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Background:Over the past years there are increasing evidences that the interplay between twomolecules of RNA
polymerases, initiating transcription frompromoters, oriented in opposite (convergent) directions, can serve as a
regulatory factor of gene expression. The data concerning the molecular mechanisms of this so-called transcrip-
tional interference (TI) are not well understood.
Methods: The interaction of RNA polymerase with circular DNA templates, containing the convergent promoters,
was investigated in a series of in vitro transcription assays and atomic force microscopy (AFM).
Results: In this work, to study the mechanisms of transcription interference a series of plasmids with oppositely
oriented closely spaced artificial promoters, recognized by Escherichia coli RNA polymerase, was constructed. The
constructs differ in promoter structure and distance between the transcription start sites.We have demonstrated
that the transcripts ratio (RNA-R/RNA-L) and morphology of convergent open promoter complexes (OPC) are
highly dependent on the interpromoter distance.
Conclusions: The obtained results allowed us to suggest the novel model of TI, which assumes the DNA bending
upon binding of RNA polymerase with promoters and explains the phenomenon of complete inactivation of
weaker promoter by the stronger one.
General significance: The results show that the conformational transitions in DNA helix, associated with DNA
bending upon binding of RNA polymerase with promoters, play crucial role in OPC formation in the systems
with convergent promoters.
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1. Introduction

Regulation of gene expression in bacteria occurs mainly at the level
of transcription. Over the past years, increasing attention has been di-
rected towards a special type of regulation, i.e. transcriptional interfer-
ence, associated with interplay between two molecules of RNA
polymerases (RNAP), initiating transcription from closely spaced pro-
moters, oriented in the same (tandem) or opposite (convergent) direc-
tions. In the latter case the effect of transcription suppression is most
pronounced [1–3]. The peculiarities of convergent transcription were
investigated in a number of systems, including both naturally occurred
and artificial ones [4–8]. The most common observation is significant
suppression of transcription (up to complete inactivation) directed
e University, Leninskie Gory, 1,
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from “weaker” promoter in the presence of the second stronger oppo-
site promoter [4,7,9]. Several mechanisms have been proposed to ex-
plain various effects observed. In particular, TI can be realized via
several different possible pathways, i.e. the opposite promoter occlusion
by transcribing RNAP molecule, collision of elongating RNAP molecule
with the second one bound to opposite promoter (“sitting duck”), colli-
sion of two elongating RNAP molecules, RNA interference due to the
sense-antisense interaction of partially complementary transcripts [1,
10–14]. The presence of collided complexes in some model systems
was directly demonstrated by atomic force microscopy (AFM) [15].
However, the mechanisms of TI observed in any particular case, are
still not clear. Various factors can affect the convergent transcription
suppression:mutual orientation and distance between promoters, rela-
tive promoter strength, the structure of DNA template, etc. [7,13,14]. At
present, the estimation of the role of these factors is problematic be-
cause it is difficult to compare correctly the data, obtained under vari-
able conditions with the use of structurally different promoters. A
special system of identical DNA templates with systematic variation of
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structural elements of convergent promoters module (interpromoter
distance and orientation, promoter sequences) would be very useful.

In this work, with the purpose to clarify the contribution of various
structural factors to TI, a collection of plasmids with oppositely oriented
artificial promoters recognized by Escherichia coli RNA polymerase, was
constructed. The constructs differ in the structure of promoters and dis-
tance between transcription start sites. The interaction of RNApolymer-
ase with convergent promoters was investigated in the in vitro systems
of run-off transcription and AFM experiments. Direct AFM visualization
of DNAmolecules andDNA-protein complexes including transcriptional
ones at a single molecule level allows their characterization and dis-
crimination by topographical characteristics and mechanical properties
[15–22]. The data obtained allowed us to suggest the novel mechanism
of TI, which accounts for various above mentioned effects, including
complete inactivation of weaker promoter by the convergent stronger
one. This “narrow pocket” mechanism takes into consideration the
role of physical structure of DNA template, in particular, the presence
of bends within DNA double-helix arising from the interaction of
RNAP with promoters. The effects observed are highly dependent on
the interpromoter distance.
2. Materials and methods

Ribonucleoside triphosphates ATP, GTP, CTP, and UTP were pur-
chased from Boehringer (Germany), heparin was from Sigma (USA),
ampicillin was from Serva (Germany); tryptone, yeast extract and
MacConkey agar were from Difco (USA). γ-32P-ATP (185 PBq/mol)
and α-32P-UTP (148 PBq/mol) were from Isotope (Obninsk, Russia).

The enzymes T4 polynucleotide kinase, T4 DNA ligase, Escherichia
coli DNA polymerase I, Klenow fragment of DNA polymerase, Pfu DNA
polymerase and exonuclease III were purchased from Fermentas
(Lithuania), Escherichia coli RNA polymerase holoenzyme (1.1 μg/μl,
1.2 activity units/μl) was from Epicentre Technology (USA), S1 nuclease
(300 un./μl) was from Boehringer (Germany). The structures of all syn-
thetic oligodeoxyribonucleotides (Sintol, Russia) used in this work are
given in the Supplementary material (Table S1).

Polymerase chain reactions (PCR)were performed in a programmed
CycloTemp-107 thermostat (Resurs-Pribor, Russia).

Electrophoresis of polynucleotides was performed in 8% denaturing
polyacrylamide gel in glass plates (25 × 20 × 0.04 cm) in Tris-borate
buffer (pH 8.3) containing 8 M urea at the field strength of 50 V/cm.

Escherichia coli cells DH5α (lac−), ER1821, JM109 and JM110 were
used as host strains during plasmid preparation. Transformation, clon-
ing, isolation of the plasmid DNA, purification of DNA fragments in
gels, and also other procedures of genetic engineering were performed
by standard methods [23].

The promoter-probe plasmid pAA182 (about 11,000 bp) carrying
the ampicillin resistance gene, pUC18MCS and a promoterless lac oper-
on [24] was kindly gifted by Professor S. Busby, (Birmingham, UK). The
promoter activity of fragments cloned inmultiple cloning sites (MCS) of
this plasmid can be tested by changing of the phenotype of DH5α host
cells from Lac− to Lac+ on MacConkey agar plates [25].

The plasmid pLSR carrying the ampicillin resistance gene, an EcoRI-
HindIII MCS of pUC18 and two identical divergently oriented bacterio-
phage λ oop transcription terminators was kindly gifted by Professor
S. Busby (Birmingham, UK) [26].

5′-Phosphorylation of oligonucleotides using T4 polynucleotide ki-
nase and ATP, as well as incorporation of 5′-32P-label from γ-32P-ATP,
was carried out according to a published protocol [27].

DNA fragment “102d” (Fig. 1A) was stepwise assembled from syn-
thetic oligonucleotides (see Supplementary material, Table S1) using
T4DNA ligase. At the first step 74-bp duplex (“74d”) with 3′-protruding
ends was obtained by enzymatic ligation of the oligonucleotides 17-
cona1 + p25-cona2 + 22-cont2 + p20-cont + p32 with subsequent
isolation on non-denaturing polyacrylamide gel. Upon 5′-
phosphorylation the fragment “p74d”was ligated with oligonucleotide
28-pr. The resulting “102d” fragment was purified by electrophoresis.

2.1. Construction of plasmids

2.1.1. Plasmid pKDM-0
5′-Phosphorylated fragment “p102d” was ligated with SmaI-

linearized and dephosphorylated pAA182 plasmid, and ligationmixture
was used for transformation of DH5α strain. The ampicillin-resistant
Lac+-transformants (red colonies) were selected on MacConkey agar
plates with lactose. Clones with different orientations of the insert
were selected by PCR analysis. The sequence of the plasmids in the re-
gion of insert was confirmed by DNA sequencing. The structure of the
construct pKDM-0, containing the insert with selected orientation, is
shown in Fig. 2B.

2.1.2. Plasmids pRLM-0 and pRLM1
To construct pRLM-0 plasmid the EcoRI-HindIII fragment of pKDM-0

was cloned into pRSL vector at EcoRI and HindIII sites.
The plasmid pRLM1 was prepared using high-efficient method of

oligonucleotide-directed mutagenesis as described by Drutsa et al.
[28]. Briefly, pRLM-0 plasmid was cut by HindIII restriction endonucle-
ase and treated with exonuclease III to generate protruding single-
stranded ends. Then theDNApreparedwas annealedwith 5′-phosphor-
ylated mutagenic oligonucleotide p40-mhtr (for introduction of 16-bp
insert with KpnI site) and not phosphorylated oligonucleotide-adaptor
15-ahtl. The hybrid obtainedwas circularizedwith T4DNA ligase, “filled
in” with Klenow fragment of DNA polymerase, treated with T4 DNA li-
gase. Upon thermal inactivation of enzymes and extraction of the mix-
ture with phenol/chloroform DNA was precipitated, re-dissolved,
treatedwith DNA polymerase I (nick-translation) and used for transfor-
mation of the E. coli ER1821 cells. The sequence of 16-bp insert region
was confirmed by DNA sequencing.

2.1.3. Auxiliary plasmids of pBH series
To facilitate the reconstruction of interpromoter region the EcoRI-

HindIII-fragment of pRLM1 plasmid was sub-cloned in small laboratory
pB1 vector (1707 bp, pUC19 origin of replication, ampicillin resistance
gene, pUC19 MCS) lacking λ oop terminators. The resulting pBH1 plas-
mid (1839 bp) was used as a template for whole-plasmid PCR-
mutagenesis [29] using primers p24-cont2 and p32-kib to introduce
11-bp insert in interpromoter region. The resulting pBH2 plasmid
(1850 bp) was used to construct pBH3 plasmid (1865 bp). To this end
pBH2 plasmid was cut by PspOMI restriction endonuclease and ligated
with two annealed oligonucleotides p15-xbup and 15-bxdo. At the
next step the plasmid pBH3 was used for preparation of pBH4 plasmid
(1891 bp). For this purpose, the unmethylated plasmid pBH3(met−),
isolated from E. coli JM110 carrying pBH3 plasmid, was cut by XbaI re-
striction endonuclease and ligated with two annealed oligonucleotides
26-up and 26-do.

ThepBH2plasmidwasused as a startingpoint for preparation of two
constructs withmutations in either leftward or rightward promoter, i.e.
pBH2(L−) and pBH2(R−). In the first case, pBH2 plasmid was cleaved
with restriction endonucleases EcoRI and PspOMI, the ends were “filled
in”with the Klenow enzyme, and DNAwas recircularized by DNA ligase
to generate plasmid pBHL containing single leftward promoter. To cre-
ate pBHR plasmid with single rightward promoter, pBH2 plasmid was
cleaved with restriction endonucleases HindIII and XhoI, the ends were
“filled in”with the Klenow enzyme and DNAwas recircularized. To gen-
erate plasmids pBHR(mut) and pBHL(mut) with identical substitutions
in “−10” and “−35” promoter elements, the pBHR and pBHL plasmids
were used as templates in two separate experiments on the whole-
plasmid mutagenesis with the use of primers 16-pstt and 21-pptb.
Then EcoRI-PspOMI-fragment from pBHR(mut) was inserted between
the EcoRI and PspOMI sites of pBH2 plasmid to generate pBH2(R−) plas-
mid, while XhoI-HindIII-fragment from pBHL(mut) was inserted



Fig. 1.DNA constructs used in this study. A. Nucleotide sequence of 102-bp synthetic fragment “p102”with convergently arranged identical 30-bp consensus promoter structures. Vertical
arrows denote the junction between oligonucleotides used for the assembly of the duplex. “−10” and “−35” promoter elements are over- and underlined. B. Map of the basic plasmids
pKDM-0 (left) and pRLM-0 (right) with convergent promoters. To prepare pKDM-0 fragment “p102”was cloned at SmaI site of pAA182 vector, which contains ampicillin resistance gene
(Ampr), genes of the promoterless E. coli lac operon (Z, Y and A) and the origin of replication (ori). To prepare pRLM-0 plasmid the EcoRI-HindIII-fragment of pKDM-0was cloned in pLSR
vector, which contains two divergently arranged identical bacteriophageλ oop terminators (T), replication origin (oriV) and gene for RNA I transcript (RNA I) [26]. Rightward and leftward
promoters (PR and PL) in both plasmids are denoted by arrows. C. Scheme of the sequential reconstruction of the region of pRLM-0 plasmid, carrying two convergent promoters, to
generate plasmids of pRLM series (for details see Materials and methods). The numbers in parentheses represent the distances between transcription start sites. Promoters, inactivated
by mutagenesis, are crossed.
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between XhoI and HindIII sites of pBH2 plasmid to generate pBH2(L−)
plasmid.
2.1.4. Plasmids of pRLM series
Plasmids pRLM2, pRLM3, pRLM4, pRLM2(R−) and pRLM2(L−)

(Table 1 and Supplementary material, Fig. S1) were constructed by re-
placing the small EcoRI-HindIII-fragment in plasmid pRLM1 with the
small EcoRI-HindIII-fragments from plasmids pBH2, pBH3, pBH4,
pBH2(R−) and pBH2(L−), respectively. The correct sequence of the
promoter regions in the resulting plasmids was confirmed by DNA
sequencing.

2.2. Identification of transcription start sites

Transcription start sites in the region of convergent promoters of the
plasmid pKDM-0 were determined by S1-nuclease mapping according
to protocol [30]. RNA was extracted from DH5α cells carrying pKDM-0
plasmid. TwoDNAprobes, 32P-labeled at only one strand,were obtained
by PCR with primers 32P-p25PAA plus 20KOR (or 32P-p20KOR plus



Fig. 2. Identification of transcription start sites. A.Mapping of the rightward (A, a) and leftward (A, b) transcription start sites in the region of convergent promoters of the pKDM-0plasmid.
Arrows point to the positions of 32P-labeled fragments obtained by PCRwith primers 32P-p25-paa and 20-kor (a, column 2) or 25-paa and 32P-p20-kor (b, column2) andprotected from S1
nuclease hydrolysis by hybridization with total RNA isolated from cells transformed with plasmid pKDM-0. Columns 1 correspond to untreated 32P-labeled fragments. Columns “G” and
“A+G” are the sequence ladders generatedby chemicalmodification and cleavage of the sameDNA fragments according to theMaxam-Gilbert protocol [41]. Vertical segments denote the
position of “−10” promoter elements. B. Sequence of the promoter region of pKDM-0 plasmid. Arrows indicate the transcription start sites.

Table 1
Characteristics of the plasmids with convergent promoters constructed in the present
work.

Name
Plasmid
size, bp

Distance
between tssa,
bp

Size of
RNA-Rb,
nt

Size of
RNA-Lb,
nt

Ratioc of
transcripts RNA-R
to RNA-L

pRLM0 2660 35 178 182 –
pRLM1 2676 35 194 182 2.4
pRLM2 2687 46 205 193 2.2
pRLM3 2702 61 220 208 1.4
pRLM4 2728 87 246 234 3.6
pRLM2(L−) 2687 – 205 – –
pRLM2(R−) 2687 – – 193 –

a tss - transcription start sites.
b RNA-R and RNA-L - the rightward and leftward transcripts, nt – nucleotide.
c Data obtained from the in vitro transcription experiments, presented in Fig. 3.
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25PAA) and plasmid pKDM-0 as template. The probes were hybridized
to RNA at 50 °C for 3 h, treated with S1 nuclease (200 units) for 1 h at
25 °C and applied on sequencing gel (Fig. 2A).

2.3. Single-round transcription

Experiments were carried out according to our published protocol
[31]. Transcription was performed by incubation of plasmid DNA tem-
plate (5–10 nM) with RNAP (30–50 nM) in transcription buffer
(40 mM Tris-HCl pH 8.0, 10 mMMgCl2, 100 mM KCl, 1 mM dithiothre-
itol, 5% glycerol, 100 μg/ml bovine serum albumin) for 5 min at 37 °C,
followed by the simultaneous addition of ribonucleoside triphosphates
(NTPs) and heparin to yield the following final concentrations:
100 μg/ml of heparin, 100 μM (each) NTPs (ATP, GTP, CTP) and 10 μM
[32P]UTP (specific activity of 50 cpm/fmol). The total reaction volume
was 10 μl. Upon incubation for 10min at 37 °C, the reactionwas stopped
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by adding 5 μl of stop solution (20mMEDTA, 80% deionized formamide,
0.1% xylene cyanol, 0.1% bromophenol blue) and heating it to 75 °C for
30 s. Samples were analyzed by denaturing 8% gel electrophoresis and
quantified using a Molecular Dynamics PhosphorImager and
ImageQuant software.

2.4. Preparation of binary DNA-RNAP complexes for AFM studies

Plasmid DNA of pRLM series (1 nM) was incubated with RNAP (3–
5 nM) in 10 μl of transcription buffer without BSA for 20 min at 37 °C
and the reaction mixture upon dilution (100–1000 fold) was deposited
on freshly cleaved mica and studied using AFM.

2.5. Atomic force microscopy

For AFM study, a 10 μl portion of plasmids or open promoter com-
plexes (with DNA concentration 1 μg/ml) in the buffer (4 mM TrisHCl,
2 mM MgCl2, 10 mM NaCl) was deposited onto freshly cleaved mica
for 10 min. After that the sample was dried in air flow and washed by
exposing its surface to a 100 μl droplet of distilled water for 1 h. Then,
after drying in air flow, the samples were ready for AFM study.

AFM experiments were performed in air using multimode atomic
force microscope Nanoscope 3a (Digital Instruments, USA). The
AFM images were obtained in tapping mode using HA_NC cantilevers
(NT-MDT, Russia) with a monocrystal silicon tip exhibiting a
curvature radius of about 10 nm. The scan rate was typically 2.1 Hz
with 512 × 512 pixels. The AFM scan size was typically about
500 × 500 nm to achieve high pixel resolution (~1 nm per pixel) to be
able to discriminate single OPC from two closely located ones. Image
processing was performed using the FemtoScan Online software
(Advanced Technologies Center, Russia).

3. Results and discussion

3.1. Construction of the plasmids with convergent promoters

With the purpose to investigate the effects of the structural factors
on TI in the context of convergent transcription, a special system was
designed. It represents a set of plasmid constructions, containing amod-
ule with two face-to-face oriented identical artificial constitutive pro-
moters, recognized by E. coli RNA polymerase. The constructs differ in
the distance between promoters. The starting point for this work was
synthetic 102 bp DNA fragment “p102d” and two promoter-probe plas-
mids pAA182 [25] and pLSR [26] (Fig. 1A,B). At the edges of “p102d”
fragment there are two 30 bp inverted repeats of promoter-like struc-
ture with consensus “−10” (TATAAT) and “−35” (TTGACA) elements,
separated by 17 bp spacer. It has been previously shown that insertion
of such 30-bp synthetic duplex into the plasmid generates a sufficiently
strong transcription initiation signal [32]. To characterize the in vivo
functionalities of the two convergent promoters, the “p102d” fragment
was cloned in pAA182 plasmid at the unique SmaI site upstream of
promoterless lac-operon. Analysis of recombinant plasmids, isolated
from the E. coli DH5α transformants, demonstrating lacZ+ phenotype
(red colonies on indicator MacConkey agar plates), has shown the pres-
ence of the 102 bp segment inserted in both orientations, indicating
that, despite differences in the sequence of flanking regions both pro-
moters are active in vivo. One of the constructs (pKDM-0) (Figs. 1B
and 2B) was selected for further experiments.

The next step was the construction of the basic plasmid for the
in vitro investigation of convergent transcription. The starting point for
this was pLSR vector, carrying an EcoRI-HindIII polylinker and two iden-
tical divergently oriented bacteriophageλ oop transcription terminators
[26]. (It should be noted, that there is also separately located RNA I pro-
moter, directing synthesis of 107-mer transcript, which can be used as
an internal control for quantification of the activity of bidirectional pro-
moters). This vector has proved to be quite useful for study the
divergent transcription [26]. The EcoRI-HindIII fragment from pKDM-0
plasmid with two convergent promoters was inserted between EcoRI
and HindIII sites of pLSR. The resulting plasmid pRLM-0, when used as
a template in transcription reactions, catalyzed by E. coli RNA polymer-
ase, provides for different-sized transcripts, initiated from leftward
(182 nucleotides) and rightward (178 nucleotides) promoters. Since
these two transcripts are close in size, their resolution on polyacryl-
amide gel can be problematic. To overcome this problem, the pRLM-0
plasmid was reconstructed by inserting a 16-bp fragment downstream
from HindIII site (yielding the plasmid pRLM1), which resulted in in-
crease of the rightward transcript size up to 194 nucleotides (Table 1,
Fig. 1C and Supplementary material, Fig. S1).

The next step of our work was the construction of a set of plasmids-
homologs of pRLM1, which are characterized by stepwise increase in
the distance between two convergent promoters (Fig. 1C, Table 1 and
Supplementary material, Fig. S1).

Three sequential rounds of genetic engineering experiments on in-
troduction of 11 bp, 15 bp and 26 bp fragments into the region between
two promoters (using either whole-plasmid PCR mutagenesis or stan-
dard procedures of fragment fusion at restriction sites) yielded the plas-
mids pRLM2, pRLM3 and pRLM4 (Table 1, Fig. 1C and Supplementary
material, Fig. S1). Two additional plasmids (pRLM2 analogs) with
inactivated either rightward (pRLM2(R−)) or leftward (pRLM2(L−))
promoters were also constructed. The inactivation of promoters was
achieved by multiple substitutions within −10 and −35 regions
(Table 1, Fig. 1C and Supplementary material, Fig. S1).

3.2. Activity of convergent promoters

To confirm the in vivo activity of both promoters the construct
pKDM-0 was used for identification of transcription start sites using
S1-nuclease mapping technique. The results indicate the presence of
two transcripts, initiated from both promoters in opposite directions
(Fig. 2).

The suitability of the pLRM-plasmids as templates for in vitro TI in-
vestigation was demonstrated in a series of single-round transcription
experiments carried out with E. coli RNA polymerase. Analysis of the re-
action mixtures using polyacrylamide gel electrophoresis has shown
the presence of RNAs, corresponding in their length to the transcripts,
initiated from two convergent promoters (Fig. 3A). The relatively high
intensity of the bands, corresponding to these transcripts, compared
to that of RNA I, indicates that both promoters are very strong transcrip-
tion initiation signals. The quantification of the transcripts allowed one
to reveal some interesting features. First, there is some difference in
the strength of two promoters with rightward promoter being about
1.5-fold stronger than leftward, as can be seen from the results of tran-
scription of pRLM(R−) and pRLM(L−) plasmids (Table 1, Fig. 3B). The
explanation may be as follows: although the “core” structures (30-bp
fragments) of promoters are identical, the flanking regions are different
and provisionally modulate the promoter strength. Besides, in case of
face-to-face arranged promoters (constructs pRLM1–pRLM4) signifi-
cant suppression of both of them was observed. It is noteworthy, that
the degree of the suppression of weaker leftward promoter by right-
ward one is dependent on the interpromoter distance (Table 1). The
molar ratio of transcripts (RNA-R/RNA-L) varied in the range of 1.4–3.6.

3.3. Characterization of plasmids and open promoter complexes using AFM

In most previous studies of the mechanisms of TI (realized with the
use of both linear and circular supercoiled templates) the role of
“higher-order” structure of DNA template has not been considered.
However, we assume that transcriptional interference may be also in-
fluenced by the factors intrinsic to the circular templates such as
superhelicity and connected with it additional bends and other struc-
tures. Therefore, our interest is to use circular DNA plasmids for investi-
gation of transcription complexes. First of all, we have characterized



Fig. 3. In vitro transcription of the plasmids of pRLM series. A. Radioautograph of the electrophoretic separation in 8% denaturing polyacrylamide gel of the one-round transcription
products, obtained from single promoter or two convergent promoters of pRLM plasmids. Arrows with numbers on the right indicate the positions and sizes of the transcripts. The
107-mer corresponds to RNA I transcript encoded by the vector and used as an internal control. B. The diagram of transcription level in experiments presented in the
electrophoregram (panel A). The radioactive bands, corresponding to full-length transcripts (rightward (RNA-R) and leftward (RNA-L)) were quantitated, normalized to the quantity
of internal control RNA I in each lane and to the U content of each transcript, and then presented as a percentage of the amount of transcript generated from promoter pRLM2(L−).
The experiments were repeated at least three times, and the standard deviation from the mean did not exceed 12% for each type of plasmid.
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DNA plasmids of pRLM series using AFM. For this purpose, we have de-
posited freshly prepared DNA plasmids onto a mica surface using
standard procedure (see Experimental section). Each of these DNA
templates contains two convergently aligned promoters separated
by different number of base pairs (from 35 to 87, see Table 1 and
Supplementary material, Fig. S1). Typical AFM images of pRLM1–
pRLM4 plasmids adsorbed on mica surface from the buffer solution
(4 mM Tris-HCl, 2 mM MgCl2, 10 mM NaCl) have demonstrated their
closed contours (Fig. 4), as it was expected. Some DNA molecules have
also formed hairpin structures (Fig. 4E-F), which is probably the conse-
quence of superhelicity of these DNA plasmids. Their contour lengths
estimated from AFM images, demonstrate correlation with the number
of base pairs of these plasmids (Table 2, the number of the analyzed
plasmid molecules N was 50 for each plasmid type).

Next, we have studied the formation of promoter-specific (open)
complexes with DNA plasmids pRLM2, pRLM3 and pRLM4 using AFM.
RNAP-DNA complexes were obtained by mixing of the corresponding
DNA plasmids with RNAP holoenzyme in the transcription buffer
using standard procedure (see Materials and methods). AFM images
of the resulting samples deposited on mica have revealed the presence
of circular DNA structures like those shown in Fig. 4; some of these plas-
mids contained one or two closely spaced globules 3–4 nm in height,
which we interpreted as DNA bound RNA polymerases (Figs. 5 and 6).
Since the formation of an OPC is accompanied by significant bending
of the promoter DNA axis [33–35], we have attributed the observed sin-
gle RNAP-DNA complexes to OPCs if they demonstrated the characteris-
tic DNA bend at an RNAP binding site. The observation frequency of
OPCs was ~25% independent of the plasmid (the number of the ana-
lyzed plasmid molecules N was about 100 for each plasmid type). Typ-
ical AFM images of single OPCs are presented in Fig. 5 for each studied
plasmid (pRLM2, pRLM3 and pRLM4). The observed DNA bends are
zoomed in the right column of Fig. 5.

Two closely located DNA bound RNAPs were referred to as conver-
gent OPCs. Such complexeswere revealed for each of the three plasmids
(pRLM2, pRLM3 and pRLM4, Fig. 6); however, their structure and obser-
vation frequency were different.

Remarkably, two RNAPs bound to the pRLM2 and pRLM4 DNA tem-
plates line up along the apparent DNA contour (Fig. 6A,I), while the
enzymemolecules bound to the pRLM3 plasmid line up across the con-
tour of a DNA template (Fig. 6B–H). This difference can be explained by
the already mentioned fact that RNAP bends DNA in the promoter re-
gion upon OPC formation [34], which is schematically shown in
Fig. 7A. The combination of the DNA bends in the regions of two closely
located OPCs results in two different outcomes (Fig. 7B,C), which are
similar to those observed in Fig. 6: two RNA polymerases arrange
along a DNA contour (and from one side of the DNA template, Fig. 7B)
or across it (and from different sides of the DNA template, Fig. 7C). Var-
iability of the “out-of-contour” orientations of double complexes ob-
served on pRLM3 DNA template (Fig. 6B–H) may be connected with
the DNA flexibility and its reorientation on the surface during
relaxation.

Analysis of a large number of AFM images of pRLM2 andpRLM4 tem-
plates incubated with RNAPs indicates that the formation of two closely
spaced OPCs on this template is a very rare event for both of these
plasmids. Indeed, we have found one such complex for each of these
two plasmids after examination of more than one hundred templates
(observation frequency q ~ 1%, N ~ 100). At the same time, the observa-
tion frequency of double OPCs for pRLM3 plasmid was ~20% (N ~ 100)
that is at least 20 times higher. Presumably, the formation of double
complexes is hindered on pRLM2 and pRLM4 template by the steric
confinement, connected with the configuration of DNA bends, which
form a pocket-like structure (Fig. 7B). In contrast, different spatial ar-
rangement of convergent promoters of pRLM3 plasmid leads to another
orientation of double complexes without formation of a pocket-like
structure. Therefore, in the latter case the formation of double OPCs is
much more favorable.

3.4. Model of the TI

In this work, basing on the obtained results and literature data, we
propose the model of transcription interference for convergent pro-
moters. As it was already mentioned, DNA experiences a bend upon
binding with RNAP [36,37]. This bend is often observed in AFM images
of OPCs [38,39] (Fig. 5). RNAP binds with DNA asymmetrically to its
axis: the most part of the enzyme is located from one side of DNA dou-
ble helix [37]. Moreover, there is evidence that DNA may wrap around



Fig. 4.Montage of AFM images of plasmids pRLM1–pRLM4 (M1–M4). Image size is 500 × 500 nm.
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RNAP [18,19,36,38]. It should be mentioned, that the extent of bending
and even wrapping of DNA around RNAP is dependent on the structure
of promoters [34]. It has been shown that DNA wrapping around RNAP
in open promoter complexes is dependent on the contacts of enzyme
with A/T-rich UP elements located upstream of the −35 hexamer [38,
39]. Since the plasmids used in our work do not contain pronounced
UP elements (Fig. S1), we do not expect DNA wrapping around RNAP
Table 2
AFMmeasured contour length of plasmids pRLM1–pRLM4 in nm and b.p. (assuming DNA
B-form).

Plasmid
name

Length,
b.p.

Contour length, nm
(b.p.)

Standard deviation, nm
(b.p.)

pRLM1 2676 883 (2597) 28 (82)
pRLM2 2687 914 (2688) 32 (94)
pRLM3 2702 915 (2691) 45 (132)
pRLM4 2728 942 (2771) 42 (124)
in our open promoter complexes. However, the proposed model of for-
mation of closely spaced open promoter complexes may be extended
for the case with DNA wrapping (Supplementary material, Fig. S2).

In the case of closely spaced promoters (when the spacing is compa-
rable to RNAP size) two OPCs may experience steric constraints from
each other, and small variation in the number of nucleotides between
two promoters results not only in the change of the distance between
complexes but also in their turn around DNA scaffold. In two extreme
events the complexes may be located either from the same side
of DNA double helix or from its opposite sides, i.e., two different
local DNA configurations will be observed: U-like (cis-configuration)
or S-like (trans-configuration) (Fig. 7B–C).Moreover, there aremany in-
termediate alternatives of mutual locations of transcription complexes
corresponding to their different rotation with regard to each other. So,
the configuration of two transcription complexes on DNA is defined
by the interpromoter distance, which determines the rotation of
the promoters and, therefore, RNAP molecules around each other.



Fig. 5.Montage of AFM images of single open promoter complexes with plasmids pRLM2 (M2), pRLM3 (M3) and pRLM4 (M4) (left) and zoomed areas around RNAP (right). Image size is
375 × 375 nm (left) and 100 × 100 nm (right).
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Moreover, for supercoiled circular DNA these local configurations may
be fixed to a larger extent than for linear DNA scaffolds due to the fact
that circular DNA has less degree of freedom. With the increase of the
interpromoter distance the identical configurations of complexes in
three dimensions will be repeated with the interval equal to a multiple
of DNA helical turns. It is obvious, that in case of cis-configuration two
RNAPs are more capable to interfere, and RNAP molecule bound to the
stronger promoter (with formation of an OPC) may prevent the forma-
tion of an OPC by the second enzyme on the near-by promoter because
of the failure to accommodate two RNAP molecules in the “narrow
pocket”.

This explains the previously reported effect of suppression of a
“weak” promoter by a stronger one [4,5,7] as well as the effects ob-
served in our system. This model of TI is an alternative to other known
mechanisms of interference (e.g., themodel of «sitting ducks») implying
the direct contact (collision) of two RNAPs moving along the DNA. Our
model supposes distant interaction of RNAPs via the change of local con-
figuration of DNA connected with its bending. The results obtained in
this work support this model of TI. The region of the convergent pro-
moters in the constructed plasmids is characterized by the following pa-
rameters: the distance between the transcription start sites in the
original construction pRLM1 is 35 bp that corresponds to 3.3 turns of
DNA double helix (assuming 10.5 bp per one turn). The distance be-
tween the transcription start sites in the plasmids pRLM2, pRLM3 and
pRLM4 successively increases (regarding to pRLM1 structure) by the
following number of turns: 1, 2.5 and 5 accordingly. Therefore, the mu-
tual configuration of transcription start sites in three dimensions for
pRLM1, pRLM2 and pRLM4 (for which the distances between these
sites differ by integral numbers of helical turns) and consequently the
architecture of RNAP-DNA complexes would be similar. As for pRLM3
plasmid, the spatial arrangement of two RNAP molecules will be
opposite, since the distance between transcription start sites differs



Fig. 6.Montage of AFM images of double open promoter complexes with plasmids pRLM2 (M2), pRLM3 (M3) and pRLM4 (M4). Image size is 400 × 400 nm.
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from that of the other pRLM constructs by integral numbers of turns
plus a half-turn.

Indeed, our AFM studies and transcription assays have demonstrat-
ed that properties of pRLM3 plasmid were different from those of
other DNA constructs. In particular, the transcripts ratio RNA-R/RNA-L
has demonstrated the minimal value of 1.4 for pRLM3 plasmid (which
is close to the activity ratio of individual promoters), whereas for
other DNA constructs this value is higher, being in the range of 2.2–3.6
(Table 1). Besides, the constructs exhibit differences in the reduction
of the overall transcription levels. These findings definitely testify in
Fig. 7. Schematic representation of (A) single open promoter complex, (B–C) two possible confi
images. (D–E) Zoomed (from Fig. 6) AFM images of two closely located open promoter comp
molecule. Dotted lines connect the centers of RNAP molecules. Solid line shows a DNA contour
favor ofmutual interplay between two transcriptional units and suggest
the importance of DNA conformation in TI. According to the published
footprinting data on the OPCs, the downstream border of the DNA re-
gion covered by RNA polymerase lies near +20 position [40]. Then,
the linear distance between convergent promoters (at least for the con-
structs pRLM2-M4) is enough for accommodation of two RNAP mole-
cules. If spatial factors did not contribute to TI, the patterns of
transcription would be identical in all cases. Apparently, two OPCs
form on pRLM3 plasmid S-like structure (trans-configuration,
Fig. 7C,E), where two RNAP molecules may simultaneously bind
gurations of two closely located open promoter complexes interpreting the observed AFM
lexes, illustrating cases (B) and (C). White arrow in (D) indicates a DNA bend near RNAP
in the area of OPCs on the assumption of absence of DNA bending.
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promoters without hindering each other. In contrast, convergent OPCs
tend to form cis-configuration on pRLM1, pRLM2 and pRLM4 scaffolds,
where proteinmolecules sterically hinder each other during the process
of formation of an OPC (“narrow pocket”, Fig. 7B,D). It should be noted,
that for the systems of convergent promoters under study the contribu-
tion of other known mechanisms of TI (i.e. SD, collision, etc.) cannot be
excluded. In particular, the reduced level of both transcripts in case of
pRLM3 construct (both for R and L orientations) is apparently associated
with additional interference caused by collision between two elongat-
ing RNAPmolecules. In case of pRLM2 and pRLM4 the role of this factor
in total TI seems to be less pronounced.

Our AFM results correlate well with transcription assays data: first,
the proportion of double OPCs observed in AFM images is highest for
pRLM3 plasmid, indicating the most favorable configuration for simul-
taneous formation of two OPCs. Moreover, the morphology of double
OPCs with pRLM3 plasmid differs from the morphology of those
with pRLM2 and pRLM4 plasmids. In the first case two close DNA
bends form “S-like” structure as shown in Fig. 7C (depending on the
bending angle of DNA at the point of its binding with RNAP, the
resulting “S-like” structuremay look slightly different). Thoughwe can-
not follow a DNA contour in close proximity of OPCs in AFM images due
to protein broadening by an AFM tip, the mutual configuration of two
proteins relatively to the apparent DNA contour supports the model of
“S-like” configuration: two protein molecules are located “across” the
apparent DNA contour (Fig. 7E). In the case of pRLM2 and pRLM4 plas-
mid, AFM images sometimes resolve a DNA bend at double OPCs
(e.g., see the arrow in Fig. 7D). Another argument, which supports the
presence of the DNA kink in this case, is the position of two RNAP mol-
ecules relatively to the apparent DNA thread. A solid line in the AFM
image in Fig. 7D (which is an enlarged region of Fig. 6A) shows a DNA
contour in the area of OPCs on the assumption of absence of DNA bend-
ing. We can see that neither of protein molecules is located on the solid
line, suggesting that DNA is severely bent in this region. The observation
that both RNAP molecules are located from the same side of the dotted
line and parallel to it (compare the dotted line connecting RNAP centers
with the solid line) highlights the pocket-like configuration (Fig. 7B).

The proposed model demonstrates in a simplified way the appear-
ance of what we call “narrow pocket” mechanism. The main reason of
the appearance of this effect is DNA bending, induced by RNAP interac-
tionwith promoters. Themutual orientation of two bends is dependent
on the interpromoter spacing and ultimately defines productive tran-
scriptional output.
4. Conclusion

With the purpose to investigate the mechanisms of transcriptional
interference, a series of new plasmids with two convergent promoters
was constructed. The properties of these constructs were studied in
the systems with RNA polymerase using AFM technique and in vitro
run-off transcription assays. The effects observed allowed us to put for-
ward a novel mechanism of transcription interference, which envisages
the conformational transitions in DNAhelix, associatedwith DNA bend-
ing upon binding of RNA polymerase with promoters.
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