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DNA bending by negative regulatory
proteins: Gal and Lac repressors

Christian Zwieb, Jin Kim, and Sankar Adhya!
Laboratory of Molecular Biology, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20892 USA

The ability of two negative regulatory proteins, Gal and Lac repressors, to induce DNA bending was tested by
the respective cloning of gal and lac operator DNA sequences into a sensitive vector, pBend2. pBend2 can
generate a large number of DNA fragments in each of which a cloned operator is present in circularly permuted
positions along the length of the DNA. Gel electrophoresis of these DNA fragments individually complexed to
a repressor shows that the Gal repressor bends both of the gal operators, Og and O,. Similarly, the Lac repressor
induces a bend to a lac operator DNA. In each case, the center of the average bent segment is located at or close
to the dyad symmetry axis of the operator sequence. In view of these findings, we discuss how these negative

regulatory proteins may function by a more dynamic mechanism than was perceived previously.
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It is becoming increasingly clear that biological macro-
molecular reactions involve the formation of specific
DNA -multiprotein complexes. For many of these reac-
tions, such as replication or recombination, the com-
plexes assume a higher-order structure (Echols 1986).
Implicit in these structures is the winding of specific
segments of DNA around one or more of the protein
components. To wrap protein with DNA, the latter
must either curve or bend (Trifonov and Ulanovsky
1987). DNA curves when the axis of the molecule de-
viates intrinsically from straightness in a continuous
manner, whereas DNA bends when the segment of axis
is distorted because of the sequence-specific binding of a
protein to that segment. Whether such DNA contortion,
demonstrated in replication and recombination com-
plexes (Fuller et al. 1984; Thompson et al. 1984; Leong
et al. 1985; Anderson 1986; Dodson et al. 1986; Echols
1986; Koepsel and Kahn 1986; Ryder et al. 1986; Snyder
et al. 1986; Hatfull et al. 1987; Robertson and Nash
1988), only helps their stability (Richmond et al. 1984;
Travers and Klug 1987), or also has an active role in the
processes the complexes carry out, is still open for in-
vestigation. In at least one case, a defect in DNA contor-
tion resulted in biochemical inactivity of the system
(Newman and Grindley 1984; Hatfull et al. 1987).

DNA contortion also has been implicated in another
type of DNA-multiprotein macromolecular reaction,
that is, transcription initiation. DNA sequences in or
near enhancers or activation sites of transcription initia-
tion are known to curve or show activator-protein-in-
duced bending (Kolb et al. 1983; Bossi and Smith 1984;
Wu and Crothers 1984; Kotlarz et al. 1986; Shuey and

1Corresponding author.

Parker 1986; Dripps and Wartell 1987; Mizuno 1987;
Plaskon and Wartell 1987). It was suggested by Crothers
and Fried (1983) that such contortions may be essential
for the formation and activity of the DNA —protein tran-
scription initiation complex. It is very likely that DNA
bending facilitates additional protein—protein or pro-
tein—DNA contacts that involve the activator protein
and RNA polymerase. Contrary to such a direct and ac-
tive role of an activator protein in controlling transcrip-
tion initiation positively, the negative regulatory pro-
teins, the repressors, commonly are believed to inhibit
transcription initiation by steric hindrance. The binding
of a repressor to its binding site, the operator, prevents
access of RNA polymerase to the cognate promoter (see
Watson et al. 1987). Thus, the role of the repressor is
presumed to be passive in gene regulation. Yet, in this
paper, we show that at least two repressor proteins, the
Gal and Lac repressors, when bound to their specific op-
erators, induce DNA bending. Also, we discuss the po-
tential implication of repressor-induced DNA bending
in transcription inhibition.

Results and discussion

The genetic structure of the control region of the gal
operon is shown in Figure 1A. The Gal repressor inhibits
transcription by binding to two operators, Oz and O,
(Fritz et al. 1983; Irani et al. 1983; Majumdar and Adhya
1984). Og and O;, which have similar sequences, are sep-
arated from each other and from the promoters. The
bendability of the gal operators was monitored by the
principle of Wu and Crothers (1984). Because a bent
DNA fragment migrates more slowly in gel electropho-
resis compared with a linear fragment of the same size,
the degree of electrophoretic mobility retardation of
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Figure 1. (A) The regulatory region of the gal operon. + 1 refers
to start site of transcription from the P1 promoter. The location
of the two gal operators, Og and Oy are as shown. Note that O,
is located inside the first structural gene, galE (Irani et al. 1983).
(B) Gal repressors bound to Og and O; bend the corresponding
DNA segments (this communication) and interact with each

other to achieve repression (Majumdar and Adhya 1984; Haber
and Adhya 1988). The map is not drawn to scale.

bent DNA that is bound to protein varies with the posi-
tion of the protein binding site on the DNA.

To generate variations in the position of a gal operator
site within a given DNA segment, a sensitive plasmid
vector, pBend2, was used (]. Kim, C. Zwieb, C. Wu, and
S. Adhya, in prep.). A 236-bp DNA segment that is
present between the EcoRI and HindIIl restriction sites
in the vector contains two restriction sites, Sall and
Xbal, in the middle for the cloning of a potential bending
site. Two sets of 17 restriction sites {denoted by ‘a—q,’
and present in that order, as shown in Fig. 2D) span the
cloning sites. The successive restriction sites are 6 bp
apart. Two 30-bp synthetic DNA fragments that con-
tained the Og and O, segments (Fig. 2A,B) were cloned
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into the Sall site to generate the respective clones. The
digestion of each of these plasmids with the proper set of
restriction enzymes resulted in sets a DNA fragments of
identical length in which the Og or Oy sequence was lo-
cated in circular permutations with respect to the ends.

After purification, each fragment was labeled at the
ends with 32P and labeled DNA extracted by phenol/
chloroform. The Gal repressor-induced DNA bending
was monitored for Og and O, sequences by analyzing the
differences in the electrophoresis mobilities of these
fragments, with and without bound Gal repressor, in 8%
polyacrylamide gels. The results are shown in Figure 3,
A and B.

Very few differences in the mobilities of free DNA
fragments were noticed, which indicates that these se-
quences do not generate any intrinsic curving. In con-
trast, the retarded mobilities of the Gal repressor-bound
Og and O, fragments varied considerably. The variations
resulted from the positions of the Oy and Oy sequences
in the fragments. In each case, the largest retardation
was found when the operator was located near the center
of the DNA fragment, whereas the mobilities increased
as the operator moved away from the center in either
direction. The positioning of the binding site around the
central segment of the DNA fragment was less effective
in generating mobility differences than the positioning
of it around the terminal segments. The quantitative
differences in the retardation of the electrophoretic mo-
bilities of the Oy and O; DNA complexes with the Gal
repressor are plotted in Figure 4A. The results show
clearly that the binding of the Gal repressor induces the
bending of both Og and O;. Although the Gal repressor
binds to Og and O; with about the same affinity under
the conditions of assay (Majumdar and Adhya 1987), it is
interesting to note that the binding of the repressor to O,
apparently causes a slightly higher degree of bending
than does the binding of the repressor to Og, as was
shown clearly when the two complexes were coelectro-
phoresed (Fig. 3C). This difference very likely originates
from the nonsimilar bases within the 30-bp Og and O
fragments that were used in the assay (Fig. 2A,B). Cur-
rently, we are investigating operator DNA fragments
with altered base pairs to identify bases that may influ-

A, ACTTCCAATGTAACCGCTACCACCGGTAAC

B. AATTCTTGTGTAAACGATTCCACTAATTTA

C‘ GTTACCGTTGTGAGCGCTCACAATGGAAGT

D. Ecor? Xbal Sall Hind3
abecdefghijklmnopgq abcdefghijklmnopgq
Lt J it d 4] NN

Figure 2. Structure of the relevant portion of pBend2. (Line A) 30-bp O, sequence of gal (Irani et al. 1983). (Line B) 30-bp O; sequence
of gal (Irani et al. 1983). (Line C) 30-bp sequence of the ideal lac operator sequence in the context of O; and gal (Simons et al. 1984).
(Line D) The 236-bp DNA segment of the vector located between EcoRI and HindIII sites of pBR322 is shown with 17 duplicated
restriction sites a—q: (a) Mlul; (b) Bglll; (c) Nhel; (d) Clal; (e) Styl; (f) Spel; (g) Xhol; (h) Dral; (i) EcoRV; (j) Pvull, (k) Smal; (1) Stul, (m)
Nrul; (n) Sspl; (o) Rsal; (p) Ncol; and (q) BamHI. (The restriction sites are not drawn to scale.)
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Figure 3. Bending of the two gal operators (O;, A; and Oy, B) by the binding of the Gal repressor. The Gal repressor was mixed
separately with 15 different 5'-end-labeled DNA fragments derived from pBend2. (C) Result of a co-electrophoresis of the O; and the
Og complexes. The 15 restriction sites used were: (a) Mlul; (b) Bglll; (c) Nhel; (d) Clal; (e) Spel; (f) Xhol; (g) Dral; (h) EcoRV; (i) Pvull; (j)
Smal; (k) Stul; (I) Nrul; (m) Sspl; (n) Rsal; {0) BamHI. XC denotes the position of xylene cyanol at the end of electrophoresis. In each
panel, the slower-moving bands correspond to DNA —protein complexes, whereas the faster-moving bands are free DNA.
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Figure 4. Relative mobility of repressor—operator complexes versus the location of the operator within the 156-bp fragments. (A) ((J)
Gal repressor—Og complex; (W) Gal repressor—O; complex. (B) (®) Lac repressor—lac operator complex.

608 GENES & DEVELOPMENT


http://www.genesdev.org
http://www.cshlpress.com

Downloaded from www.genesdev.org on April 8, 2008 - Published by Cold Spring Harbor Laboratory Press

ence the degree of bending. Because the complex with
the lowest mobility always occurred with the DNA frag-
ment in which Og or O; was located in the middle, it
appears that the center of the bent DNA segment, which
may have more than one kink, is located at or close to
the bases at the dyad symmetry axis of Og and O; (Fig.
2A,B).

Because the Lac repressor is a close analog of the Gal
repressor both structurally and functionally (von
Wilcken-Bergmann and Muller-Hill 1982; Haber and
Adhya 1988), we have studied the ability of the Lac re-
pressor to bend the lac-operator DNA sequence. A
30-bp-long synthetic DNA fragment that contained the
lac operator sequence was cloned into the Sall site of
pBend2, and the electrophoretic mobilities of the DNA
fragments generated by restriction digestion were moni-
tored after the binding of the Lac repressor. The 30-bp
cloned DNA fragment contained a 16-bp perfect palin-
dromic lac operator sequence, called the ideal Iac oper-
ator (Simons et al. 1984). The two outer 8-bp sequences
are the same as that present in the O; sequence of gal
(see Fig. 2C). The results of the experiments are shown
in Figure 5. It is clear that, although the free DNA frag-
ments do not show any intrinsic curving, the Lac re-
pressor, like the Gal repressor, also induces bending in
its cognate operator DNA. The extent of bending is in
the same range as bending in the gal operators. As was
found with the Gal repressor—operator system, the de-
gree of electrophoretic retardation of the lac operator
DNA by the binding of the Lac repressor was highest
when the binding site was in the middle and lowest
when the binding site was closer to either end of the
150-bp DNA fragment. It is interesting to note that two
Lac repressor—operator complexes of slightly different
mobilities were observed. The origin of these two com-
plexes presently is being investigated. The relationship
between the average mobility of the complexes for each
restriction fragment versus the location of the operator
in the fragment is shown in Figure 4B.

We have shown previously an interaction between
two Gal repressor molecules, bound to Og and Oy, that
would result in the formation of a DNA loop (Fig. 1B)
(Majumdar and Adhya 1984; Haber and Adhya 1988).
The loop, which is expected to be topologically indepen-
dent of the rest of the DNA, contains the gal promoter
region and binds RNA polymerase, as well as cAMP and
its receptor protein (CRP) complex even when Gal re-
pressor is occupying Og and O; (Adhya and Majumdar
1987; A. Majumdar and S. Adhya, in prep.). We suggest
that the Gal repressor does not act by steric hindrance
but participates in repression more actively. In this
model, the complex made up of DNA, repressor, RNA
polymerase, cAMP, and CRP assumes a higher-order
structure, which is inactive for transcription initiation
(Haber and Adhya 1988). DNA bending induced by the
Gal repressor may contribute to the formation of the in-
active complex in one or more of the following ways: (1)
Bending simply adds to the strength of the repressor—op-
erator contacts (Gartenberg and Crothers 1988). (2)
Bending of Og and O; is necessary for compaction of the
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entire DNA—multiprotein complex for facilitating other
protein—protein or DNA—protein secondary contacts;
without the compaction, these secondary contact
points, which are essential for repression, may be spaced
apart. (3) CRP also induces bending in DNA (Gartenberg
and Crothers 1988; Heumann et al. 1986); CRP-induced
bending results in close DNA-protein contacts and also
may have long-range effects on DNA regions beyond
their immediate contact sites (Gartenberg and Crothers
1988; Crothers and Fried 1983). Likewise, DNA bending
at Oy and Oy bound to the Gal repressor may exert an
effect on the neighboring promoter DNA domain (loop)
in such a way that bound RNA polymerase fails to ini-
tiate from it. (4) If bending that is induced by CRP
(Crothers and Fried 1983) or RNA polymerase (Kunke et
al. 1987) is necessary for transcription, the Gal repressor

A B

S pedet ghebedeofg:-h

Figure 5. Bending of the lac operator DNA by the Lac re-
pressor. The Lac repressor was bound to eight different lac oper-
ator DNA fragments. The eight restriction sites used for this
experiment were: (a) Mlul; (b) BgIII; (c) Nhel; (d) Spel; (e) Dral;
() Stul; (g) Sspl; (h) BamHI. (A) 2.4 ng of the Lac repressor was
used in each reaction. (B) 7.2 ng of the Lac repressor was used in
each reaction. At this higher concentration of repressor, other
bands of Lac repressor—operator complexes were observed as
has been reported before (Fried and Crothers 1983).
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acts to straighten out the DNA by bending it in the di-
rection opposite to that required for transcription.

It has been noted previously that the binding of the
Lac repressor to a DNA fragment that contains a natural
lac operator does not induce bending (Wu and Crothers
1984), although it was pointed out subsequently that a
difference in the mobility of two repressor—operator
complexes results from a difference in location of the
operator in the DNA fragment (Kramer et al. 1987). By
use of the pBend2 system, we observed Lac-repressor-in-
duced bending even under conditions used by the pre-
vious authors. The observation of Lac-repressor-induced
DNA bending in our system is not a result of an aberrant
position-related movement of the complex under elec-
trophoretic force through the gel pores. Unlike the Gal
and Lac repressors, the mobilities of another DNA
binding protein Cro* when complexed to its operator
permutations do not show significant difference when
analyzed in the pBend2 system (C. Zwieb, in prep.).
However, if DNA bending that is induced by Gal re-
pressor activity contributes to repression of the gal
operon, as discussed above, then our results are consis-
tent with the previous observations that the Lac re-
pressor can also repress the gal operon from nonoverlap-
ping distal sites when the two gal operators, Og and O,
are converted into two lac operator DNA sequences
(Haber and Adhya 1988). From these results, we propose
that, for both gal and lac systems, formation of a higher-
order complex, in which the DNA is contorted by the
corresponding repressor in a similar fashion, is crucial
for gene repression.

Materials and methods
Strain, plasmid, and reagents

The Escherichia coli strain used for plasmid growth and con-
struction was RR1 (F, hsdS20, proA2, lacY1, galK2, rpsSL20,
xyl5, mtll, supE44). The restriction endonucleases, the T4
polynucleotide kinase, and the DNA sequencing kit were ob-
tained from BRL. The plasmid pBend?2 is a derivative of pBR322
and contains a 236-bp EcoRI-HindIll DNA fragment with two
sets of 17 restriction sites in direct repeat as well as unique
Xbal and Sall sites between the two repeats (J. Kim, C. Zwieb,
C. Wu, and S. Adhya, in prep.; see Fig. 2D).

DNA cloning

Oligonucleotides that contained various operator sequences
were prepared in an Applied Biosystems DNA synthesizer.
Equal amounts of two complementary oligonucleotides were
annealed (without further purification) in 10 mm Tris-HC], 1
mM EDTA, 100 mm NaCl by heating at 95°C for 5 min in a
small water bath and slow-cooling to room temperature for 4
hr. Annealed oligonucleotides were extracted once with
phenol/chloroform and precipitated with three volumes of eth-
anol with the addition of 5 M NaCl to 300 mMm final concentra-
tion. The material was washed, dried, and dissolved in a small
volume of water and stored at —20°C.

Annealed oligonucleotides were treated in a 25-pl reaction
volume with T4 polynucleotide kinase in kinase buffer and
ATP for 15 min at 37°C as recommended by BRL. The annealed
oligonucleotides were cloned into the Sall site of pBend2 after
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the Sall site was filled in with Klenow enzyme and then ligated
in the presence of T4 DNA ligase and ATP in ligase buffer (as
recommend by BRL) under conditions of 50-fold molar excess of
oligonucleotides over pBend2 DNA in a reaction volume of 35
wl. The ligation was first carried out at room temperature for 3
hr and then continued at 4°C overnight. Ten microliters of the
ligation mixture were used for transformation of competent
RR1 cells. Transformants were selected on LB-Ampicillin
plates and screened for the presence of the operator sequence by
appropriate restriction enzyme analysis. The correct clones
were confirmed by DNA sequencing (Sanger 1977).

Isolation and labeling of DNA fragments

The restriction enzymes indicated in the legends of Figures 3
and 5 were used to generate fragments of 155-bp lengths. The
fragments were separated by electrophoresis on 2% agarose gels
and visualized by ethidium bromide staining. DNA fragments
were extracted from the cut gels by the addition of phenol, by
freezing, and by centrifugation for 10 min. DNA fragments
were recovered after two additional phenol/chloroform and one
chloroform extraction and precipitation with 3 volumes of eth-
anol in the presence of 300 mMm sodium acetate (pH 6.0). DNA
fragments were stored in water at —70°C. An aliquot of DNA
was used for labeling with T4 polynucleotide kinase and
[y-32PJATP (Amersham) as recommended by BRL. The labeled
DNA was extracted with phenol/chloroform as described above
and stored at —70°C.

DNA-repressor complex formation and gel electrophoresis

Gal repressor purification has been described previously (Ma-
jumdar et al. 1987). Purified Lac repressor was a gift of Joan Betz
of the University of Colorado. Gal repressor—DNA complexes
were formed and electrophoresed as established before (Ma-
jumdar and Adhya 1984). An assay mixture of 20 pl that con-
tained 20 mM Tris-HCI (pH 8.0), 40 mm KCl, 10 mm MgCl,,
1 mm dithiothreitol, 1 mm EDTA, 50 pg/ml of bovine serum
albumin, 1-10 ng of 5'-end-labeled 32P-DNA and 2—-20 nM re-
pressor to result in approximately equal molar amount of free
DNA and DNA-protein complex after electrophoretic separa-
tion in 8% polyacrylamide gels that contained 0.125% bis-
acrylamide in 0.089 M Tris-borate (pH 8.3) and 0.002 M EDTA.
The binding of the Lac repressor to 32P-labeled DNA and the
electrophoretic separation of the complex from free DNA on
4% gels was done as described by Fried and Crothers (1983).
Gels were dried on Whatman 3MM paper for autoradiography.
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