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The transcription activator protein NtrC (nitrogen regulatory protein C)
can catalyze the transition of Escherichia coli RNA polymerase complexed
with the sigma 54 factor (RNAP-c°*) from the closed complex
(RNAP-6** bound at the promoter) to the open complex (melting of the
promoter DNA). This process involves phosphorylation of NtrC (NtrC-
P), assembly of an octameric NtrC-P complex at the enhancer sequence,
interaction of this complex with promoter-bound RNAP-c>* via DNA
looping, and hydrolysis of ATP. We have used this system to study the
influence of the DNA conformation on the transcription activation rate in
single-round transcription experiments with superhelical plasmids as
well as linearized templates. Most of the templates had an intrinsically
curved DNA sequence between the enhancer and the promoter and dif-
fered with respect to the location of the curvature and the distance
between the two DNA sites. The following results were obtained: (i) a
ten- to 60-fold higher activation rate was observed with the superhelical
templates as compared to the linearized conformation; (ii) the presence of
an intrinsically curved DNA sequence increased the activation rate of lin-
ear templates about five times; (iii) no systematic effect for the presence
and/or location of the inserted curved sequence was observed for the
superhelical templates. However, the transcription activation rate varied
up to a factor of 10 between some of the constructs. (iv) Differences in
the distance between enhancer and promoter had little effect for the
superhelical templates studied.

The results were compared with theoretical calculations for the depen-
dence of the contact probability between enhancer and promoter
expressed as the molar local concentration j,;.. A correlation of jy; with
the transcription activation rate was observed for values of
10 M<jy<10® M and a kinetic model for NtrC-P-catalyzed open
complex formation was developed.
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Introduction

machinery at the promoter is often several hun-
dreds or thousands of base-pairs. Contact between

Long-range interactions in DNA play an import-
ant role in the regulation of transcription: the dis-
tance on the DNA between regulatory sequences
(enhancers) that constitute binding sites for gene-
specific protein factors and the transcription

Abbreviations used: RNAP-c>, RNA polymerase-c>*
holoenzyme; RNAP- "%, RNA polymerase-c”°
holoenzyme; NtrC, nitrogen regulatory protein C.
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proteins at the enhancer and the promoter can
be mediated by looping of the intervening DNA.
This regulation mechanism appears to be of
general importance in eukaryotes (Blackwood &
Kadonaga, 1998; Dunaway & Droge, 1989; Miiller
et al., 1989; Ptashne & Gann, 1997). It is found also
in a number of prokaryotic genes (Gralla &
Collado-Vides, 1996; Reitzer et al., 1989; Rippe et al.,
1997; Su et al., 1990; Wedel et al., 1990). In Escheri-
chia coli these promoters are characterized by a
special consensus sequence that requires the RNA

© 2000 Academic Press
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54 factor

polymerase
(RNAP- ™).

For transcription initiation, RNAP-c** at the
promoter has to interact with an activator protein
like NtrC (nitrogen regulatory protein C, also
designated as NR;) bound at the enhancer
sequence via looping of the intervening DNA. For
the experiments described here we have used a
minimal system to study transcription activation
by enhancer that consists of a DNA template with
the glnAp2 promoter, the enhancer sequence with
two strong NtrC binding sites, RNAP-c* holoen-
zyme and the NtrC activator protein. Upon
hydrolysis of ATP, the phosphorylated form of
NtrC  (NtrC-P) catalyzes the transition of
RNAP-c** from the closed complex to the open
complex. This is an important difference from the
standard holoenzyme form of E. coli RNA poly-
merase (RNA  polymerase-6”°  holoenzyme,
RNAP-67%), which can initiate open complex for-
mation from a promoter without the interaction
with an additional activator protein and/or
hydrolysis of ATP. The in vivo upstream sequence
of the gInAp2 promoter contains two strong NtrC
binding sites (—148 to —132 and —116 to —100
upstream of the transcription start site) and three
weak NtrC sites (position —94 to —81, —73 to —60,
and —53 to —37). The two strong sites are essential
and sufficient for the activation reaction
(Magasanik, 1996; Porter et al., 1995; Reitzer &
Magasanik, 1986; Reitzer et al., 1989). They can be
separated by 3000 base-pairs from the promoter,
without a significant reduction of the transcription
activity (Buck et al., 1986; Reitzer & Magasanik,
1986; Wedel et al., 1990).

The probability of an interaction between NtrC
protein bound at the enhancer and RNAP - at
the promoter depends on the flexibility, length,
and conformation of the intervening DNA. The
contact probability can be expressed as the local
concentration in moles per liter of the enhancer in
the proximity of the promoter. This concentration
in moles per liter will be called jy; in the following.
One can think of jy; as the concentration of one
protein that would be required free in solution (in
trans) without a DNA linker to obtain the same
contact probability. This is an old concept from
polymer chemistry (Jacobson & Stockmayer, 1950).
In DNA cyclization experiments the dependence of
the local concentration on the DNA length has
been studied (Crothers et al.,, 1992; Hagerman &
Ramadevi, 1990a,b; Shore & Baldwin, 1983; Shore
et al., 1981). In these experiments a distance of
about 500 base-pairs between the two ends to be
ligated was found to be optimal for the cyclization
reaction. The apparent similarity of this reaction
and protein-protein interactions mediated by
DNA-looping has also been used to describe inter-
actions between lac repressor proteins bound at
separate DNA sites in vivo (Bellomy & Record,
1990; Mossing & Record, 1986). As compared to
the cyclization experiments for the protein-protein
interactions also factors like the size of the interact-

complexed with the o

ing protein complexes and the occupancy of the
respective binding sites have to be considered
(Merlitz et al., 1998; Rippe et al., 1995). The
expected interaction probabilities given in the latter
two papers are in excellent agreement with the
experimentally determined recombination fre-
quency of the site-specific FLP recombinase for
sites on linear substrates with a separation distance
from 74 bp to 15 kb apart (Ringrose et al., 1999).

For regular linear DNAs of a length from 100 to
several thousand base-pairs a local concentration
of the enhancers in the vicinity of the promoter of
10~7 to 10~° M has been calculated (Merlitz et al.,
1998; Rippe et al., 1995). Assuming a volume of
1 pm? for a single E. coli cell, the intracellular con-
centration of NtrC dimers has been determined to
be around 10~® M in the inactive state (Reitzer &
Magasanik, 1983). Under nitrogen limiting con-
ditions the NtrC dimer concentration rises to
1077 M. Thus, for a linear DNA fragment DNA-
looping would have little effect on the interaction
probability of RNAP-6°* with a single NtrC dimer,
since the local concentration j,; due to DNA-loop-
ing would be similar or even lower than the con-
centration at which NtrC is already present in
solution. In this context it is important to note that
binding of NtrC-P to the enhancer DNA sequence
which contains two binding sites also induces the
formation of a specific octameric NtrC-P complex
(Rippe et al., 1998). The concentration of this com-
plex in the absence of the enhancer sequence is
likely to be much lower than that of the NtrC
dimer. Thus, the DNA linkage between enhancer
and promoter can facilitate interactions that would
not occur if the proteins were free in solution. This
idea is consistent with the observation that eukary-
otic enhancers often contain multiple protein bind-
ing sites that act synergistically (Carey, 1998) and
is supported by the formation of A repressor octa-
mer by DNA-looping-mediated interactions of A
repressor tetramers (Révet et al., 1999).

In addition, DNA is a flexible polymer and can
adopt different conformations, some of which pro-
mote the interaction between distant sites. For
example, in vivo DNA is superhelical, i.e. it adopts
a higher-order structure due to torsional strain
(reviewed by Bates & Maxwell (1993)). This confor-
mation is found in the circular DNA of plasmids,
bacterial chromosomes, chloroplasts, mitochondria,
and viruses. Furthermore, linear chromosomal
DNA of eukaryotes is organized by proteins in
loops of 100 to 150 kb which form topological
domains in which the DNA is also negatively
supercoiled. It is interesting that the superhelical
density of the DNA of prokaryotes as well as
eukaryotes is very similar with a value of
o =—0.06 in the absence of proteins (Giaever &
Wang, 1988). The superhelical organization of
DNA increases the contact probability of two sites
up to a value of j,; around 107® M as compared to
the linear or open circular form (Vologodskii et al.,
1992).
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The DNA conformation depends also on the
sequence. The different molecular properties of
dA-dT and dG-dC base-pairs can lead to local
changes of the DNA conformation (Dickerson &
Drew, 1981; Hagerman, 1990). If these deviations
from the average DNA helix structure are in phase
with the helical twist they can lead to significant
intrinsic curvature of the DNA (Trifonov &
Sussman, 1980). In particular, tracts of four to six
dA residues with a periodicity of 10 to 11 base-
pairs induce a strong curvature of the DNA helix
axis (Diekmann & Wang, 1985; Hagerman, 1990;
Trifonov & Ulanovsky, 1988, Wu & Crothers,
1984). The curvature can be predicted from the
DNA sequence according to various models
(Bolshoy et al., 1991; Cacchione et al., 1989;
Calladine et al., 1988; Goodsell & Dickerson, 1994;
Koo & Crothers, 1988; Munteanu et al., 1998;
Satchwell et al., 1986). In numerical simulations of
linear DNA the insertion of a curved DNA region
increased the value of j,; by one to two orders of
magnitude for separation distances <500 base-pairs
(Merlitz et al., 1998; Rippe et al., 1995).

A superhelical DNA conformation in conjunction
with DNA curvature can be even more effective in
increasing the local concentration of distant sites
up to values of 10~5 M (Klenin et al., 1995). Super-
coiled plasmids are flexible molecules whose
shapes fluctuate and depend on experimental con-
ditions. The presence of a permanent bend intro-
duced by an intrinsic curved DNA sequence or a
bending protein decreases the amplitude of the
internal motion in superhelical plasmids and
strongly organizes the superhelix structure. The
bend will be found more often in the end loop of a
superhelix, since these regions are more strongly
bent than the rest of the plasmid. This effect has
been studied both theoretically (Diekmann &
Langowski, 1995; Klenin et al., 1995; Wedemann
et al., 1998) and experimentally (Kremer et al., 1993;
Laundon & Griffith, 1988; Pfannschmidt &
Langowski, 1998). Thus, for DNA regions located
symmetrically with respect to the curved sequence,
contacts should be facilitated, whereas an asym-
metric location would disfavor the interaction.

Here, the effect of the DNA conformation on the
transcription activation rate was studied in the
NtrC/RNAP-c** system. Plasmids with an intrin-
sic bend were constructed which differed in the
distance of the enhancer to the promoter and the
location of the bend. With these templates the tran-
scription activation rate was analyzed in single-
round transcription experiments. The activation
rate is expected to depend, at least to some extent,
on the contact probability between the NtrC-P
complex at the enhancer and RNAP-¢>* at the pro-
moter. Therefore the results were compared with
the local concentration of NtrC-P complex at the
enhancer in the proximity of RNAP-c"* at the pro-
moter as predicted from analytical calculations and
numerical simulations.

Results

Preparation and analysis of plasmid templates

For the in vitro transcription experiments a num-
ber of plasmids with an intrinsically curved
sequence containing six dA5/dA6 tracts between
the enhancer (two strong NtrC binding sites) and
the glnAp2 promoter were constructed. The rela-
tive position of the dA tracts is referred to in the
following by the quotient of the distance between
the enhancer and the curved insert (center to cen-
ter) divided by the distance of the enhancer to the
promoter. Accordingly, a value of 0.5 would corre-
spond to a location of the curved segment exactly
in the middle between enhancer and promoter,
which we will call a symmetric position. For a pos-
ition of the curvature with values of 0.4 to 0.6 the
corresponding plasmids were designated as CS
(curvature symmetric), whereas other locations of
the curvature position were indicated in the plas-
mid name with CA (curvature asymmetric). The
subsequent two numbers in the plasmid name
refer to the distance from the enhancer to the
curved insert and to the distance from the curved
insert to the promoter.

Figure 1 shows the predicted conformation of
the enhancer-promoter region for the plasmids stu-
died using the data set from Bolshoy et al. (1991) in
the program CURVATURE as described by Schitz
& Langowski (1997). The other algorithms
(Cacchione et al., 1989; Calladine et al., 1988; Koo &
Crothers, 1988; Satchwell et al., 1986) gave similar
results, although, in general, the magnitude of cur-
vature for the dA tract was lower. For all plasmids
except pVW?7 and pTHS a strong curvature of the
inserted fragment is predicted between enhancer
and promoter. In addition, some minor bending at
other positions can be seen. In order to confirm the
predicted curvature experimentally the inserted
regions were cut out with Pstl and analyzed on a
native 8% (w/v) polyacrylamide gel. From the
comparison with a DNA length standard the k-fac-
tor was determined (Table 1). The k-factor
describes the anomalous gel mobility of a DNA
fragment due to intrinsic DNA curvature and was
calculated by dividing the apparent DNA length
by the length known from the DNA sequence
(Diekmann & Langowski, 1995). For values of
k~ 1, apparent and real sequence length are simi-
lar. The effect of the intrinsic curvature is more
pronounced if the sequence is located in the center
of the fragment, whereas a curvature at the end of
the fragment has little effect. A value of k> 1.35 is
regarded as indicative of strong curvature in the
middle of the fragment. This is the case for the
DNAs studied here (Table 1) except for the inserts
of pCS119-119, for which a somewhat lower k-fac-
tor of 1.19 was determined. The corresponding PstI
fragments are relatively short (130 bp), and it
appears possible that the corresponding measure-
ment resulted in too low a k-value, since the DNA
standard used did not cover the short DNA length
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range (<150 bp) very well. In order to analyze the
DNA curvature of the enhancer-promoter region of
plasmid pTHS8 it was digested with HindIll and
Hinfl. The relevant fragment comprising the
enhancer to promoter region is 215 bp long (Hinfl
cut at position —200 and HindIIl cut at position
+14). This fragment moved like a 226 bp long frag-
ment on the native polyacrylamide gel, i.e. the k-
factor was only 1.05 and there was no indication
for significant intrinsic DNA curvature consistent

pCA293-119
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/
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Figure 1. Predicted conformation
of the region between enhancer
and promoter. Calculations were
made with the algorithm described
by Bolshoy et al. (1991) with the
program CURVATURE (Schitz &
Langowski, 1997). The end with
the gInAp2 promoter is located at
the top or right side and the enhan-
cer at the bottom or left side of the
pCS456-451 images.

with the DNA conformation predicted from the
sequence (Figure 1).

After the plasmid preparations, varying amounts
of superhelical plasmid monomers and dimers and
the nicked/linear forms of the plasmid were
detected. Since the integrity and homogeneity of
the template was crucial for the experiments, the
superhelical plasmid monomers were purified by
agarose gel electrophoresis. The superhelical den-
sity o of the plasmid preparations used is given in
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Table 1. Intrinsic curvature of DNA sequence between enhancer and promoter

Plasmid Position of curvature® Sequence length (bp)® Apparent length (bp)* k-factor ¢
pCA119-666 0.15 677 644 0.95
pCS119-119 0.50 130 155 1.19
pCS293-293 0.50 478 699 1.46
pCS456-451 0.50 799 1275 1.60
pCS261-202 0.56 355 495 1.39
pCA380-213 0.64 485 684 1.41
pCA119-66 0.64 77 81 1.05
pCA293-119 0.71 304 391 1.29
pCA455-66 0.87 413 455 1.10
pCA461-66 0.87 419 460 1.09
pCA538-66 0.89 496 487 0.98
pCA728-66 0.92 686 625 0.91
pTH8b - 215 226 1.05

2 The position of the curvature was defined as the center-to-center distance from the enhancer to the curved sequence divided by
the distance from enhancer to promoter. A value of 0.5 would correspond to a location of the curvature in the middle between

enhancer and promoter.

® This is the length of the Pst] fragment that contains the curved insert as well as any other sequence cloned into the region
between enhancer and promoter from pVW?7. For the analysis of pTH8 the plasmid was digested with HindIIl and Hinfl. The rele-
vant fragment comprising the enhancer to promoter region was 215 bp long and moved like a 226 bp long fragment on the native

polyacrylamide gel.

¢ The apparent DNA length was determined from the gel mobility of a given fragment as compared to a standard of DNA

fradgments with the program Bio Image IQ version 2.1.1.

The k-factor describes the anomalous gel mobility of a DNA fragment due to intrinsic DNA curvature and was calculated by
dividing the apparent DNA length by the length known from the DNA sequence (Diekmann & Langowski, 1995).

Table 2. The values of c for our purified superheli-
cal templates were around —0.04 to —0.05, with the
amount of nicked plasmid present being < 5 %. The
measured superhelical density of the templates
was somewhat lower than the typical value for
purified plasmids of ¢ =—0.06, but higher than
the amount of unconstrained supercoiling in E. coli
that has been estimated to be equivalent to
o=—0.03 (Bates & Maxwell, 1993). Since the
glnAp2 promoter is relatively insensitive to the
exact degree of negative supercoiling (see below),
it appears unlikely that the small differences in the
value of ¢ between the different templates have a
significant effect on the measured activation rates.

Transcription kinetics

The RNAP-c** holoenzyme forms a stable
closed complex at the glnAp2 promoter in the
absence of NtrC. Thus, protein binding and tran-
scription activation can be examined separately.
The transcription kinetics were conducted as
described in Materials and Methods. The system
consisted of the DNA template with the glnAp2
promoter sequence and NtrC binding sites, the
RNAP-c**, and the activator protein NtrC. The
necessary phosphorylation of NtrC that is per-
formed in vivo by NtrB was reproduced in vitro
with the chemical agent carbamyl phosphate (Feng
et al., 1992). After binding of the RNAP-c™ at the
promoter and NtrC-P at the enhancer, the reaction
was started by the addition of ATP. The kinetics of
the activation reaction were monitored by taking
samples at different times and adding them to a
mix of nucleotides and heparin. Since heparin pre-
vents the rebinding of the polymerase and destroys
closed complexes, only the open complex present

at a given time-point could produce a radioactive
transcript. Accordingly, the transcription activation
rate with different templates could be measured by
quantifying the amount of radioactive RNA tran-
script produced over time. In all reactions, plasmid
pVW7-158 was present as an internal reference.
This plasmid produced a transcript of only 158 nt
from the glnAp2 promoter as opposed to 484 nt for
the other templates studied (except for pTHS8, from
which a 298 nt transcript is produced). The differ-
ent lengths of the transcripts were accounted for
by normalizing the amount of radioactive tran-
script with respect to the same number of C resi-
dues. Figure 2(a) shows a typical phosphorimager
picture of the activation kinetics. The bottom band
corresponds to the superhelical pVW7-158 refer-
ence plasmid, whereas the upper band refers to the
pVW?7 template linearized at the EcoRI restriction
site upstream of the enhancer. As demonstrated by
the quantitative analysis of the bands, the acti-
vation reaction of the superhelical template shows
an almost linear increase for about the first two
to three minutes and then reaches a plateau
(Figure 2(b)). At this point probably an equilibrium
between the formation and the decay of open com-
plexes is reached, so that no more open complexes
were formed. The linearized pVW?7 template that
had a sequence identical with that of pVW7-158
except for the longer transcript showed a much
lower activation rate. Since the linear relation
between the amount of transcript produced and
time was only valid for the first two minutes, the
transcription activation rate was determined from
samples taken every ten seconds for the first 90
seconds. Representative examples for the transcrip-
tion activation reaction during this time are shown
in Figure 3 for different templates.
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Table 2. Measured rates of transcription activation by NtrC

Distance
Total length  enhancer/ Curvature Activation
Plasmid (bp) promoter position® c® rate® Std. dev.? Ne
pCA119-666 3992 785 0.15 —0.042 1.36(£0.46) 0.67 8
pCA380-213 3800 593 0.64 —0.044 1.43(£0.20) 0.31 9
pCA119-66 3391 185 0.64 —0.046 1.56(+0.44) 0.50 5
pCA293-119 3619 413 0.71 —0.038 1.46(£0.34) 0.46 7
pCA455-66 3728 521 0.87 —0.045 1.11(0.34) 0.49 8
pCA461-66 3734 527 0.87 —0.042 4.69(+1.39) 2.25 10
pCA538-66 3811 604 0.89 —0.044 0.78(%0.19) 0.27 8
pCA728-66 4001 794 0.92 —0.042 1.45(+0.37) 0.57 9
pCS119-119 3445 238 0.50 —0.046 1.54(£0.39) 0.66 11
pCS293-293 3793 586 0.50 —0.039 1.18(£0.36) 0.45 6
pCS456-451 4114 907 0.50 —0.036 1.52(£0.47) 0.63 7
pCS261-202 3670 463 0.56 —0.043 7.57(£1.77) 4.14 21
pVW7 3114 109 - —0.057 0.97(40.29) 0.49 11
pTHS 3576 109 - —0.050 3.36(£1.19) 1.49 6
Linear pVW7* 3114 109 - - 0.04(+0.01) 0.00 4
Linear pTHS8f 3576 109 0.44 - 0.15(%0.05) 0.07 8
Linear pCS119-119f 3445 238 0.50 - 0.18(%0.04) 0.05 6
Linear pCS261-202f 3670 463 0.56 - 0.12(%0.02) 0.02 6
Linear pCA119-66 3391 185 0.64 - 0.13(£0.02) 0.03 6
Linear pCA293-119f 3619 413 0.71 - 0.06(%0.02) 0.02 6

? The curvature position is defined as described in the legend to Table 1.
* Superhelical density of the purified plasmid preparation analyzed.
¢ Activation rates +95 % confidence interval of the mean value were determined as described in Materials and Methods.

4 Standard deviation of the measured activation rates.
¢ Number of experiments.

f The plasmids were linearized with EcoRI, which is located upstream of the two strong NtrC binding sites.

The quantitative analysis of the phosphorimager
data is presented in Figure 4. The transcription
activation rate was obtained from the slope of a
linear regression fit to a plot of the amount of tran-
script versus time. After correction for the different
template length, the ratio of the transcription acti-
vation rate of pVW7 to that of pVW7-158 was
determined to be 0.97(£0.29) (Table 2). Thus, as
expected the two plasmids that differed only in the
length of the RNA transcript produced, displayed
essentially the same activation rate after correction
for the different transcript length. This indicates
that our method is suitable for an accurate determi-
nation of the transcription activation rate. The
results of the transcription kinetic experiments are
summarized in Table 2.

Superhelical versus linear templates

The linearized plasmids displayed an activation
rate that was ten- to 60-fold lower than that of the
corresponding superhelical plasmids (Table 2 and
3). The presence of an intrinsically curved DNA
sequence increased the activation rate of the linear
templates four to five times (compare pCS119-119
with pVW?7, Table 2). Within the limited data set
for the linearized templates it appears that a cen-
trally located curvature as in pCS119-119/EcoRI
(curvature position at 0.5, activation rate
0.18(+0.04)) resulted in a higher activation rate
than a more asymmetrically located one like that
in pCS5261-202/EcoRI (curvature position 0.56, acti-
vation rate 0.12(£0.02)) or in pCS293-119/EcoRI
(curvature position  0.71, activation  rate

0.06(£0.02)) (Table 2 and 3). Plasmid pTHS8 showed
a higher activation rate than pVW?7 in the linear-
ized as well as in the superhelical conformation.
As discussed below, it contains three weak NtrC
binding sites in addition to the two strong NtrC
sites found in pVW7, which might increase the
activation rate.

Comparison of superhelical templates

The distance between enhancer and promoter
had little effect on the observed activation rate
(Figure 5(a)). In addition, no systematic effect for
the presence and/or location of the inserted curved
sequence was observed with the superhelical tem-
plates (Figure 5(a) and (b)). Most of the values
were between 0.8 and 1.6 (Figure 5(b)). Only three
plasmids had a significantly higher activation rate
than the pVW?7 reference plasmid. These were
pCA461-66 (4.69(£1.39)), pTHS8 (3.36(%+1.19)), and
pCS261-202 (7.57(£1.77)). However, the transcrip-
tion activation rate varied up to a factor of 10
between some of the constructs. The comparison
between pCA538-66 (0.78(£0.19)) and pCS261-202
(7.57(£1.77)) shows that the position of the curva-
ture and/or the specific DNA sequence between
enhancer and promoter can modulate the acti-
vation rate by an order of magnitude.

Discussion

Transcription initiation in the NtrC/RNAP.c>*
system studied here requires the transient inter-
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action of the NtrC-P complex at the enhancer with
RNAP-c** bound at the glnAp2 promoter. The
effective concentration c.¢ of the biologically active
NtrC-P complex with respect to RNAP-c™* at the
promoter is given by:

Ceff = ONerc X OrnAP X jM + Cfree 1

In equation (1) O\y,c and Oznap denote the occu-
pancy of the enhancer and the promoter, and cg..
the concentration of non-DNA-bound NtrC-P octa-
mer that is able to activate transcription. Under the
conditions of the experiments described here the
sites are fully occupied, since the concentrations of

plasmid pVW7-158

14107
Q
o
job)
3-107 S Figure 2. Transcription kinetic of
< pVW?7  linearized with  EcoRL
f_D._ (a) Phosphorimager picture of the
2.107 ® transcription  kinetic of pVW7/
] = EcoRI analyzed on a urea/6 % poly-
3 acrylamide gel. The linearized
2 = pVW7 produced a 484 nt tran-
1-10 ~+ script, while the internal superheli-
o cal control plasmid pVW7-158
.C produced a 158 nt transcript.
o (b) Quantification of the amount of

RNA transcript produced from:
EcoRI linearized pVW?7, (OJ); or the
superhelical pVW?7-158 reference,
(m).

both NtrC and RNAP-c>* have been chosen in
titration experiments to give a maximal activation
rate (see Materials and Methods) and to saturate
the respective binding sites, ie. Oyy,c=1 and
Ornap = 1 (see also Rippe, 2000; Schulz et al., 1998).
In the absence of the specific binding sites, no acti-
vation was observed and accordingly cg..~ 0.
Thus, the effective concentration of the NtrC-P
complex is given by the local molar concentration
jum of the enhancer in the proximity of the promo-
ter, which in turn is dependent on the DNA con-
formation of the template. The value of j; has
been calculated for linearized (Merlitz et al., 1998;
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Figure 3. Phosphorimager images of transcription kinetics of superhelical templates. The images show the 484 nt
transcript of the indicated three different superhelical plasmids and the 158 nt transcript of the internal control from
pVW7-158 that is produced during the initial phase of the first 70 seconds (time-points every ten seconds). (a) pVW?7,

(b) pCA728-66, and (c) pCS261-202.

Rippe et al., 1995) and superhelical DNAs (Klenin
et al., 1995; Vologodskii et al., 1992), including the
effect of an intrinsically curved DNA region
between enhancer and promoter. To a first
approximation, we expected that within a certain
range a higher local concentration will result
in a higher activation rate. This hypothesis was
tested here. Tables 3 and 4 show a comparison
between the calculated local concentration and
the measured activation rate of representative
plasmids.

Superhelical versus linear templates

The superhelical templates showed a ten- to 60-
fold higher activation rate than their linearized
forms (Table 3). There are two effects that have to
be taken into account to explain this difference: In
the superhelical conformation, the interaction
between enhancer and promoter is facilitated, as
expected from the theoretical predictions on the
contact probability, by a factor of 13 to 190
(Table 3). On the other hand, it has been reported
that negative superhelicity can support the melting
of the promoter DNA (Drew et al., 1985; Pruss &
Drlica, 1989). Since this effect is not present with
the linearized plasmids, a direct comparison of
superhelical and linearized templates in terms of
the local concentration could be problematic. How-
ever, it has been shown that the glnAp2 promoter
studied here is relatively independent of the degree
of supercoiling (Dixon et al., 1988; Ninfa et al.,
1987; Whitehall et al., 1992). In addition, studies
with heteroduplex DNA templates demonstrate
that RNAP-6>* requires NtrC activator protein to

initiate transcription even when the DNA in the
promoter region is already in the melted confor-
mation (Cannon et al., 1999; Wedel & Kustu, 1995).
It appears therefore unlikely that the strand separ-
ation of the promoter DNA is the rate-limiting step
in the reaction leading to the formation of the open
complex. Accordingly, the observed differences
in the transcription activation rate between linear
and superhelical templates should predomin-
antly reflect differences in the contact proba-
bility between the activator complex and the
polymerase.

In Table 3 the ratio of the activation rates for the
six plasmids studied both in the superhelical and
linearized form is compared to the corresponding
ratio of the local concentration jy;. The comparison
shows a qualitative agreement between experimen-
tal and theoretical values. The measured increase
in the activation rate due to the formation of a
superhelix was not quite as high as expected for
the increase in j; but nevertheless in the predicted
range of one to two orders of magnitude. For the
plasmid pTHS8 a difference by a factor of ~7 and
for pVW7 by a factor >30 (estimated) was observed
between the superhelical and the linear template in
a previous study (Carmona & Magasanik, 1996). In
these experiments, the equilibrium distribution of
open and closed complex obtained after incubation
for 20 minutes was measured, as opposed to the
transcription activation rate determined here. The
difference in the results between pVW?7 and pTHS8
has been attributed to a 65° DNA bend present in
pTHS8 at position —73 between enhancer and
promoter (Carmona et al, 1997, Carmona &
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Magasanik, 1996). Our gel electrophoretic analysis,
however, revealed no significant intrinsic curvature
for pTHS8 in this region. Both pVW7 and pTHS8
have the same distance between the promoter and
the two strong NtrC-binding sites that constitute
the minimal enhancer sequence (at —148 to —132
and —116 to —100). In addition, pTH8 possesses
three weak NtrC binding sites upstream of the
glnAp2 promoter (—94 to —81, —73 to —60, and
—53 to —37). As demonstrated by fluorescence
cross-correlation spectroscopy experiments, the
NtrC-P octamer complex can bind two DNA
strands (Rippe, 2000). As discussed by Rippe
(2000), the NtrC-P complex could potentially also
interact with one or two of the weaker binding
sites and thereby facilitate the formation of the
looped intermediate with RNAP-c”*. This would
explain why pTHS8 displayed a higher activation
rate than pVW?7 both with the linearized and the
superhelical template.

Comparison of linear templates

The local concentration for linear DNA with an
enhancer-promoter separation of 100 to 200 bp
increased from around 107 M up to 107° M in the
numerical simulations, when a strongly curved
segment (120° kink) was present in the center of
the fragment (Merlitz et al., 1998; Rippe et al., 1995)
(Figure 6(a) and (b)). The effect of the curvature
was most pronounced for short separation dis-
tances and disappeared above 500 base-pairs.
A curvature located at other positions (Figure 6(c))
was less effective (Merlitz et al., 1998). In agree-

: rate. [0, (@) pVW7, (b) pTHS, (¢
80 pCS261-202, (d) pCA728-66; W, (a)-
(d) pVW7-158 internal reference.

ment with these theoretical predictions, the linear-
ized pCS119-119 plasmid with a short separation
distance and the centrally located curved insert dis-
played the highest activation rate of the linear tem-
plates studied (0.18(%0.04)). For larger separation
distances as in pCS261-202, the measured acti-
vation rate was lower (0.12(£0.02)). In addition,
the templates with the asymmetrically located
curved sequence showed the expected reduction of
the activation rate as compared to the centrally
positioned curvature (compare pCS119-119 with
pCA119-66 and pCS261-202 with pCA293-119 in
Table 3).

Comparison of superhelical templates

Three of the plasmids examined here showed a
significantly ~increased activation rate (pTHS8
3.36(£1.19); pCA461-66 4.69(+1.39); and pCS261-
202 7.57(%£1.77)) above the average value of the
other superhelical templates of 1.31(+0.15). As dis-
cussed above, the pTH8 plasmid possesses three
additional weak NtrC-binding sites which might
lead to a higher activation rate by stabilizing the
looped complex as suggested by Rippe (2000). For
the other two plasmids, differences from the rest of
the plasmid templates studied are not evident.
While pCS261-202 has a more or less symmetri-
cally located curved insert this is not the case for
pCA461-66. It is possible that in conjunction with
additional DNA bending introduced by the bind-
ing of NtrC and/or RNAP-c>* a superhelical plas-
mid conformation is stabilized in pCS261-202 or
pCA461-66 that is favorable for the activation reac-
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Table 3. Comparison of the activation rate of superhelical and linearized plasmids

Calculated
Plasmid Position of curvature Superhelical Linearized Ratio sc/lin? ratio of jy ®
pCS119-119 0.50 1.54(30.39) 0.18(+£0.04) 9(£3) 90
pCS261-202 0.56 7.57(£1.77) 0.12(£0.02) 63(£18) 190
pCA119-66 0.64 1.56(£0.44) 0.13(£0.02) 12(£4) 13
pCA293-119 0.71 1.46(10.34) 0.06(£0.02) 24(£10) 15
pvW7 - 0.97(£0.29) 0.04(£0.01) 25(%+10) 100
pTHS8 - 3.36(+1.19) 0.15(+0.05) 22(%11) 100

? Ratio of transcription activation rates of superhelical template (sc) to the linearized (lin) form.
® Calculated ratio of the local concentration for the enhancer/promoter interactions for superhelical and linear templates.

tion. As inferred from scanning force microscopy
images, RNAP-c"* bends the ¢/nAp2 promoter in
the closed complex by about 30-50° (Rippe et al.,
1997; Schulz et al., 1998). The NtrC-P complex at
the enhancer, on the other hand, apparently also
induces significant bending of the enhancer DNA
(Fiedler, 1996; Révet et al., 1995). In addition, the
particular sequences introduced between the
enhancer and promoter in pCS261-202 and
pCA461-66 might facilitate the activation reaction.
Additional experiments are necessary to determine
the reason for the increased activation rate
observed with these templates. At this point we
can only note that the activation rates determined
with pCS261-202 are up to ten times higher than
that of other templates studied (e.g. pCA538-66,
0.78(£0.19)). This demonstrates that a specific
DNA sequence between the enhancer and promo-
ter region can lead to a large increase of the acti-
vation reaction of the superhelical templates.

No systematic differences were found for the
superhelical plasmids studied both with respect to
the distance between enhancer and promoter as
well as the location of the curved insert. Except for
the two templates pCS261-202 and pCA461-66 dis-
cussed above, the activation rate was remarkably

insensitive with respect to the distance between
enhancer and promoter as well as the location of
the curved insert with an average value of
1.31(£0.15). The relative insensitivity of the super-
helical templates to the distance between enhancer
and promoter is expected from the numerical
simulations. Variation of the separation distance
from 300 to 2000 bp did not lead to significant
changes of the calculated j,, value of 6 x 107°* M
(Klenin et al., 1995; Rippe et al., 1995; Vologodskii
et al., 1992). This is in agreement with previous
in vivo studies with plasmid templates without
curvature where little effect on the production of
glutamine synthetase was detected if the distance
between enhancer and promoter was expanded to
3000 bp (Reitzer & Magasanik, 1986; Reitzer et al.,
1989).

Effect of curvature with superhelical templates

An increasing local concentration has been calcu-
lated for superhelical plasmids with symmetric
curvature versus plasmids with asymmetric curva-
ture (Klenin et al.,, 1995). Figure 7 schematically
depicts the effect of intrinsic DNA curvature on the
conformation of a superhelical plasmid. Since the

Table 4. Comparison of the calculated local concentration for representative templates with the measured transcrip-

tion activation rates

~200 bp distance

~500 bp distance ~1000 bp distance

DNA template jm (WM)*  Activation rate®  ji; (WM)*  Activation rate®  jy (WM)*  Activation rate®
Linear 0.01 0.04(+0.01) 0.12 n.d. 0.07 n.d.
pVW7
linearized
Linear with central 0.9 0.18(40.04) 0.3 0.12(40.02) 0.1 n.d.
curvature pCS119-119 pCS261-202
linearized linearized
Linear with non- 0.3 0.13(+0.02) 0.2 0.06(+0.02) 0.1 n.d.
central curvature pCA119-66 pCA293-119
linearized linearized
Superhelical 1 0.97(40.29) 6 n.d. 6 n.d.
pVW7
Superhelical with central 80 1.54(1+0.39) 60 1.18(+0.36) 40 1.52(+0.47)
curvature pCS119-119 pCS293-293 pCS456-451
Superhelical, non-central 4 1.56(+0.44) 3 1.11(£0.34) 2 1.45(+0.57)
curvature pCS119-66 pCA455-66 pCA728-66

n.d., not determined.

 Calculated local concentration for the different DNA templates.

® Measured transcription activation rates relative to that of pVW7-158.
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Figure 5. Transcription activation rates of superhelical
templates. The relative activation rate is given as the
ratio to the activation rate of pVW?7-158, which was
included in all reactions as an internal reference. Plas-
mid pTHS8 is not shown on the plots, since it contains
three additional weak NtrC binding sites, which might
affect the activation rate. Only two plasmids (pCS261-
202 and pCA461-66) displayed an activation rate signifi-
cantly above the average. (a) Dependence of the acti-
vation rate on the distance between enhancer and
promoter. Plasmids with symmetric curvature (H); plas-
mids with asymmetric curvature ([J); plasmids without
curvature ($); are shown. (b) Dependence of the acti-
vation rate on the position of the curvature. Only two
plasmids (pCS261-202 and pCA461-66) displayed an
activation rate significantly above the average.

curved sequence is preferably located in the end-
loop of the plasmid, a location of the curvature
right in the middle between enhancer and promo-

/—\ a
—O O—

enhancer promoter
curved
DMA insert
enhance/ \prommer
curved
DNA insert

P C
enhancer / \OQmoter

Figure 6. Scheme for looping-mediated interactions on
linear templates. The proteins at the enhancer and the
promoter are shown as gray circles; the curved insert is
highlighted by gray shading. (a) Linear DNA. (b) Linear
DNA with symmetric curvature. (c) Linear DNA with
asymmetric curvature.

ter is predicted to facilitate interactions between
enhancer and promoter (Figure 7(b)). On the other
hand, the local concentration decreases with a non-
central curvature (Figure 7(c)) by more than one
order of magnitude from a maximum around
7 x 107° M to about 1 x 107°® M for separation dis-
tances of around 300 to 700 bp (Klenin et al., 1995).
A corresponding change of the measured transcrip-
tion activation rate was not observed in the exper-
iments. Thus, an increase of the local concentration
jm above ~107° M by inserting a curved DNA seg-
ment between enhancer and promoter did have no
significant effect on the transcription activation
rate in the system studied here.

Curvature of the DNA between enhancer and
promoter can also be introduced by a protein like
IHF (integration host factor) that bends the DNA
upon binding by about 160 ° (Ellenberger & Landy,
1997; Rice, 1997; Rice et al., 1996). The IHF-
mediated bending can facilitate the contact
between NtrC-P or related activators like NifA and
RNAP-c>* bound to their respective sites
(Claverie-Martin & Magasanik, 1992; Hoover et al.,
1990; Molina-Lépez et al., 1994; Santero et al.,
1992). It has also been reported recently that IHF
directly increases the binding of RNAP-c>* to the
Pu promoter of Pseudomonas putida (Carmona et al.,
1999) which indicates an additional activity of IHF.
However, since the effect of IHF binding can be
substituted by an intrinsically curved DNA
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enhancer

curved
DMNA insert
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promoter
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Figure 7. Scheme for looping-mediated interactions on
superhelical templates. The proteins at the enhancer and
the promoter are shown as gray circles; the curved
insert is highlighted by gray shading. (a) Superhelical
plasmid without intrinsic curvature. All conformations
are equally probable as indicated by the equilibrium
between a conformation in which enhancer and promo-
ter are in close contact (left side) and a conformation in
which they are further apart (right side). Due to slither-
ing of the two DNA strands in the superhelix there is a
fast exchange between the different conformations so
that enhancer and promoter are brought in contact with
each other, which leads to an increase of the local con-
centration as compared to the linearized form.
(b) Superhelical plasmids with symmetric curvature. The
insert is preferably located in the end-loop so that a
plasmid conformation is favored in which proteins at
the enhancer and the promoter can contact each other.
(c) Superhelical plasmid with asymmetric curvature. The
curved insert stabilizes a plasmid conformation in
which enhancer and promoter are not in close contact.

sequence at the Klebsiella pneumoniae nifH promoter
so that 70% of the wild-type expression level is
restored (Molina-Lopez et al., 1994), the predomi-
nant role of IHF binding appears to be the stabiliz-
ation of a specific DNA conformation. Inasmuch as
this is the case, the effect of IHF binding is similar

to the introduction of the curved A-tract between
enhancer and promoter described here. It has been
shown previously that binding of IHF to a site
immediately upstream of the glnHp2 promoter
enhances the catalysis of RNAP-6°* open complex
formation by NtrC-P with superhelical templates
about twofold and that IHF binding is essential for
the activation reaction on linear templates
(Claverie-Martin & Magasanik, 1991, 1992). How-
ever, the NtrC-P activated initiation of transcrip-
tion on superhelical templates became independent
of IHF when a mutant glnHp2 promoter with
increased affinity for RNAP-c>* was used
(Claverie-Martin & Magasanik, 1992). The same
effect was observed for the formation of open tran-
scription complexes at the nifH promoter of
K. pneumoniae on supercoiled DNA that required
the activator protein NifA and showed a 20-fold
stimulation by IHF (Hoover et al., 1990; Santero
et al., 1992). If the NifA-binding sites were replaced
by NtrC binding sites, NtrC-mediated transcription
was stimulated also 20-fold. Again, the effect of
IHF was strongly reduced if the wild-type promo-
ter was reflaced by one with a stronger affinity for
RNAP-c>*. For IHF-independent transcription it
has been reported for the weak affinity nifL. promo-
ter (Carmona et al., 1997; Whitehall ef al., 1992) that
sequence-induced curvature due to the presence of
dA tracts between enhancer and promoter can
increase NtrC-P-activated transcription in vivo
from superhelical templates about threefold
(Cheema et al., 1999). Thus, several lines of evi-
dence indicate that IHF-induced or intrinsic DNA
curvature exert a positive effect on transcription
from superhelical templates only with promoters
that have a relatively low affinity for RNAP-c”%
With linear templates, however, different results
were obtained. In the case of glnHp2, the initiation
of transcription on linear DNA required the pre-
sence of IHF even when the promoter was replaced
with a promoter that has exceptionally high affi-
nity for RNAP-c>* (Carmona & Magasanik, 1996;
Claverie-Martin & Magasanik, 1992). In a similar
way in the experiments described here, the tran-
scription activation rate was increased about four-
to fivefold on linear templates if a curved DNA
sequence was inserted between the strong glnAp2
promoter and the enhancer sequence (compare for
example pCS119-119 with pVW?7, Table 2),
whereas the difference in the superhelical confor-
mation was within the error of the measurement.

Model for the kinetics of open
complex formation

The first steps in the activation reaction can be
described by the scheme shown in equation (2):

kl k2
N—R,——NR, —"NR, &)

k_, k,
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The complex of NtrC-P at the enhancer and
RNAP-c>* at the promoter, abbreviated as N-R.
forms the loop complex NR, in which the two pro-
teins contact each other. In this conformation
NtrC-P can catalyze the isomerisation of
RNAP-c”* from the closed complex R, to the open
complex R, upon hydrolysis of ATP, so that the
NR, loop complex forms. An increase of the local
concentration is expected to affect the first step of
the reaction, inasmuch as it favors the formation of
the NR. species. Numerical simulations of the kin-
etics of the loop-formation suggest that the equili-
brium between N-R. and NR, should be
established in the millisecond time-scale, i.e. with
k, between 10? to 10° s7! (Jian et al., 1998; Merlitz
et al., 1998). Thus, the initial activation rate
measured here is equal to the product of the NR,
concentration and the rate k,. If the local concen-
tration of NtrC-P is significantly higher than the
equilibrium dissociation constant Ky for the bimo-
lecular interaction between the NtrC-P complex
and RNAP-c** in the absence of DNA-looping,
any further increase of jy,; will have little effect, and
the conversion from NR. to NR, will become the
rate-limiting step of the reaction. Based on fluor-
escence measurements we estimate that this dis-
sociation constant Ky is of the order of 1077 M
under the conditions of the experiments (J. F.
Kepert & K. R., unpublished results). With this affi-
nity between NtrC-P and the polymerase, any tem-
plate conformation with a local concentration of
jm < 107® M should be very inefficient for the acti-
vation reaction, since the separated N-R. confor-
mation is favored over contacts between NtrC-P
and RNAP-c>*. In the absence of protein-protein
interactions stabilizing the NR. conformation, k_;
would be in the range of 10° to 10” s~ as deduced
from Brownian dynamics simulation of superheli-
cal and linear DNAs, yielding values of K; =k, /k_,
between 10™* and 5 x 1072 (Jian et al., 1998; Merlitz
et al., 1998). In agreement with this prediction, the
linearized pVW?7 plasmid with a calculated value
of j;y = 107 M displayed a very low activation rate
that was near the detection limit. For the templates
with local concentrations from 10® M up to
107° M, a good correlation with the measured acti-
vation rates was observed. In this range, a higher
jm will increase the amount of NR, formed in step
1. However, for j; = 107 M (all superhelical tem-
plates) the transcription activation rate becomes
essentially independent of the interaction prob-
ability. At local concentrations this high, the
equilibrium in the first step of the reaction depicted
in equation (2) has shifted almost completely
from the separated N-R. form to the looped
conformation NR.. Under this condition, the con-
version from the closed complex NR, to the open
complex NR, is likely to determine the activation
rate.

If we assume that at equilibrium about 50 % of
the superhelical pVW?7 template (equivalent to a
concentration of 25nM in the experiments
described here) have the RNA polymerase in the

open complex conformation (Wedel & Kustu,
1995), we can estimate from the type of exper-
iments shown in Figure 2 that open complexes
form with this template at an initial rate of
d[NR,]/dt =13 x 107" M s~*. This corresponds
to a value of k, of 2.6(£0.6) x 1072 s~! for an initial
concentration of NR, =5 nM. A similar rate con-
stant has been determined for the decay of open
complexes at the glnAp2 promoter (plasmid pTHS)
with values of 3 x 1073 s™! (supercoiled templates,
half-life eight minutes) and 5 x 10™° s™! (linear
templates, half-life ~150 seconds) (Carmona &
Magasanik, 1996). The rate constant for this pro-
cess (equivalent to k_, plus any contribution from
non-looped open complexes) should have the same
numerical value as k,, if at equilibrium closed and
open complexes are present in a 1:1 ratio. The two
superhelical plasmids that displayed an activation
rate above the average (pCS261-202 and pCA461-
66) might adopt a favorable conformation for the
second step of the reaction, i.e. have a higher k,
rate with values of 20(£5)x 102 s! and
12(£4) x 1072 s71, respectively. If low-affinity pro-
moters like nifd or nifL instead of glnAp2 are used,
as in the experiments discussed above, the occu-
pancy of the promoter is reduced so that Ozyap <1
and the effective concentration c. of NtrC-P is no
longer equal to jy; (see equation (3)). In this situ-
ation, the formation of the looped NR. complex
can become the rate-limiting step also with super-
helical templates, even if j,; is 107® M, since
Cef < jp- An increase of jy; by intrinsic or protein-
induced DNA curvature could now facilitate the
binding of RNAP-c™, so that the promoter
becomes fully saturated with the polymerase and
the maximal rate of transcription is achieved. Thus,
in addition to catalyzing the conversion of
RNAP-c** from the closed to the open complex,
the NtrC-P activator at the enhancer would have
an additional “recruitment”” function for weak pro-
moters that is similar to the proposed mechanism
by which eukaryotic transcription activator pro-
teins exert their biological function (Ptashne &
Gann, 1997).

Materials and Methods

Protein preparation

Expression and purification of His-tagged NtrC from
PNTRC-3 and His-tagged ¢ protein from pS54-2 was
done according to the procedure described by Rippe et al.
(1997, 1998). RNA polymerase core enzyme from E. coli
was purchased from Epicentre Technologies (Madison,
WI, USA). It was mixed with ¢® in a ratio of 1:2.5 to
form the RNA polymerase holoenzyme at a stock con-
centration of ~1 pM.

Construction of transcription templates

An intrinsically curved insert (77 bp) was formed by
hybridizing the two oligonucleotides with the sequence
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5-GTA TCG ATA AAA AAT ATA TAA AAA TCT CTA
AAA AAT ATA TAA AAA TCT CTA AAA AAT ATA
TAA AAA TTC GAA CTG CA-3 and 5-GTT CGA ATT
TTT ATA TAT TTT TTA GAG ATT TTIT ATA TAT TIT
TTA GAG ATT TTT ATA TAT TIT TTA TCG ATA CTG
CA-3'. This sequence was cloned into the single PstI site
of pVW7 (Weiss et al., 1992). The resulting plasmid
pCA119-66 had the curved insert flanked by the new
restriction sites for Clal and BstBI (underlined) that were
introduced for the construction of plasmids with differ-
ent distances of the enhancer and promoter relative to
the curved insert. At the ends of the 77 bp oligonucleo-
tide two Pstl sites were retained which were used to
check the length of the fragment after every new inser-
tion of DNA and to determine the electrophoretic mobi-
lity (see below).

Fragments from a digestion of pUC18 with HinP1I
were cloned into the Clal site of pCA119-66 yielding
pCA455-66, pCA461-66, pCA538-66, and pCA728-66 or
into the BstBI site to create pCA119-666. Plasmids
pCS261-202 and pCA380-213 were constructed by ligat-
ing fragments of a digestion of pUC18 with HinP1I into
the Clal site of pCA119-66 and fragments of a digestion
of pET15b with Hpall into the BstBI site. The plasmid
pCS119-119 was constructed by cloning a 53 bp random
oligonucleotide sequence into the BstBI site of pCA119-
66. Fragments from pUC18 digested with HinP1I were
inserted into the Clal site and the BstBI site of pCS119-
119 to construct pCS293-293 (174 bp HinP1l fragment
into both sites) and pCS456-451 (332 bp HinP1I fragment
into Clal site, 337 bp HinP1I fragment into BstBI site).
The reference plasmid pVW7-158 was made by remov-
ing 326 bp from the transcription region of pVW?7 using
BsaAl and BstDSI. The sequence of the region between
the two NtrC binding sites and the glnAp2 promoter
was confirmed by DNA sequencing for all plasmids
studied.

Plasmid characterization

The DNA curvature from the beginning of the
enhancer to the end of the promoter was analyzed
with the program CURVATURE (Schitz & Langowski,
1997) which is based on the Bolshoy algorithm
(Bolshoy et al., 1991). This region was also examined
by electrophoresis of a PstI digest of every plasmid
on a native 8% (w/v) polyacrylamide gel. From the
comparison of the position of the insert-containing
fragment with a DNA length standard the k-factor
was calculated to quantify the degree of curvature
(Diekmann & Langowski, 1995).

After plasmid isolation, varying amounts of plasmid
dimers were present in addition to the monomeric forms.
In order to obtain comparable and homogeneous tem-
plate preparations the plasmid monomers were purified
using the gel extraction kit from QIAGEN (Hilden,
Germany).

The superhelix density of the plasmids was deter-
mined on chloroquine gels. Plasmid pVW?7 (30 pg) was
incubated with 25 units of topoisomerase I and 0 to 8 ul
of 10 mg/ml ethidium bromide in a total volume of
30 pl of topoisomerase buffer (35 mM Tris-HC1 (pH 7.5),
5 mM MgCl,, 72 mM KCl, 5 mM DTT, supplemented
with 200 pg/ml BSA; aliquots of 10 x buffer were stored
at —20°C and were used only once). The reaction was
carried out overnight and stopped by phenol-extraction.
The topoisomer distributions of the plasmids were

analyzed with respect to the pVW?7 standard on a
chloroquine-containing gel.

In vitro transcription assay

For the in vitro transcription experiments a solution of
50 nM RNAP - ¢, 50 nM wt-NtrC dimer, 5 nM refer-
ence plasmid pVW7-158, and 5 nM the given test plas-
mid in HS-buffer (20 mM Hepes/KOH (pH 8.0), 10 mM
Mg-acetate, 50 mM K-acetate, 1 mM DTT, and 0.1 mg/
ml BSA) were incubated for five minutes at 37 °C. Carba-
myl phosphate was added to a final concentration of
20 mM and the samples were incubated for another five
minutes. The activation reaction was started by addition
of ATP to a 5 mM concentration. Every ten seconds a
nucleotide chasing mix was added to a 5 ul sample of
the activation reaction adding nucleotides and heparin to
a final concentration of 500 nM GTP, 500 nM UTP,
23 nM CTP and 25 pg/ml of heparin, and contained
90 kBq of [a-**P]CTP.

After a ten minute incubation the chasing reaction
was stopped by adding 10 pl of formamide stop solution
to the reaction. The transcripts were analyzed on 6%
polyacrylamide gels (19:1 (w/w) acrylamide/bis-acryl-
amide) with 8 M urea, visualized by autoradiography,
and quantified with a phosphorimager and the computer
program ImageQuant v. 1.2 (Molecular Dynamics, Kre-
feld, Germany). The experiments were repeated four to
21 times for every template. The activation rate was
determined from the slope of a linear regression of a plot
with the program Kaleidagraph v. 3.08 (Synergy Soft-
ware, PA, USA). The examined plasmid and the control
plasmid pVW?7-158 differ in the number of C bases in
the transcribed sequence (119 versus 43, pTHS8: 76). To
normalize the measured RNA production rate to the
same transcript length, a correction factor of 2.77 (pTHS:
1.77) was used.

Calculation of the local concentration jj,

For the calculations it was assumed that the enhancer
and the promoter have to approach each other to within
10 nm to allow interaction between the DNA-bound pro-
teins. The curvature introduced by the insert with the
five dA tracts was estimated to be around 90°. The
value of jy; in dependence of the separation distance
given in base-pairs (b) for the different DNA templates
for linearized DNAs was calculated according to
equation (3) with d =30 (no curvature), d =150 (asym-
metric 90° curvature) and d = 600 (central 90° curva-
ture):

(d - 460) ][m_ol:| 3)

3
. _ -3 2 NV
() =27x107xb XeXp(2.7><10"3><bz+d Titer

Equation (3) has been derived from a numerical fit of
the data given by Merlitz ef al. (1998) and Rippe et al.
(1995) using the numerical approximation derived by
Ringrose et al. (1999) with a statistical segment length of
100 nm (equivalent to a persistence length of 50 nm). For
the superhelical DNA templates with and without curva-
ture the theoretical values of j,; were derived from the
results of the Monte Carlo simulations (Klenin et al.,
1995; Vologodskii et al., 1992).
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