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Abstract

Many DNA-binding proteins induce topological structures such as loops or wraps through
binding to two or more sites along the DNA. Such topologies may regulate transcription
initiation and may also be roadblocks for elongating RNA polymerase (RNAP). Remarkably,
alac repressor protein bound to aweak binding site (O2) does not obstruct RNAP in vitro but
becomes an effective roadblock when securing a loop of 400 bp between two widely
separated binding sites. To investigate whether topological structures mediated by proteins
bound to closely spaced binding sites and interacting cooperatively also represent roadblocks,
we compared the effect of the A Cl and 186 CI repressors on RNAP elongation. Dimers of A
Cl can bind to two sets of adjacent sites separated by hundreds of bp and form a DNA loop
viathe interaction between their C-terminal domains. The 186 CI protein can form awheel of
seven dimers around which specific DNA binding sequences can wrap. Atomic force
microscopy (AFM) was used to image transcription elongation complexes of DNA templates
that contained binding sites for either the A or 186 CI repressor. While RNAP elongated past
A Cl on unlooped DNA, as well as past 186 Cl-wrapped DNA, it did not pass the A
Cl-mediated loop. These results may indicate that protein-mediated loops with widely
separated binding sites more effectively block transcription than a wrapped topology with
multiple, closely spaced binding sites.

Introduction

Genomic DNA is decorated with proteins which have various, and often multiple, functions.
Proteins may compact DNA™ 2, protect it from the damaging effect of external agents® *,
mediate long-range interactions implicated, for example, in the management of DNA
superhelicity™ °, repair™®, or transcription regulation'® **. Whatever their function(s) might
be, these proteins are in the path of elongating RNA polymerases and may act as roadblocks,
interfering with RNA polymerase processivity. The mechanisms by which RNA polymerase
might surpass such roadblocks are poorly understood. Single-molecule approaches are ideally
suited to dissect such mechanisms and previous studies have focused on RNA polymerase
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disrupting nucleosomes, which are not found in bacteria®*>. However, the histone proteins
which form nucleosomes interact with the DNA non-specifically, and are substrates for
post-translational modifications that regulate chromatin remodeling and the recruitment of
accessory factors that regulate transcription™® ’. In contrast, transcription factors (TFs) from
organisms spanning all kingdoms recognize specific sites on DNA™ *° to shape the genome
and regulate various genomic functions and may or may not undergo chemical modifications
regulated by complex pathways. Very often these TFs recognize not one but multiple specific
sequences to which they bind with different affinities and cooperatively 2> *. These
cooperative interactions determine ubiquitous (and often hierarchical) topological structures
such as DNA looping, or wrapping, the role of which has not been directly investigated in
earlier studies on elongation through roadblocks either in vivo or in vitro.

Recently, it was shown that the lac repressor (Lacl) protein is an effective roadblock in vitro
for an incoming RNAP on a linear template when bound to strong operators, such as Oid or
O1 (Kd =0.13 nM and 0.6 nM, respectively) but not if bound to the weak O2 (Kd = 2.7 nM)
22 However, subsequent studies revealed that Lacl turns into a strong roadblock even when
bound to O2, if engaged in loop closure® 2. Lac repressor forms a homo-tetramer with two
DNA binding domains. Thus, just one Lacl can bind two operators simultaneously, causing
the looping out of the intervening DNA® ?°. However, many other repressors and,
transcription factors in general, cause looping via the interaction between proteins bound at
distant sites’” %, In yet a different case of cooperativity, proteins may form structures that
wrap DNA. Here, we extended the study of topological roadblocks to transcription elongation
to include two proteins that capture these common patterns of DNA-protein interactions with
packaging and regulatory functions: the A and the 186 CI repressors®™ *, After infection of
the bacterium E. coli by the A bacteriophage, the A CI repressor is responsible for lysogeny
maintenance and, under the appropriate circumstances, switch to lysis®™ *. The repressor
binds as a dimer to each of three adjacent operators (OL1, OL2 and OL3) in one region of the
bacteriophage DNA and to three (OR1, OR2 and OR3) in another® (Figure S1). While the
N-terminal domain of the dimer binds to an operator, the C-terminal can interact with the
C-terminal of an adjacently bound dimer, in a dumb-bell configuration, and with the
C-terminal of a juxtaposed dimer® *. These are the type of protein-protein interactions that
stabilize the closure of a DNA loop between the OL and OR regions®®“*!. Thus, we used the A
Cl repressor as a paradigm for DNA-looping proteins necessitating protein-protein
cooperativity. The 186 Cl repressor has a similar role to that of A Cl in regulating the
lysogeny versus lysis switch once the 186 bacteriophage has infected E. coli** *, However,
dimers of 186 CI oligomerize to form a wheel-shaped heptamer around which DNA wraps
dynamically as three of the seven dimers bind to three strong (Kd = 30 nM)*, specific
binding sites a pR, favoring the weaker binding of the other dimersin the wheel  to adjacent
non-specific sequences which include pL* * * (Figure S1). Two more specific binding sites,
FL and FR, are found, each on either side of pR. When pL is not wrapped on the wheel, the
latter may bridge pR and either FR or FL*. Here we used the pR/pL and FR sequences along
with the 186 CI repressor as a paradigm of DNA-wrapping proteins.

To compare the ability of these different forms of protein-DNA binding to block an
elongating RNAP, we ran transcription assays on DNA templates where the A Cl-mediated


https://doi.org/10.1101/2021.10.29.466366
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.29.466366; this version posted October 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

loop may form, as well as on templates where the 186 Cl may mediate either a DNA wrap or
loop. We analyzed snapshots of transcription elongation complexes (TECs) imaged with the
atomic force microscope (AFM) similarly to what had recently been done for the lac
repressor protein® and found that, while the A Cl protein was not a roadblock to an incoming
RNAP on linear DNA, it was when mediating a loop. Given the previous study on the
blocking capability of the Lacl protein in the loop-securing configuration®, it seems that
proteins securing DNA loops may often be significant roadblocks. However, loops between
pR/pL and FR were not observed and indeed they were estimated to be rare in a previous
study®’, and this study shows that the DNA-wrapped 186 Cl protein was not a roadblock
either.

Comparison of the roadblocking ability of a DNA looping protein with a DNA wrapping
protein indicates that proteins mediating loops may be stronger roadblocks than proteins that
wrap DNA. Since proteins, such as CTCF in eukaryotes, or HU in prokaryotes are also
defining and separating large loops of transcriptionally active domains (TADs)®*®° it is
intriguing to think that proteins which secure loops may be intrinsically stronger barriers for
transcription. This may highlight a special functional motif for the looped topology in
genomes.

Material and Methods

DNA constructs for scanning force microscopy

The DNA templates used for AFM measurements of the effect of & Cl on RNAP transcription
were 1523 bp in length and were produced by PCR using plasmid template
pUC18-Lambdal oop400 (Genbank format files in supplementary information), with two
unlabeled primers (Table S1); and purified using a GeneJdet PCR Cleanup kit (Thermo
Scientific, Waltham, MA). The templates contained the T7A1 promoter, the OL and OR
regions separated by 448 bp and a\t1 terminator (Figure 1, top).

The DNA templates used for AFM measurements of the effect of 186 ClI on RNAP
transcription were 1510 bp in length and were produced by PCR using plasmid template
pT7A1 pRpL-FR (Genbank format files in supplementary information), using an unlabeled
forward primer and a biotin-labeled reverse primer (Table S1). PCR products were purified
using a Genelet PCR Cleanup kit (Thermo Scientific, Waltham, MA). The fragments
contained the T7A1 promoter, the three 186 pR binding sites, the pL site, the FR site, the A tl
terminator and a biotin, allowing labeling the end furthest from the promoter (Figure 1, top).

Sample preparation for scanning force microscopy

A 10 puL droplet of 0.01 ug/ml of poly-L-ornithine (1 kDa Mw, Sigma-Aldrich, St. Louis, MO)
was deposited onto freshly cleaved mica and incubated for 2 min. The
poly-L-ornithine-coated mica was then rinsed drop-wise with 600 ul of high-performance
liquid chromatography-grade water and dried with compressed air. Nucleo-protein complexes
of RNA polymerase/h Cl, or 186 CI, bound at the promoter (PC)/Cl binding sites were
produced by incubating 1 nM of DNA with 150 nM X ClI, or 250/300/500 nM 186 Cl and 0.1
uM streptavidin, and RNA polymerase holoenzyme (New England Biolabs, Ipswitch, MA)
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diluted in transcription buffer (TXB: 20 mM Tris-glutamate (pH 8.0), 10 mM
magnesium-glutamate, 50 mM potassium-glutamate, 1 mM DTT) to afina concentration of
6 U/ml for 30 min at 37 degrees Celsius. To initiate transcription, the reaction mixture was
spiked with 1 mM NTPs to give a final NTP concentration at 100 uM, and incubated at 37
degrees Celsius for 2 min. Then, 250 mM EDTA in TXB were added to give a fina
concentration of 20 mM EDTA and incubated at 37 degrees Celsius for 30 s to terminate
transcription. 5 ul of this final mixture were deposited on the poly-L-ornithine-coated mica
and incubated for 2 min. This droplet was rinsed with 600 ul of high-performance liquid
chromatography-grade water and dried gently with compressed air® - **,

Scanning force microscopy and DNA/protein data measurement

Images were acquired with a NanoScope MultiMode VIII AFM microscope (Bruker Nano
Surfaces, Santa Barbara, CA, USA) operating in soft tapping mode, or scanasyst mode, using
cantilevers with 2 nm nominal tip radius. Areas of 4x4 um” were scanned at a rate of 0.5 Hz
with a resolution of 2048x2048 pixels. After filtering the images to remove scan line offsets
and tilt/bow, DNA/protein molecules were measured with NanoScope Analysis. The length
measurement function was used to get the contour length of DNA length and establish the
position of particle binding; lengths were then normalized by setting them all to 1523 bp, or
1510 bp. The Particle Analysis function was used to obtain the protein molecule diameter,
height and volume.

Results

A CI mediating a loop rather than bound on unlooped DNA interferes with RNA
polymerase elongation.

The composition, conformation and eongation stage of transcription complexes were
easily identifiable in AFM micrographs. To understand how RNAP navigates the . Cl -
DNA nucleoprotein complex, we used scanning force microscopy. The DNA molecule
contained two regions of three operators for the . Cl protein. The OL region, located 294 bp
downstream of the T7A1 promoter contained the OL1, OL2 and OL3 operators. The OR
region, separated from OL by 448 bp was located 673 bp away from the terminator and also
contained three operators: OR1, OR2, OR3 [ ]. Because of the relative binding
affinity of the operators for A Cl, OR1=OR2=0L1=0L2>0L3>0R3%* **, and the pairwise
nature of the interaction of adjacent A Cl dimers, on alinear DNA molecule®, there might be
three 1. CI dimers at OL and only two at OR*">*. However, loops are thermodynamically
stable when closed by six A ClI dimers both in vitro *and in vivo (ref 50) Transcription was
activated and halted by adding NTPs and EDTA, respectively (Materials and Methods). An
aliquot of the sample was then immediately deposited on poly-L-ornithine-coated mica,
incubated, rinsed, and dried for imaging.

As expected, the 1 Cl protein-induced a DNA loop on the path of an elongating RNAP.
Snapshots of transcription complexes were collected and scored according to the paosition of
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RNAP aong the template and the unlooped/looped conformation of the DNA-L CI
nucleoprotein complex. The molecular weight of RNAP is several hundred kDa, much larger
than that of 2 Cl (MWgme ~ 40 kDa), which makes them easily distinguishable [

]. Although some of the unlooped DNA molecules had A Cl bound to either the OL,
or the OR region, these were easily discernable by their different distance from the closest
end: ~300 bp for OL and ~600 bp for OR. In any case, most of the DNA molecules had both
OR and OL regions occupied by . CI. The left and right panels of describe the
classification method followed for the analysis of the AFM images and a representative
galery of images, respectively. The unlooped complexes were classified according to the
position of RNAP before OL, between OL and OR, or after OR. The looped complexes were
scored according to their position before, inside, or after the A Cl-mediated loop.

Unlooped 4 CI complex cannot stop elongation. Upon addition of NTPs, RNAP was found
at al stages of elongation in unlooped complexes, as gathered both from the RNAP location
along the template and the presence of nascent RNA. This suggests that RNAP is able to
bypass the . CI obstacle. In addition, most complexes showed A Cl bound to both operator
regions [ ] suggesting that & CI promptly rebinds its operators after having
been dislodged by RNAP.

The surviving fraction of elongation complexes as a function of distance from the promoter
along the DNA molecule is shown in . The frequency distribution of the A CI
position along the DNA template is described by the orange and green histogram bars which
indicate that . Cl binds OL/OR specifically. The red data points represent RNAP progress
without NTPs. In this condition, RNAP is only found at the promoter (Figure S2, top left).
The pink curve represents the progress of RNAP with NTP but without A CI (Figure S2,
right). The blue curve represents transcription progress in the presence of A Cl. Elongating
RNAP seems to proceed unimpeded from promoter to terminator regardless of the presence
of A CI. If » Cl were a strong obstacle for the transcription elongation complex (TEC), the
blue curvein would display a steep drop in the probability of finding RNAP at the
OL region.

A Cl mediating a DNA loop is an effective roadblock for RNAP elongation. In all the
templates where A Cl was mediating a DNA loop, TECs were found before the loop, none
were found either within or after the loop ( ). This indicates that RNAP
may not be able to bypass the & ClI protein when this is engaged in closing the loop. Indeed,
the surviving fraction of elongation complexes as a function of distance from the promoter
along looped DNA molecules ( ) shows that no RNAP is found past the OL region.
In this panel too, the frequency distribution of the X CI position along the DNA template is
described by the orange and green histogram bars which indicate that 2 Cl binds OL/OR
specifically, the red curve represents RNAP progress without NTP and shows that all points
are near the promoter (Figure S2, bottom left). The blue curve, instead, represents RNAP
progress on DNA looped by a L CI oligomer. The curve decreases steeply to O in
correspondence of the first A Cl peak (OL region). This observation supports the idea that
RNAP polymerase cannot bypass the looped DNA-A Cl complex and that the strength of the
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L ClI roadblock changes considerably, depending if the protein is engaged, or not, in closing a
DNA loop.

186 Cl is not an effective obstacle to transcription.

186 Cl and RNA polymerase can be distinguished by height. Micrographs of TECs in the
presence of the 186 CI repressor were acquired to score the location of RNA polymerase and
the 186 CI obstacle along DNA templates that contained two 186 Cl-binding regions. The
first binding region contained the three 186 strong pR sites adjacent to the weaker pL site.
Together these sites can wrap around the 186 heptamer to form a stable wheel-like structure.
The second region, ~370bp away from the promoter, contained the 186 FR site which has a
lower affinity than pR for 186 CI. Thus, the DNA construct used here has the pR-pL region
located 326 bp downstream of the T7A1 promoter and 372 bp upstream of the FR site. A Atl
terminator was located 617 bp downstream of FR and the end of the template closest to it was
labeled with a biotin on the 5’ strand [ ]. The 186 CI (500 nM), streptavidin and
RNAP were added to a DNA solution at the same time and transcription was activated and
stopped as described in Materials and M ethods by addition of NTPs and EDTA, respectively.
M easurements were conducted in the same manner as those with the & Cl repressor, but this
time, a streptavidin molecule bound to the biotin label made the terminator end of the DNA

template immediately recognizable ( and ). The mgjority of the
DNA molecules were found to have an RNAP [ ] bound at
the promoter and 186 CI [ ] bound at the pR/pL, as well as

at the FR site. Both 186 Cl and RNAP appear roundish in AFM images and have similar size
between 15 - 25 nm. While RNA polymerase is characterized by an average 4.5 nm height,
186 Cl's average height is only 2 nm [ ]. Thus, 186 CI and RNAP can be
distinguished in AFM micrographs.

186 CI does not block transcription. To ease the analysis and interpretation of the AFM
images, nucleoprotein complexes were again categorized based on the position of RNAP
along the DNA template in different experimental conditions. In control measurements, in the
absence of 186 CI, we distinguished complexes where RNAP was found at the promoter from
those where it had left it [ ]. The top row in the right panel of
shows representative AFM images of these two categories.

In the presence of 186 CI, nucleoprotein complexes were found with the repressor bound to
the pR/pL site only [ ], or to both the pR/pL and FR sites
[ ]. Therefore, we classified them according to the position of
RNAP with respect to these two binding sites [ ]. The images show that RNAP
could be found in all regions. In afew cases (12%), 186 Cl was found to be bound only at FR
[ ]. Note that nascent RNA is clearly visible associated with elongating RNAP in all
images as highlighted in the zoomed areas at the top of the right panel of

The scoring of images, as described above, yielded the frequency histograms in

The red curve represents RNAP binding position in the absence of NTPs and 186 ClI; the pi nk
curve represents the surviving fraction of elongation complexes as a function of distance
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from the promoter along the DNA molecule when NTPs were added in the absence of 186 CI.
Before adding NTPs, 70% of the RNAP was found at the promoter, the rest was found
between 100 and 500 bp. This may be due to the fact that the pR/pL site contains two
promoters to which RNAP may also bind. After addition of NTPs, several rounds of
transcription may take place on the same DNA template so that deposition on the mica for
imaging captures nucleoprotein complexes and TECs at different stages of elongation. The
blue and pink distributions in Figure 2C shows an exponential decay which ends at the
terminator paosition (~1500 bp). The blue curve represents the surviving fraction of elongation
complexes as a function of distance from the promoter along the DNA molecule in the
presence of 186 Cl and NTPs. We find that RNAP can elongate throughout the template. We
also compared the binding position of 186 Cl without and with RNAP. The green dash curve
in Figure 2C shows that in the absence of RNAP, 186 Cl was found to bind at pR/pL mainly
and more rarely at FR. When RNAP and NTPs were added, 186 CI still bound predominantly
at the pR/pL site, but in addition, the repressor was found at several other positions, as the
orange bars of its position histogram show. These measurements indicate that 186 Cl did not
block elongation by RNAP and might in fact be pushed from pR/pL to non-specific sites.

Elongating RNA polymerase may cause the dissociation of 186 Cl. We noted that in images
like those in , the size of 186 CI upstream of RNAP seemed smaller than most 186
Cl found downstream of RNAP [ ]. To test the idea that RNAP transcribing
through the heptamer may cause the dissociation of some of its dimers from the wheel, we
measured the diameter [ ] and volume [ ] of 186 CI under different
conditions of transcription: (1) 100 nM 186 CI (no transcription control); (2) 500 nM 186 ClI
and RNAP without NTPs; (3) 500 nM 186 CI, RNAP and NTPs ; (4) 300 nM 186 Cl, RNAP
and NTPs; (5) 250 nM 186 ClI, RNAP and NTPs. No obvious difference was detected
between groups (1) and (2), which indicates that RNAP in the absence of transcription does
not affect the size of 186 Cl. Notice that the distribution of the diameter of 186 CI is wide
under all experimental conditions, as previously reported®’. Comparison of the diameter
distributions of RNA polymerase and of 186 ClI (without NTP) shows that the values of
RNAP diameter are distributed more narrowly than those of 186 CI | ], which
supports the idea that the broad distribution measured for 186 CI is not a technical artefact
but is related to the 186 CI structure made out of the assembly of seven dimers. Group (3)
represents transcription at the same 186 CI concentration used in measurement (2). Thereis a
slight decrease in both diameter and volume of the 186 CI repressor. To verify that these
differences were significant, we used the Welch's t-test to compare groups (2) and (3) and
obtained t = 5.24, Df = 102, which means that the p value should be smaller than 0.0001,
confirming that the difference is significant.

Decreasing the concentration of 186 ClI from 550 nM to 300 nM and then to 250 nM in
conditions of transcription, causes a further decrease of the diameter and volume of 186 ClI.
Taken together, these results point to the fact that: (i) elongating RNAP may cause at |east the
partial dissociation of 186 CI, otherwise the repressor diameter and volume would not
decrease. (ii) The probability that 186 CI may rebind to the DNA template after dissociation
depends on its concentration.

Figure 4 shows that the volume of 186 Cl is largest, about 650 nm?®, in the absence of
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transcription. This volume is consistent with what previously found for the full 186 CI wheel
composed of seven dimers®. In the presence of transcription, the mean volume decreases,
reaching its minimum, 255 nm®, at the lowest 186 Cl concentration used. This valueis
consistent with a structure containing 3 dimers, while the mean volume of ~420 nm°
measured in TECs in the presence of 500 nM 186 CI, would represent 4 to 5 dimers.

Discussion

In order to compare the possible road-blocking activity of the A and 186 Cl repressors, their
DNA-binding probability in different experimental conditions was plotted in . There,
the orange and green bars represent the percentage of repressor binding in the absence and
presence of transcription, respectively. In the case of the & Cl repressor, in the absence of
transcription, only 15 % of al DNA molecules imaged did not have any repressor bound to
them. However, in the presence of transcription that percentage raised to 64 %. In addition,
about 10 % of the DNA molecules with A CI had only one operator region (either OL or OR)
occupied, which is low compared to 75 % double 1 CI complex binding (including unloop
and looped DNA-L CI complexes). After transcription, the percentage of DNA molecules
with & Cl bound either at OL or at OR increased to 25 %, while the percentage of DNA
molecules with both regions occupied by A ClI (unlooped and looped) decreased to 10 %.
Before transcription, the percentage of DNA molecules looped by A Cl was 55 % while the
unlooped nucleoprotein complexes were 20 %, but both decreased to 5 % after transcription
[ ]. These decreases are consistent with the idea that A Cl dissociates from DNA
when an RNAP elongates though it. On the other hand, the increase in the number of DNA
molecules bound by only one A CI oligomer indicates that some of the dislodged A CI may
rebind.

In the case of the 186 CI repressor, in the absence of transcription, nearly all DNA molecules
were bound by repressor with only 2 % without it. In the presence of transcription, the
percentage of DNA molecules without repressor increased to 32 %. On the other hand, before
transcription, the percentage of repressor bound to either pR/pL or FR was 22 % and 6 %,
respectively. This difference is likely due to the difference in affinity for the repressor of
these two binding sites. In the presence of transcription, these percentages increase slightly to
32 % and 8 %, respectively. However, the percentage of DNA molecules with both pR/pL
and FR bound by the 186 CI repressor is 70 % in the absence of transcription and only 28 %
in the presence of transcription ( ).

Although the concentration of A Cl (150 nM) and 186 Cl (500 nM) used in these
measurements were quite different, we made a rough estimation of what the binding fraction
of A Cl would be at 500 nM knowing that at [\ CI] = 150 nM its binding percentage is 85 %
(see SI) *°. We thus estimate it to be about 95 %. This means that 186 Cl has similar binding
affinity to DNA as» Cl. We also calculated that the free energy of binding of 186 CI dimer to
DNA is~ 19.6 ksT ** (see Sl text), while free energy of binding of & Cl to the OR1 site is ~
19.2 ksT*® (SI), in agreement with our result. Neither the unlooped DNA-L Cl nor the
DNA-186 CI complex, interfere with RNAP elongation.

In our experiment, A Cl mediating a DNA loop blocked transcription efficiently. Although a
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186 Cl-mediated loop between pR and FR is possible® *®°, it occurs with a very low
probability in vitro™ and it was never observed in the transcription measurements reported
here.
The temperate A and 186 bacteriophages are different, yet their CI repressors seem to have
some structural similarities®” %, Their N-terminal domain can bind to DNA, while the
C-terminal domain interacts with that of a like dimer. Protein-protein cooperativity thus plays
an important role in the regulatory function of these two repressors. Although the 186 CI
repressor dimers oligomerize to form awheel of seven units which preferentially wraps DNA
at pRI/pL, it can also, instead, bridge pR and FR inducing a DNA loop™ #'. The lack of such
loops in AFM images of TECs seems to indicate that if formed, these loops are easily
disrupted by elongating RNAPs.
Statistical analysis of the images indicates that the A and 186 CI repressors tend to rebind to
DNA after an RNAP has elongated past them. However, the data also indicate that 186 ClI
may rebind more easily than A CI.
The possible mechanism by which RNAP may bypass each repressor is described in

depicts the case of the A CI repressor. When A CI closes a DNA loop, RNAP is
stalled a the loop entry; when the & Cl-mediated loop breaks down, RNAP causes the
dissociation of the A ClI dimers from their operators and may also disrupt any oligomer they
might have formed. After that, A Cl dimers can rebind DNA. depicts the possible
interaction between 186 ClI and RNAP. An eongating RNAP is likely to cause the
dissociation of successive dimers in the wheel and when the three dimers bound to the
highest affinity pR sites are dissociated, the whole wheel may dissociate and disaggregate.
Based on the volumes of particles measured in Figure 4, the smallest particle likely to rebind
will consist of 3 dimers, consistent with the three strong operators at 186 pR/pL, and could
then interact with more dimers until the full 7-dimer wheel is reassembled. In conclusion, the
present study shows that the & Cl and 186 CI repressors do not interfere significantly with
transcription and suggests a mechanism by which they could regain their regulatory function
on the DNA template.
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Figure 1. RNAP elongation in the presence of A CI repressor. (Top)
Diagram of DNA template used. (Bottom Left) Cartoons describing
the different regions where RNAP may be found with respect to the
repressor bound to its operators. (Bottom Right) Gallery of
transcription elongation complexes along a DNA template
containing the OL and OR A operators in the presence of the A CI
repressor. RNAP is yellow, DNA blue and A CI cyan. The top right
AFM image shows that a second RNAP had started elongation of
the same DNA template, while a first RNAP had just bypassed A CI
bound at the OR region. No looped molecules were found with
RNAP inside or after the loop.
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Figure 2. Comparison of RNAP progress in the presence of either the A or 186 CI repressor. The orange and
green histograms indicate the location of bound proteins; the colors dots indicate the surviving fraction of
elongation complexes as a function of distance from the promoter along the DNA molecule. (A-B)
Elongation on unlooped and looped DNA templates, respectively, in the presence of A Cl. (C) Elongation in

the presence of 186 CI.

Position along DNA template (bp)
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Figure 3. RNAP elongation In the presence of the 186 CI
repressor. (Top) Diagram of DNA template used. (Bottom Left)
Cartoons describing the different regions where RNAP may be
found with respect to the repressor bound to its operators.
(Bottom Right) Gallery of transcription elongation complexes
along a DNA template In the presence of the 186 CI repressor
color-coded according to the cartoons at left.
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Figure 4. The 186 CI heptameric wheel i1s disrupted by RNAP
elongation. Whisker and violin plots of the 186 diameter (A) and
volume (B) measured In AFM transcription assays. The
conditions from left to right are: 150 nM 186 CI only; 500 nM
186 CI/RNAP only; 500 nM 186 CI/RNAP+NTP; 300 nM 186
CI/RNAP+NTP; 250 nM 186 CI/RNAP+NTP,



https://doi.org/10.1101/2021.10.29.466366
http://creativecommons.org/licenses/by-nc-nd/4.0/

(A) 100
90
80
70
60 -

A Cl binding
-NTP

+NTP

50 |
40 b
30 F

centage of total molecules

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.29.466366; this version posted October 30, 2021. The co
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the
available under aCC-BY-NC-ND 4.0 International license.

right Rlige-for this preprint
print in pefpetuity. It is made

10
0

Pt

OL OR Both Looped None

(B) 100 - o
186 CI binding

90 NTP

30 +NTP

70
60 -
50
40
30
20

Percentage of total molecules

10
0

pR/pL FR Both None
Binding site

Figure 5. A and 186 repressors do not seem to be
strong roadblocks. A CI (A) and 186 (B) ClI binding
distribution before and after transcription.
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Figure 6. Schematic of RNA polymerase transcript bypass the A Cl (A) and
186 CI (B).

For A CI, if loop complex form, RNA polymerase cannot bypass it. However,
loop and unloop complex can transform. When unloop complex form, RNA
polymerase will transcript bypass the obstacle and may dissociate A CI.

For 186 CIl, RNA polymerase can bypass the complex and dissociate the
wheel-like structure, but 186 CI may rebind and then form the wheel-like

structure.
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