CRP. however, the affinity of CytR for deoP2 ix
increased 1000-fold and, similarly, the affinity of
cAMP-CRP for CRP-1 and CRP-2 is increased 100-
fold and 10-fold, respectively (Pedersen et al., 1991).
The co-operative DNA binding is mediated by
protein—protein interactions between ¢AMP-CRP
and CytR (Segaard-Andersen et al., 1991a; Pedersen
et al.. 1991). So. in the presence of both protein
species, a nucleoprotein  complex is formed
containing cAMP-CRP at the two CRP sites. ('vtR
in the intervening region and the complex is
stabilized by direct interactions between the
DNA-bound proteins. The inducer of CvtR. while
not affecting independent DNA binding of CytR.
perturbs the co-operative DNA binding of ¢cAMP-
CRP and CytR by interfering with the proper
protein—protein interactions (Pedersen ¢t al.. 1991:
Gerlach ef al., 1991).

Here. we have focused on the eytR promoter.
cytRP. 1t has previously been shown that this
promoter is weakly activated by the ¢cAMP-CRP
complex (5-fold) and weakly autoregulated (3-fold:
Gerlach et al., 1990). We report a more extensive
biochemical analysis of protein-DNA and protein-
protein interactions in cytRP. and we provide
evidence that the basic DNA unit required to obtain
CytR regulation consists of only a single binding
site for each of the two proteins.

2. Materials and Methods

Enzymes for DNA manipulations were purchased from
Boehringer-Mannheim. *’P-labeled nucleotides  were
purchased from NEN-Dupont: all chemicals were ana-
Ivtical grade. Transformation, isolation of plasmid DNA
and restriction of plasmid DNA were performed according
to protocols of Maniatis et al. (1982). *2P-labeled frag-
ments were purified and sequenced as described (Valentin-

Hansen et al.. 1984).

(a) Bacterial strains, plasmids and proteins

pVHO002 (Valentin-Hansen ef al.. 1986). pl13-21 and
p13-210 were propagated in TG-1 (A(lac-pro). supk. thi.
hsd D5 F'traD36, proA* B, lacl'AM15). pBendl and
pBend1610 were propagated in MC1000dam (araD139,
Aara, lew)7697, AlacZ4. galll, galK, strA. dam) to obtain
DNA that could be restricted with Clal.

pYHO002 contains the entire eytR gene and 250 bp
upstream from the start site of transcription: the
upstream boundary of the cytRP sequence is flanked by
an EcoRI site. pl13-21 and pl3-210 are pUC13 (Vieira &
Messing, 1982) derivatives containing an Rsal fragment
extending from 424 to —180 in cytRP cloned in the Smal
site; in pl3-21. the +24 position is next to the BamHI
site in pUC13, and in pl3-210 the fragment is in the
opposite direction. pBend1610 is a pBendl (Kim et al..
1989) derivative in which an FnuDIT-SfaN1 fragment
from position —102 to —25 of cytRP has been c¢loned in
the Xbeal site after filling in of all 5-ends with the DNA
polymerase I Klenow fragment (Fig. 5).

CRP protein was purified as described by Ghosaini et af.
(1988) and CytR was purified as described by Pedersen ef
al. (1991).
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(h) Gel retardation assay
31p_Jabeled fragments and proteins were incubated in
binding buffer (10 mm-Tris- HCI (pH 7:8). 50 mm-K('L
1 mm-EDTA, 50 ug acetylated bovine serum albumin/ml.
I mm-dithiothreitol. 0059 (v/v) Nonidet-P40.
50 um-cAMP)  containing 20 ug  competitor  DNA/ml
(pGEM4 obtained from Promega) for 30 min at 37 (' in a
total volume of 10 pl (Pedersen et al., 1991). Immediately
before loading. 2 ul of loading buffer (binding buftfer
containing 509, (v/v) glyveerol and 0-1 mg bromophenol
biue/m}) were added to the samples. Tn all experiments.
the samples were loaded with the current on. except in the
circular permutation assay: electrophoresis was at 200 V.
except in the circular permutation assay in which only
100V were applied. All gels were 59, (w/v) polvacryl-
amide gels prepared from a 44 :0:8 (acrviamide :
N.N'-methylenbisacrylamide) stock. The electrophoresis
buffer  employed  was 10 mm-Tris- HCl  (pH 7-8).
I mym-EDTA. 50 um-cAMP. Following electrophoresis, the
gels were dried and autoradiographed. The concentrations
of proteins and end-labeled fragments are indicated in the
legend to each Figure.

(¢} DNase I and hydroxyl-radical footprinting experiments

32P-labeled fragments (final concentration 1 nm), pro-
teins at the concentrations stated in the Figure legends
and competitor DNA were incubated as in the gel retarda-
tion assays. Otherwise, DNase 1 experiments were per-
formed as described by Galas & Schmitz (1978). and
hydroxyl-radical experiments as described by Tullius &
Dombroski (1986), with the modifications developed by
O’ Halloran et al. (1989).

3. Results

(a) The binding sites of cAMP-CRP and CytR in
cytRP overlap

In order to define the binding sites of cAMP-CRP
and CytR in eytRP and the stoichiometry of
different protein-DNA complexes, gel retardation
and DNase T footprinting analyses were performed
using purified proteins. In the gel retardation
experiment shown in Figure 1, eyt RP was present on
a *2P-end labeled 393 bp fragment containing cyt R
sequences from position —250 to +133. cAMP-
('RP binding to the eytRP probe results in forma-
tion of a single retarded complex even in the pre-
sence  of high concentrations of ¢cAMP-CRP
suggesting that only one cAMP-CRP complex binds
to eytRP. In the presence of CytR protein, a single
retarded complex is again observed in the gel retar-
dation analysis (Fig. 1(b), lanes 2 and 3), suggesting
also in this case that one CyvtR protein binds to
cytRP. The use of higher concentrations of CytR
protein in this analysis result in unspecific binding
of CytR to the probe (data not shown).

Next, the combined binding of ¢cAMP-CRP and
CvtR to eytRP was analyzed (Fig. 1(b)). In the
presence of both proteins, a third retarded band is
observed (Fig. 1(b), lanes 6 to 10). Most strikingly,
the mobility of this complex is higher than that of
the cAMP-CRP/eyt RP complex (Fig. 1(b). compare
lanes 4 to 5 and 6 to 10). This anomalous migration

1 2 3 4
CRP-DNA >
Free DNA»>
CRP - -13:25 2.0
(a)
12 3 4 56 7 8 9 1011 12
CRP-DNA >
(CRP-CYTR-DNA~ e -
CYTR-DNA~
Free DNA- B8 ol 0 e Gl -

CRP - - - 10:25-25-25-25 13:06 - -25

CYTR - -3:06 - - -3:06:01 ‘3 '3 *3-06

Cytidine + o+
(b)

Figure 1. Gel retardation analysis of the binding of
cAMP-CRP and CytR to eytRP. The *2P-end-labeled
fragment used is a 393 bp FKeoRI- Aval fragment from
pVHOO2 (see legend to Fig. 4 for details) present at a final
concentration of 1 ng/ul. The experiments were carried
out as described in Materials and Methods in the presence
of the amounts of CRP and CytR proteins indicated in
ng/ul below cach lane. Cytidine was added to a final
concentration of H} mm in the samples in lanes T and 12
in (b). The composition of each complex is indicated.
Electrophoresis was continued for longer time in (b) than
in (a).

is discussed in more detail below. The titration
analyses in which either the cAMP-CRP concentra-
tion or the CytR concentration is varied. indicate
that this complex consists of one ¢cAMP-CRP
complex and one CytR protein bound to the eytRP?
probe. Comparison of lane 4 and lane 10 in Figure
1(b) shows that at the conditions of the gel retarda-
tion assay. CytR stimulates binding ot eAMDP-CRP
approximately 16-fold and ¢cAMP-CRP stimulates
binding of CvtR approximately 25-fold (Fig. 1(b).
compare lanes 2 and §).

DNase | footprints of ¢cAMP-CRP bound to
cytRP (Fig. 2(a)) showed that the protein strongly
protects a region extending from position —50 to
— 80 on the upper strand (Fig. 2(a), lanes 3 to 6), and
from position —53 to —80 on the lower strand (data
not shown). Previous studies indicate that cAMDP-
CRP protects a stretch of approximately 30 bp
against DNase T digestion (de Crombrugghe et al.,
1984). The dimensions of the cAMP-CRP footprint
in eytRP is, therefore, not compatible with the
presence of two DNA bound cAMP-CRP complexes
as previously suggested (Gerlach et al.. 1990).
Furthermore, the DNase I footprint of cAMP-CRP
is often characterized by the presence of two hyper-
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sensitive DNase 1 digestion sites that lie within the
conserved part of the binding site. In eytRP there
are two hypersensitive sites in the region encoding
the sequence (—72) 5-TTCAAN/TCACA-3'(—67).
that shares homology with the consensus sequence
for a cAMP—CRY binding site (5-TGTGANGTCA-
('A-3 (de Crombrugghe ef al., 1984). Taken together
these data suggest that ¢cAMP-CRP specifically
recognizes the region between position —57 and
—72 and, thus. the center of the CRP site is posi-
tioned at —64.

CytR independently results in protection of a
region extending from position —22 to —57 on the
upper strand (Fig. 2(b), lane 2) and from position
—24 to —64 on the lower strand (Fig. 2(b). lane 5).
Hence. ¢cAMP-(C'RP and CytR have overlapping
binding sites on both strands (see Fig. 3 for a
schematic drawing).

The combined DNA binding of cAMP—CRP and
('vtR results in protection of a region covering 59 bp
extending from position —22 to —80 on the upper
strand (Fig. 2(a), lane 7 to 12). The DNase 1 diges-
tion pattern in this footprint is identical with the
sum of the two independent footprints (Fig. 2(a},
compare lanes 6. 13 and 7 to 12), suggesting that the
combined footprint is obtained by binding of one
cAMP-CRP complex and one CytR protein. Under
the conditions of the DNase 1 footprint, ¢cAMP-
CRP stimulates DNA binding of CvtR at least
100-fold (Fig. 2(a). compare lanes 7 and 13); by
contrast, CytR only stimulates binding of ¢cAMP-
C'RP minimally (Fig. 2(b). compare lanes 3 to 5 and

10 to 12), contrasting the clear stimulatory role of

CyvtR on cAMP-CRP DNA binding in the gel retar-

dation analysis.

(b) Cytidine, the inducer of CytR. affects only
co-operative DN A binding of CAMP-CRP and
CytR

The inducer ot CytR, cytidine, perturbs the co-
operative DNA binding of cAMP-CRP and CytR by
disrupting the protein—protein contacts between the
two proteins (Pedersen ef al., 1991; Gerlach et al.,
1991). As shown in the gel retardation analysis in
Figure 1(b), independent DNA binding of CytR to
cytRP is unaffected by cytidine, however, the co-
operative binding with ¢cAMP-CRP is severely
reduced (Fig. 1(b), compare lanes 2, 6, 11 and i2).
These data show that cytidine exerts its effect in
eytRP by perturbing the protein—protein inter-
actions between ¢cAMP-CRP and CytR. Hence, the

co-operative DNA binding in each of this type of

promoters depends on the same mechanism.

(¢) cAMP-CRP and CytR bind to the same face of
the DN A helix in cytRP

In order to define the binding sites for ¢cAMP-
CRP and CytR more carefully, the contact points
between the proteins and the deoxyriboses in the
DNA backbone were determined by hydroxyl-
radical footprinting experiments (Tullius &

~110 EE -9 -1 - a0
SAGGGTTAAACCGCTCALGATGCGAGGCGLATCGARAANTTCAATATTCATUACACTTTT
—- -

-50 -40 -3C 26 +i
-

CATGAAAATTCTGTAACCGTTTTCACGCGCTATCTGCTARAAATGTTGCCGAT

(ol
- CRP+CytR oyiR -
- g - -
- CRP - Y
-8D EY 66 S 2l 30
TCOAARAAT TCAATATTCATCACACTITICATGAAAAT TCTHTAACCGT TTTCALGED G
AR Phiihday —Zes . E
& X )

Figure 3. Nucleotide sequence of the upper strand in
eyt RP and schematic representation of the DNase T and
hydroxyl-radical footprints of ¢AMP CRP and CytR
bound to eytRP. (a) Sequence of eyt RP: the numbering is
with respect to the start site for transceription (+1). as
indicated by the short arrow. The — 10 sequence is under-
lined: the 2 arrows indicate the sequence recognized hy
cAMP-CRP: the 2 remaining underlined sequences indi-
cate the motit that ix likely. important  for
sequence-specific binding of CytR. (b) A helical represen-
tation of the positions protected by cAMP CRP (filled
cireles) and CytR (filled triangles) from attack from
hydroxyl radical. The helix is drawn with 10-5 bp/turn
and cach vertical line represents 1 bp. The extents of the
individual and combined cAMP -CRP and CvtR DNase |
footprints are indicated above the helix. The nucleotide
sequence is that of the upper strand in eyt R numbered
with respect to the start site for transcription {+ 1), cach
nucleotide is written above its corresponding bp. The 2
arrows below the sequence and the 2 underlined regions
are equivalent to those in (a). Below the helix. the 2
arrows labeled with open triangles point to the 2 phospho-
diester bonds that are hypersensitive to digestion by
DNase 1 in the presence of ¢cAMP CRP: the arrows
labeled with the filled hoxes point to the bonds that are
not completely protected from digestion by DNase T in
the presence of cAMP CRP and CyvtiR.

maost

Dombroski, 1986) (Fig. 2(c)). In the presence of
cAMP-CRP, three clearly defined, regularly spaced.
protected patches appeared on both strands (Fig.
2(c), lanes 3 and 7). In the presence of CytR, two
clearly defined, protected patches appeared (Fig.
2(¢), lanes 5 and 9). Finally, with both proteins, five
regularly spaced, protected regions appeared (Fig.
2(e), lanes 4 and 8). For all combinations of pro-
teins, the modified regions were within the protein-
binding sites defined by the DNase I footprints and
the protection patterns were identical on both
strands but offset by two or three nucleotides. The
modification pattern observed in the hydroxyl-
radical footprints is shown on the DNA helix in
Figure 3. This illustration clearly shows that the
protected regions all e on the same face of the helix
and suggests that the two proteins bind to the same
face of the DNA helix and lie across the minor
grooves corresponding to the protected positions.
This conclusion is consistent with the observation
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that all the regions protected from hydroxyl-radical
modification were also protected from digestion by
DNase T that cleaves the DNA within the minor
groove. Furthermore, the two positions hyper-
sensitive to digestion by DNase T in the CRP site.
and the positions that are not fully protected in the
combined DNase T footprint, all lie on the opposite
face of the helix to that binding the proteins.

(d} The DN A structure is changed in the
cAMP-CRP|CytR[cytRP complex compared to the
cAMP-CRP[cytRP complex

Two parameters contribute to the retardation of a
DNA fragment upon binding of a protein in a gel
retardation analysis. First, binding of the protein
results in an increased apparent molecular weight of
the fragment and, consequently, the mobility is
reduced. Second, distortions of the DNA structure,
such as bends, impede the movement of the DNA
through the gel matrix and, therefore, reduce its
mobility (Wu & Crothers. 1984). The effect of a bend
on the mobility depends on the relative position of
the bend, ie. for fragments of identical length, a
central hend reduces the mobility more than a peri-
pheral bend (Wu & Crothers, 1984). Finally, for
central bends the mobility is decreased when the
hend angle is varied from 07 to 180° (Liu-Johnson et
al.. 1986).

As noted above, the ¢cAMP-CRP/CytR/cytRP
complex migrated faster than the ¢cAMP-CRP/
ceytRP complex in a gel retardation analysis
employing a 393 bp fragment (Fig. 1(b)). To analyze
in more detail this anomalous migration, we per-
formed a gel retardation analysis with DNA frag-
ments of four different lengths that all contained the
binding sites for cAMP—CRP and CytR from eytRI
in the middle (Fig. 4(a)). With the shortest DNA
fragment of 186 bp the cAMP-CRP/cyt RP complex
has a higher mobility than the tri-molecular
complex (Fig. 4(b), compare lanes 2 and 3).
However, with the three remaining fragments the
tri-molecular complex migrates faster than the
cAMP-CRP/cytRP complex and this effect is more
pronounced, the larger the fragment (Fig. 4(b),
compare lanes 4 to 12). In this context, it should be
emphasized that CytR does not give rise to an
independent retarded complex at the concentration
employed in these experiments; moreover, the
CytR/eyt RP complexes have mobilities in between
that of the free fragments and the cAMP-CRP/
cytRP complexes (see Fig. 1(b) for data obtained
with the 393 bp fragment). Altogether. we take
these observations as evidence for two opposing
trends that determine the mobility of the tri-
molecular complex. i.e. increases in molecular
weight and changes in DNA structure. For the
smallest fragment, the increased size outweighs the
effect of a changed DNA structure, whereas for the
larger fragments the change in DNA structure is the
predominant  effect. Therefore, the simplest
explanation for the anomalous migration is that
CvtR induces a conformational change in the DNA

186bp +1
< 83 bp == 97 bp—
271bp +1r'
[=—125bp ﬁs bp ——=1|
319 bp +]
—
[~ 125bp 194 bp -
393bp +1
-
J——195bp ——de— 198bp —
(a)
1 2 3 4 56 7 8 9 10 1 12
~
——
--
Probe 186 bp 271 bp 319 bp 393 bp
CRP - + + - 4+ + - 4+ 4+ - 4+ 4
CYTR - - + - - 4 — - 4 « - %
(b)

Figure 4. Gel retardation analysis of the binding of
cAMP-CRP and CytR to cytRP containing fragments of 4
different sizes. (a) A schematic representation of the 4
fragments, the CRP site and the CytR binding site are
indicated by a filled and a shaded box. respectively: the
start site for transcription (+1) is indicated. The
distances indicated are the distances from the ends of the
fragments to the center of the CRP site. The 186 bp
fragment, is an Xbal-Hpall fragment isolated from
pl13-21; the 271 bp fragment, is an Xbal-BstNT fragment
isolated from pl13-210; the 319 bp fragment. is an Xbal -
Poull fragment isolated from pl13-210: and, the 393 bp
fragment is an Avel-EcoRI fragment isolated from
pVHO002. (b) The fragments indicated below each lane
were used in the samples loaded in the lanes. Where
indicated, CRP and CytR were added to final concentra-
tions of 10 ng/ul and 0-01 ng/ul, respectively. The larger
arrow indicates the cAMP-CRP/DNA complex and the
smaller arrow indicates the cAMP-CRP/CyvtR/DNA
complex.

that antagonizes the cAMP-CRP-induced DNA
bend in eytRP.

In an attempt to describe in more detail the
changes in the DNA conformation induced by
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Figure 5. Circular permutation analysis of cAMP-CRP,
CytR and cAMP-CRP/CytR induced DNA bends in
cytRP. (a) The probes used in the circular permutation
analysis were generated by restriction nuclease cleavage

cAMP-CRP and CytR in eyt RP, a cireular permu
tation analysis was performed (Wu & Crothers.
1984). Kight permuted fragments. containing the
eyt RP sequence at different positions relative to the
ends of the fragment were generated in the vector
pBendl (Kim et «l.. 1989). by digestion with eight
different restriction enzyvmes (Fig. 5{a)).

As shown in Figure 5(b) and (c¢), the mobility of
the probes varies. The diserete. minimal mobility
values are obtained when either of the two
sequences (—77) 5-AAAAA or (—37) 5-AAAA
(sequence for the upper strand) are positioned in the
middle of the fragment. Consistently. such A-tracts
have been shown to induce & DNA bend of up (o 20°
(Koo et al., 1986; Levene et al.. 1986: Zahn &
Blattner. 1987: Koo et al.. 1990). In addition, the
permuted fragments also contain two runs of four
adenine residues on the lower strand centered
around positions —31 and =34, respectively.
Neither of these two sequences is positioned in the
middle of any of the fragments and they do not give
rise  to discrete minimum values in maobility.
However. all the A-tracts are likely to influence the
mobility of the fragments.

When any combination of cAMP-C'RP and ('vtR
are bound to the fragments. bends are induced in
the DNA as shown by the position-dependent
alterations in the mobilities of the protein eytRP
complexes (Wu & Crothers. 1984) (Fig. 5(b) and (¢)).

with 8 different restriction enzymes at sites located in the
2 tandem polvlinker sequences flanking the cloned eytRP
region. All probes are 146 bp in length. The cloned eytRP
region extends from position —25 to —102. The CRP site
and CvtR binding site are indicated as a filled and a
shaded box. respectively. The small arrow above each
probe indicates the center of the probe. ('ytR binds with
the same affinity to the permuted fragments as to the
other eytRP fragments employed in this work (data not
shown). (b) Gel retardation analysis of circularly
permuted DNA fragments. CRP and CyvtR were incu-
bated at final concentrations of 140 ng/ul and -3 ng/ul.
respectively. with the probes shown below each lane. The
probes were added to a final concentration of 5 nm. The
composition of the diffecent complexes is indicated. The
control DNA is a 64 bp BamHT-BamHT fragment isolated
from pBendl, which was included to ensure that the small
differences in mobility of the permuted complexes was not
due to irregularities in the gel. The mobilities of all the
complexes are identical in the presence or absence of
10 mM-cytidine (data not shown): however. the combina

tion of all the different retarded bands on 1 gel is most
clearly visible in the presence of evtidine, therefore. only a
gel in which eytidine was present is shown. (¢} Relative
mobilities of cAMP-CRP. ('vtR and ¢AMP CRP/('vtR
complexes as well as the free probes are shown as a
function of the position of the center of each probe. The
mobility of the complexes was caleulated from the bottom
of the slots relative to the mobility of the control DNA
and corrected for the variations in probe mobilities. The
relative mobilities represent the average of 5 to 8 indepen-
dent experiments. less than (-52, variations were
ohserved in the mobility of any given complex from gel to

gel.
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cAMP-CRP causes the largest variations in
complex mobilities and, therefore, induces a greater
DNA bend than CytR (Thompson & Landy, 1988).
The curve presented in Figure 5(c) for the mobility
of the cAMP-CRP complexes is nearly symmetrical
and indicates that the bend center is located around
position —64. i.e. coinciding with the center of the
CRP site. On the other hand, the center of the
CytR-induced DNA bend cannot be located accur-
ately from the curve in Figure 5(c), although the
data indicate that the center is positioned close to
the center of permutation H (position —39 in
cytRP) or downstream from that position. For the
cAMP-CRP/CytR complexes, the shape of the
mobility curve clearly deviates from that of the
individual cAMP-CRP and CytR complexes, indi-
cating that the conformational change in the DNA
induced by the combined binding of both proteins is
different tfrom those induced by either protein
independently. Moreover, the bend center in the
combined complex is positioned close to the middle
of the cAMP-('RP-binding site.

4. Discussion

Proteins that induce DNA bends are of great
importance in the regulation of transcriptional
initiation in both prokaryotes and eukaryotes
(Gober & Shapiro, 1990; Hoover et al., 1990; Nilsson
et al., 1990: Rojo et al.. 1990; Claverie-Martin
& Magasanik, 1991; Kerppola & Curran, 1991:
Lobell & Schleif, 1991; Perez-Martin & KEspinosa,
1991) and, most likely, they facilitate the inter-
actions between components of the transcriptional
machinery. This makes the DNA-bending protein
an obvious target for a gene regulatory mechanism
in which the DNA bend is antagonized. Here we
have described a regulatory system in which the
CyvtR repressor. a ¢cAMP-CRP antagonist, modu-
lates a DNA bend induced by cAMP-CRP.

Regulation of expression of the ¢ytRPP promoter
involves two DNA-binding proteins, cAMP-CRP
and CytR (Gerlach et al., 1990). cAMP-CRP binds
to the sequence 5-TTCAANGTCACA-3" centered
around position —64. The upstream half of this site
deviates strongly from the consensus sequence for a
('RP site whereas the downstream half is identical
with consensus (de Crombrugghe et al., 1984). This
observation in combination with the unusual posi-
tion of the binding site relative to the +1 position
(Gaston et al. 1990; Ushida e af.. 1990:
Valentin-Hansen et al., 1991) may explain the rela-
tively modest activating effect of ¢cAMP-CRP
(5-fold: Gerlach et al., 1990). The presence of only a
single CRP site in eyt RP sets this promoter apart
from other CytR regulated promoters that all
contain at least two CRP sites (Valentin-Hansen,
1982: Valentin-Hansen et al., 1989; Gerlach et al.,
1991: Holst et «l.. 1992).

CytR binds to a sequence located immediately
downstream from, and partially overlapping, the
(‘RP site in eyt RP (Fig. 3). The sequence responsible

for the sequence specific binding of CytR has not
been determined. However, it has been speculated
that the motif 5-TGCAAACTTGTAA is impor-
tant for the specific binding of CytR in deoP?2
(Pedersen et al.. 1991). (The underlined part of this
motif indicates an imperfect inverted repeat and the
motif in bold is an imperfect direct repeat.) A dege-
nerate form of this sequence is also present in the
CvtR-binding site in cytRP (Fig. 3). The exact
orgcmization of the two motifs is not identical as the
spa(mg between the repeats is one base-pair larger
in deoP2. Nevertheless, the occurrence of the motif
in both promoters emphasizes its importance,
although, the exact composition of the binding site
and the way in which CytR recognizes the motif
remain elusive.

cAMP-CRP and CytR bind simultaneously and
co-operatively to cytRP covering a region of 57 to
59 bp that corresponds to the two individual pro-
tein-binding sites, The co-operativity is more
pronounced in the gel retardation assay than in the
DNase 1 footprint. The key to this difference, most
likely, lies in the relatively modest degree of co-
operativity in combination with the strong salt-
concentration-dependent DNA binding exhibited by
CvtR, ie. in the gel retardation assay ('vtR binds
several fold stronger to the DNA than in the foot-
print assay. Therefore, CytR can stimulate binding
of cAMP-CRP only minimally under the conditions
of the footprint, whereas C'vtR is able to stimulate
binding of cAMP-CRP under the conditions of the
gel retardation assay. We are currently pursuing a
more detailed analysis of the co-operative binding of
¢cAMP-CRP and CytR to eytRP.

Two lines of evidence suggest that the co-opera-
tive DNA binding is achieved through direct inter-
actions between ¢cAMP—CRP and CytR. First, the
inducer, cytidine, specifically perturbs co-operative
DNA bmdmﬂ of cAMP-CRP and CyvtR without
affecting mdependent DNA binding of ('vtR. and,
as previously argued for deol’?, this observation
points to the importance of direct interactions
between the two proteins (Pedersen et al.. 1991).
Second, CytR regulation of cytRP is interrupted in
the presence of CRP mutants that contain amino
acid substitutions in the domain interacting with
CytR (Segaard-Andersen et al., 1991a).

The co-operativity between ¢AMP-CRP and
C'vtR, determined by both gel retardation and foot-
printing assays, is much larger in deoP2. tsx’2 and
edd P (Gerlach et al., 1991. Pedersen et al.. 1991;
Holst et al.. 1992) than in eytEP. Two observations
are important in this context: first of all, in deoP2,
tsx P2 and edd P formation of the cAMP-CRP/CytR/
DNA complex involves binding of tandem ¢cAMP-
('RP complexes; second. the binding sites for
cAMP-CRP and CytR in eyt RP are partially over-
lapping and. thus, the proteins may not be opti-
mally  positioned  to  make  protein—protein
interactions and one protein may sterically interfere
with binding of the second protein. These structural
differences are paralleled by a functional difference
as deol’? is regulated tenfold by CyvtR whereas
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eyt RP is only regulated threefold (Valentin-Hansen.
1985; Gerlach et al., 1990).

(a) CytR antagonizes the cAM P—CRP-induced DN A
bend

The circular permutation analysis clearly
indicated that both ¢cAMP-CRP as well as CytR
induce DNA bends in c¢ytRP and that the bend in
the combined complex deviates from that induced
by either protein alone. This observation, taken
together with the anomalous migration of the
cAMP-CRP/CytR/cytRP complexes in gel retarda-
tion assays strongly indicate that the overall DNA
bend in the combined complex is smaller than the
bend induced by ¢AMP-CRP independently. It
should be mentioned that we cannot strictly rule
out the possibility that the bend in the combined
complex is larger than the bend induced by cAMP-
CRP. however, several lines of evidence argue

against this interpretation. First, as the mobility of

a DNA fragment decreases when the bend angle is
increased from 0° to 180° for a central bend (Liu-
Johnson et al., 1986), C'ytR would have to bend the
DNA more than 1807 in order to explain the anoma-
fous migration of the combined complexes. Recond,
the absence of regularly spaced DNase 1 hyper-
sensitive sites in the CytR and combined footprints
argues against the idea that CytR induces a large
bend. Finally, the introduction of a bend of this size
within 57 to 59 bp would be energetically very
costly. In this context, Snyder et al. (1989) observed
that DNA fragments containing IHF bound to two
sites migrated faster than fragments containing
1HF at one site if the THF induced bends were in
phase. In this case. however, the two THF binding
sites were separated by more than 50 bp contrasting
the close relationship between the protein-binding
sites in eyt RP. The only other example we are aware
of in which two neighboring proteins modulate a
DNA bend. is the combined binding of cAMP-CRP
and RNA polymerase at the lac promoter. which
induces a “hyper -bend during the formation of an
open complex (Zinkel & Crothers, 1991). In this
system, the interaction between the two proteins is
productive and ultimately leads to initiation of
transcription,  whereas  the ¢AMP-CRP/CytR
system illustrates a regulatory mechanism that
could apply to any regulatory system in which
activity depends on a protein-induced DNA bend.
How does CytR antagonize the ¢AMP-CRP-
induced DNA bend? The bends in the different
complexes in cytRP are the sum of intrinsic DNA
bends and protein-induced bends. Furthermore. the
permutation analysis does not provide exact
information about the path of the DNA helix in a
protein—-DNA complex, and. therefore. the mobility
curve for the combined complex cannot be inter-
preted in terms of the topology of the DNA. Also.
any model must take into account that cAMP-CRP
and CytR bind on the same face of the helix. that
¢cAMP-CRP and CytR interact directly (Segaard-
Andersen et al.. 1991a) and that cAMP-CRP in the

combined complex still contacts the DNA in the
region of the C'RP site at which most of the bending
has been shown to occur (Schutlz ef al.. 1991). Based
on these considerations, geveral not mutually exclu
sive models can be imagined: (1) as the protein-
binding sites are overlapping. ¢cAMP-CRP may
have reduced DNA contacts in the combined
complex and thereby bend the DNA less: (2) ¢cAMP-
CRP and CytR may both retain their DNA
contacts, however, a sharp bend is introduced
between the two binding sites: (3) cAMP-C'RP and
(ytR retain their DNA contacts but ('vtR bends
the DNA away from the protein: and, (4) cAMP-
CRP and CytR retain their DNA contacts but the
bends are out of phase. We are presently not able to
distinguish between these possibilities, but clearly
phasing analyses may provide more detailed
information about the path of the DNA in the
combined complex (Zinkel & Crothers, 1987).

From the analysis of ¢cAMP-CRP/CytR/DNA
complexes in different CvtR regulated promoters it
appears that cach promoter has its own character-
isties. In deol’2, CytR fits exactly between two
cAMP-CRP complexes (Pedersen ef al.. 1991); in
cddP, one of the two ¢cAMP-CRP complexes s
repositioned by 2 bp upon binding of CvtR (Holst
al., 1992). in tseP2. one of the two ¢cAMP-CRP
complexes is. most likely. repositioned by 20 bp
(Gerlach ef al.. 1991): and in eyt RP. only one cAMP
CRP complex is involved in formation ol the repres-
sion complex. This diversity in the co-operative
binding of two heterologous proteins with antago-
nistic effects might be a way to provide each
promoter with its  own  particular
characteristics.

regulatory

We thank Dr Evelyne Richet for providing the pBend]
plasmid and Pia Hovendal. Marianne Hald and Eva
Welander Raabjerg for expert technical assistance. This
work  was supported by The Danish Center for
Microbiology, The Carlsberg  Foundation and  the
Deutsche  Forschungsgemeinschaft  through SFB-156.
L.S.-A. was supported by a post-doctoral fellowship from
the Danish Natural Science Research Council and P.G.
was a fellow of the Boehringer Ingelheim Fonds and the
recipient of a short-term EMBO fellowship.

References

Bell. A.. Gaston. K., Williams, R., Chapman. K.. Kolh.
A.. Bue. H., Minchin. 8., Williams, J. & Bushy. S.
(1990). Mutations that alter the ability of the
Escherichia coli cvelic AMP receptor protein to acti-
vate transcription. Nucl. Acids Res. 18, 7243 7250.

Bossi. T.. & Smith. D. M. (1984). C‘onformational change
in the DNA associated with an unusual promoter
mutation in a tRNA operon of Salmonella. ('ell, 39.
643-652.

Bracco, L.. Kotlarz, D.. Kolb. A., Diekman, 8. & Bue, H.
(1989). Synthetic curved DNA sequences can act as
transcriptional activators in Escherichia coli. KM BO
J. 8, 4289-4296.

Claverie-Martin, F. & Magasanik. B. (1991). Role of
integration host factor in the regulation of the glnH ,
promoter of Escherichia coli. Proc. Nat. Aecad. Sei.,
7.S5.4. 88, 1631-1635.



Counteraction of cAMP-CRP-induced DN A bending 405

Collis, C. M., Molloy, P. L., Both, G. W. & Drew, H. R.
(1989). Influence of the sequence-dependent flexure
of DNA on transcription in E. coli. Nucl. Acids Res.
17, 9447-9468.

de Crombrugghe, B., Busby, S. & Buc, H. (1984). Cyeclic
AMP receptor protein: role in transcription activa-
tion. Science, 224, 831-838.

Diamond, M., Miner, J. N., Yoshinaga, 8. K. &
Yamamoto, K. R. (1990). Transcription factor inter-
actions: selectors of positive or negative regulation
from a single DNA element. Science, 249, 1266-1272.

Echols, H. (1986). Multiple DNA-protein interactions
governing high-precision DNA transactions. Science,
233, 1050-1056.

Eschenlauer, A. & Reznikoff, W. (1991). Escherichia col
catabolite gene activator protein mutants defective
in positive control of lac operon transcription.
J. Bacteriol. 173, 5024-5029.

Galas, D. J. & Schmitz, A. (1978)..DNase footprinting: a
simple method for detection of protein—-DNA binding
specificity. Nucl. Acids Res. 5, 3157-3170.

Gartenberg, M. R. & Crothers, D. M. (1991). Synthetic
DNA bending sequences increase the rate of in vitro
transcription initiation at the EKscherichia coli lac
promoter. J. Mol. Biol. 219, 217-230.

Gaston, K., Bell, A., Kolb, A., Buc, H. & Busby, S.
(1990). Stringent spacing requirements for transcrip-
tion activation by CRP. Cell, 62, 733-743.

Gerlach, P., Valentin-Hansen, P. & Bremer, E. (1990).
Transcriptional regulation of the c¢ytR repressor gene
of Escherichia coli: autoregulation and positive
control by the CAMP/CAP complex. Mol. Microbiol.
4, 479-488.

Gerlach, P., Sogaard-Andersen, Pedersen, H.,
Martinussen. J., Valentin-Hansen, P. & Bremer, E.
(1991). The cyclic AMP (cAMP)-¢cAMP receptor pro-
tein complex funetions both as an activator and as a
corepressor at the tsx,, promoter of Escherichia coli
K-12. .J. Bacteriol. 173, 5419-5430.

Ghosaini, L. R., Brown, A. M. & Sturtevant, J. M. (1988).
Scanning calorimetric study of the thermal unfolding
of catabolite activator protein from E.coli in the
absence and presence of cyelic mononucleotides.
Biochemistry, 27, 5257-5261.

Gober, J. W. & Shapiro, L. (1990). Integration host factor
is required for the activation of developmentally
regulated genes in Caulobacter. (enes. Dev. 4,
1494-1504.

Gourse, R. L., de Boer, H. A. & Nomura, M. (1986). DNA
determinants of TRNA synthesis in E. coli: growth
rate dependent regulation, feedback inhibition,
upstream activation, antitermination. Cell, 44,
197-205.

Hammer-Jespersen, K. (1983). Nucleoside catabolism. In
Metabolism  of  Nucleotides,  Nucleosides and
Nucleobases in Microorganisms. (Munch-Pedersen, A.,
ed.), pp. 203-258. Academic Press, London.

Holst, B., Segaard-Andersen, L., Pedersen, H. &
Valentin-Hansen, P. (1992). The cAMP-CRP/CytR
nucleoprotein complex in Escherichia coli: two pairs
of closely linked binding sites for the cAMP-CRP
activator complex are involved in combinatorial
regulation of the edd promoter. EMBO J. 11, in the
press.

Hoover. T. R., Santero, E., Porter, S. & Kustu, S. (1990).
The integration host factor stimulates interaction of
RNA polymerase with NIFA, the transcriptional
activator for nitrogen fixation operons. Cell, 63,
11--22.

Kerppola, T. & Curran, T. (1991). Fos-Jun heterodimers
and Jun homodimers bend DNA in opposite orien-
tations: implications for transcription factor coopera-
tivity. Cell, 66, 317-326.

Kim, J., Zwieb, C., Wu, C. & Adhya, S. (1989). Bending of
DNA by gene-regulatory proteins: construction and
use of a DNA bending vector. Gene, 85, 15-23.

Koo, H.-S., Wu, H.-M. & Crothers, D. M. (1986). DNA
bending at adenine-thymine tracts. Nature
( London ), 320, 501-506.

Koo, H.-S., Drak, J., Rice, J. A. & Crothers, D. M. (1990).
Determination of the extent of DNA bending by an
adenine-thymine tract. Biochemistry, 29, 4227-4234.

Levene, S. D.,, Wu, H.-M. & Crothers, D. M. (1986).
Bending and flexibility of kinetoplast DNA.
Biochemistry, 25, 3988-3995.

Liu-Johnson, H.-N., Gartenberg, M. R. & Crothers, D. M.
(1986). The DNA binding domain and bending angle
of the E. coli CAP protein. Cell, 47, 995-1005.

Lobell, R. B. & Schleif, R. F. (1991). AraC-DNA looping:
orientation and distance-dependent loop breaking by
the cyclic AMP receptor protein. J. Mol. Biol. 218,
45-54.

Maniatis, T., Fritsch, E. T. & Sambrook, J. (1982).
Molecular Cloning. A Laboratory Manual. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

McAllister, C. F. & Achberger, E. C. (1989). Rotational
orientation of upstream. curved DNA affects
promoter function in Bacillis subtilis. J. Biol. Chem.
264, 10451-10456.

Nilsson, L., Vanet, A., Vijgenboom, E. & Bosch, L.
(1990). The role of FIS in trans activation of stable
RNA operons in E. coli. EMBO J. 9, 727-734.

O’Halloran, T. V., Frantz, B., Shin, M. K., Ralston, D. M.
& Wright, J. G. (1989). The MerR heavy metal
receptor mediates positive activation in a topo-
logically novel transcription complex. Cell. 56,
119-129.

Pedersen, H., Segaard-Andersen, L., Holst, B. &
Valentin-Hansen, P. (1991). Heterologous coopera-
tivity in Escherichia coli: the CytR repressor both
contacts DNA and the cAMP receptor protein when
binding to the deoP2 promoter. J. Biol. Chem. 266,
17804-17808.

Perez-Martin, J. & Espinosa, M. (1991). The RepA
repressor can act as a transcriptional activator by
inducing DNA bends. EMBO J. 10, 1375-1382.

Pinkney, M. & Hoggett, J. G. (1988). Binding of the cyclic
AMP receptor protein of Escherichia coli to RNA
polymerase. Biochem. J. 250, 897-902.

Raibaud. O. (1989). Nucleoprotein structures at posi-
tively regulated bacterial promoters: homology with
replication origins and some hypotheses on the
quaternary structure of the activator proteins in
these complexes. Mol. Microbiol. 3, 455-458.

Robertson, C. A. & Nash, H. A. (1988). Bending of the
bacteriophage A attachment site by Escherichia coli
integration host factor. J. Biol. Chem. 263,
3554-3557.

Rojo, F., Zaballos, A. & Salas, M. (1990). Bend induced
by the phage ®29 transcriptional activator in the
viral late promoter is required for activation. .J. Mol.
Biol. 211, 713-725.

Schultz, S. C., Shields, G. C. & Steitz, T. A. (1991). Crystal
structure of a CAP-DNA complex: the DNA is bent
by 90°. Science, 253, 1001-1007.

Snyder, U. K., Thompson, J. F. & Landy. A. (1989).
Phasing of protein-induced DNA bends in a recom-
bination complex. Nature (London) 341, 255-257.



406 . Pedersen et al.

Segaard-Andersen, L. & Valentin-Hansen, P. (1991).
Restored DNA-binding of the cAMP-CRP activator
complex reestablishes negative regulation by the
CytR repressor in the deoP2 promoter in Escherichia
coli. Mol. Gen. Genet. 231, 76-80.

Segaard-Andersen, L., Martinussen, J., Mellegaard, N. E.,
Douthwaite, 8. R. & Valentin-Hansen, P. (1990a).
The CytR repressor antagonizes cyclic AMP-cyclic
AMP receptor protein activation of the deoC,
promoter of Escherichia coli K-12. J. Bacteriol. 172,
5706-5713.

Segaard-Andersen, L., Mgllegaard, N. E., Douthwaite,
S. R. & Valentin-Hansen, P. (1990b). Tandem
DNA-bound ¢cAMP-CRP complexes are required for
transeriptional repression of the deoP2 promoter by
the CytR repressor in Escherichia coli. Mol.
Microbiol. 4, 1595-1601.

Segaard-Andersen, L., Mironov, A. S., Pedersen, H.,
Sukhodelets, V. V. & Valentin-Hansen, P. (1991a).
Single amino acid substitutions in the cAMP receptor
protein specifically abolish regulation by the CytR
repressor in Escherichia coli. Proc. Nat. Acad. Sci.,
U.S.4. 88, 4921-4925.

Segaard-Andersen, L., Pedersen, H., Holst, B. &
Valentin-Hansen, P. (19915). A novel function of the
cAMP-CRP complex in Escherichia coli: cAMP-CRP
functions as an adaptor for the CytR repressor in the
deo operon. Mol. Microbiol. 5, 969-975.

Thompson, J. F. & Landy, A. (1988). Empirical estima-
tion of protein-induced DNA bending angles: applica-
tion to site-specific recombination complexes. Nucl.
Acids Res. 20, 9687-9705.

Tullius, T. D. & Bombroski, B. A. (1986). Hydroxyl
radical “footprinting’’: high-resolution information
about DNA-protein contacts and application to 4
repressor and Cro protein. Proc. Nat. Acad. Sei.,
U.8.4. 83, 5469-5473.

Ushida, C. & Aiba, H. (1990). Helical phase dependent
action of CRP: effect of the distance between the
CRP site and the —35 region on promoter activity.
Nucl. Acids Res. 18, 6325-6330.

Valentin-Hansen, P. (1982). Tandem CRP sites in the deo
operon of Escherichia coli K-12. EMBO J. 1,
1049--10564.

Valentin-Hansen, P. (1985). DNA sequences involved in
expression and regulation of DeoR, CytR and cAMP/
CRP controlled genes in Escherichia coli. In (ene
Manipulation and Expression (Glass, R. E. & Spicek.
J., eds), pp. 273-288, Croom Helm, London.

Valentin-Hansen, P., Hammer-Jespersen, K., Boetius, F.
& Svendsen, 1. (1984). Structure and function of the
intercistronic  regulatory deoC-deod element of
Escherichia coli. EMBO J. 3, 179-183.

Valentin-Hansen, P., Holst, B., Josephsen, J., Hammer,
K. & Albrechtsen, B. (1989). CRP/cAMP- and
CytR-regulated promoters in Escherichia coli K12:
the cdd promoter. Mol. Microbiol. 3, 1385-1390.

Valentin-Hansen, P.. Leve Larsen, J. E., Hejrup, P..
Short, S. A. & Barbier, (. S. (1986). Nucleotide
sequence of the CytR regulatory gene of E. coli K-12.
Nuel. Acids Res. 14, 2215-2228.

Valentin-Hansen, P., Holst, B., Segaard-Andersen, L.,
Martinussen, J., Nesvera, J. & Douthwaite, S. R.
(1991). Design of cAMP-CRP activated promoters in
Escherichia coli. Mol. Microbiol. 5, 433-437.

Vieira, J. & Messing, J. (1982). The pUC plasmids, and
M13mp7-derived system for insertion mutagenesis
and sequencing with synthetic universal primers.
Gene, 19, 259-268.

Weber, 1. T. & Steitz, T. A. (1984). Model of specific
complex between catabolite gene activator protein
and B-DNA suggested by electrostatic complemen-
tarity. Proc. Nat. Acad. Sci., U.8.4. 81, 3973-3977.

Wu, H.-M. & Crothers, D. M. (1984). The locus of
sequence-directed  and  protein-induced  DNA
bending. Nature ( London), 308, 509-513.

Zahn, K. & Blattner, F. R. (1987). Direct evidence for
DNA bending at the lambda replication origin.
Science. 236, 416-422.

Zinkel, S. 8. & Crothers, D. M. (1987). DNA bend direc-
tion by phase sensitive detection. Nature (London).
328, 178-181.

Zinkel, S. S. & Crothers, D. M. (1991). Catabolite acti-
vator protein-induced DNA bending in transcription
initiation. J. Mol. Biol. 219, 201-215.

Edited by M. E. Gottesman



