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ABSTRACT

Transcriptional interference (Tl) is increasingly recognized as a widespread mechanism of gene
control, particularly given the pervasive nature of transcription, both sense and antisense, across all
kingdoms of life. Here, we discuss how transcription factor binding kinetics strongly influence the

ability of a transcription factor to relieve or induce TI.

Transcriptional interference (TI) is defined as the
direct suppressive influence of one transcriptional
process on another, in cis."” TI operates through a
variety of mechanisms by which an interfering pro-
moter (Piperfering) €an inhibit the activity of a target
promoter (Pgrge), With the specific combination of
mechanisms at play being dependent upon the relative
arrangement of the two promoters. The six possible
orientations of Piyterfering Telative to Py qee €ach defines
a set of potential TT mechanisms (Fig. 1A). An elon-
gating RNA polymerase (RNAP) complex initiated
from the interfering promoter may compromise the
activity of the target promoter by inhibiting target
promoter RNAPs or transcription factors (TFs)
required for target promoter activity. For convergent
promoters, which allow for the largest number of pos-
sible TT mechanisms, interfering RNAPs can inhibit
the binding of RNAP (occlusion TI) or the transcrip-
tion initiation process (“sitting duck” TI), impede the
progress of elongating RNAPs (collision TI), or dis-
lodge activatory TFs (Fig. 1B).

Modulation of TI by regulation of the interfering
promoter opens up additional layers of transcriptional
control and has been shown to operate in a variety of
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systems. TI provides a simple way to “invert” the func-
tion of a TF, such that a bona fide repressor can be
converted to an activator by repressing the Piperfering
to relieve TI, while a bona fide activator can be con-
verted to a repressor by activating the Pjterfering tO
induce TI (Fig. 1C). For example, in temperate bacter-
iophages 4 and 186, relief of TI by repression of the
strong lytic promoter appears to be a crucial step
toward lysogenic development.” In bacteria, such as
L. monocytogenes, transcription of the mogR gene
from the inducible P1 promoter brings about TI on
three flagellin transcripts expressed from the opposite
strand of DNA, and reduces cell mobility.6 In the
commensal bacterium E. faecalis, modulation of TI
through convergent prgX/prgQ gene promoters con-
trols its competency.”

Modulation of TT as a gene control mechanism has
also been observed in eukaryotic systems. In budding
yeast S. cerevisiae, induction of TI by activating a pro-
moter upstream of SER3 reduces serine biosynthesis
in rich medium.® On the other hand, relief of TI con-
trols entry into meiosis by the al/a2 repressor in dip-
loid cells by repressing a convergent promoter
downstream of the IME4 gene,” and by repressing an
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Figure 1. Transcriptional interference and its modulation. (A) Mechanisms of Tl operating for different arrangements of the Py,ger promoter
(orange) and the Pierfering Promoter (gray). (B) Mechanisms of Tl at play for two convergent, non-overlapping promoters, where RNAPs from
each promoter elongate over the other promoter. Elongating RNAPs can remove transcription factors or promoter-bound RNAPs from the DNA
(dislodgement), or can block their binding (occlusion). Head-to-head “collisions” between elongating RNAPs can cause termination of one or
both RNAPs. (C) The function of the transcription factor determines its effect on TI. If the interfering promoter is controlled by a repressor (left
panel), the target promoter will experience relief from T1.° If the TF is an activator (right panel), the target promoter will experience induced TI.

activator for a promoter upstream of the IMEI gene.'”  development in D. melanogaster,'" while in mammals,
TI is also responsible for the establishment of mosaic ~ the promoter for the Airn long non-coding RNA
expression of homeobox gene Ubx during embryonic  exerts cis-acting repression on the downstream Igf2r
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promoter by transcriptional overlap on the paternal
allele, but is relieved by DNA methylation-associated
repression of the Airn promoter on the maternal
allele."” TI can also operate in a multi-layered manner.
For example, the yeast FLOI1 transcript is controlled
by the upstream ICRI promoter, which itself is regu-
lated by the convergent PWRI promoter. Activation
or repression of PWRI induces or relieves TI on ICRI,
causing stimulation or inhibition of FLOII
transcription.'’

Using a TF to induce or relieve TI is relatively
straightforward when Piycerfering 1S upstream of Pger.
However, when the promoters are convergent, the sit-
uation becomes more complex (Fig. 1C). First, TI can
be reciprocal, with the activity of the target promoter
exerting TT on RNAP at the interfering promoter. Sec-
ond, there are potential interactions between the elon-
gating RNAPs from Py and the TF in their path
bound at Pjyterfering. The elongating RNAP from Pygyge
may dislodge the transcription factor, altering its regu-
lation of Pinterfering.14 If the bound transcription factor
is not dislodged, it may alternatively act as a roadblock
to elongating RNAP, blocking downstream transcrip-
tion,'>'® which may be important if the biologic func-
tion of Piarger requires its transcription to pass
Pinterfering (€.g.» to express a gene beyond Piperfering a8
in Fig. 1C).

In a recent study,” we combined mathematical
modeling with in vivo experiments on the well-charac-
terized bacteriophage A to examine how repression of
Piterfering (in this case, the 4 Pr promoter) can give
relief of TT on convergent Py, g (the A Prg promoter).’
We began by applying stochastic simulations to
explore the key parameters that drive this “relief of
TI” mode of regulation, and showed that for each of
the three major TI mechanisms mentioned above, the
magnitude of relief of TI was strongly dependent on
the properties of the transcription factor and its bind-
ing site. These properties determine whether the TF
acts as a roadblock to transcription from Pgge and
whether its occupancy of its binding site is sensitive to
dislodgement by RNAPs from Py, (Fig. 1C). Road-
blocking by a TF requires that the TF-DNA complex
presents a strong barrier to the elongating RNAP (i.e.,
it is not easily dislodged) and that its spontaneous
unbinding kinetics are slow relative to the RNAP elon-
gation rate (Fig. 2A). The occupancy of the TF-bind-
ing site is most sensitive to elongating RNAP when it
easily dislodged (weak barrier) and has a low rate of

spontaneous unbinding, such that the increased
removal due to the RNAP significantly perturbs its
binding equilibrium (Fig. 2B). Modeling thus pre-
dicted that relief of TI is readily tunable, maximized
by rapid repressor-binding kinetics, but can be com-
promised by repressors with slow-binding kinetics, as
a result of roadblocking as well as loss of repression by
repressor dislodgement (Fig. 2C).

We then validated our model predictions experi-
mentally using the 4 P — Prg promoter pair. Repres-
sion of the strong lytic promoter Py by the 4 CI or Cro
repressors very efficiently relieved TI on the conver-
gent lysogenic promoter Prz. We showed that these
repressors did not roadblock RNAP and that CI
repression of Pr was not sensitive to Prg transcription,
implying fast DNA-binding kinetics for these
Iepressors.

Conversely, repression of the same P promoter
with a DNA-cleavage-defective Cas9 protein (dCas9)
gave sub-optimal relief of TI, providing an important
counter-example for TI regulation by a repressor
with slow-binding kinetics.” Interestingly, the bind-
ing orientation of dCas9, determined by the strand to
which the guide RNA hybridizes,”’18 is known to
influence its strength as a barrier to elongating
RNAPs. This property allowed testing of a single
repressor with the same binding kinetics but differ-
ing roadblock propensities. Consistent with the
model prediction, our results clearly demonstrated
that the effect of dCas9 on the relief of T depends on
its binding orientation: In the strong-barrier orienta-
tion, the barrier effect of dCas9 makes it incapable of
relieving TI, whereas in the weak-barrier orientation,
dCas9 does relieve TI but poorly, since its repression
of Py was reduced due to its dislodgement by RNAPs
from Pgg’.

As well as demonstrating that relief of TI is depen-
dent on TF-binding properties, the results demon-
strate a novel method for estimating the in vivo DNA-
binding kinetics of a repressor, based on the sensitivity
or insensitivity of repression to dislodgement of the
repressor by elongating RNAPs. This approach should
enhance our ability to study TF binding in vivo, as
current methodologies require the use of imaging
techniques that rely on fluorescent tagging of proteins
and do not measure specific, functional DNA binding.

As an extension of our published study,” we used sto-
chastic modeling of protein traffic on DNA to ask how
different TI mechanisms and different TF properties



TRANSCRIPTION 123

A

oA 5 \/\/\/\?\/\/»
C s | C &
Roadblock propensity LDgesohTe
occupancy
fast 100% fast 100%
z ACI >
8 § 3 ACro g
b g s g
£ . £ 3
-: g i~ B
- o w 5
E & Lacl ]
& (t) dCas9(nt) =
slow | 0% slow | 0%
weak strong weak strong
TF resistance to TF resistance to
dislodgement dislodgement
by RNAP by RNAP
C. g D. o =
Relief of Tl Induction of Tl

" P, .
Activatore, * interferin
I — =

Repressor =:;L9 Pintertering

=t
L

=]

TF properties:

fast
slow, weak

slow, strong

__—

Repressor

I 7 _U!”,: ot

Activator

Figure 2. The kinetic properties of a TF determine its effect on modulating Tl between convergent promoters. (A, B) TF-binding kinetics
and the ability of the TF to resist dislodgement by an elongating RNAP both contribute to the overall roadblock effect (A) and to the
overall occupation of the TF-binding site (B). The kinetic and resistance properties of several DNA-binding proteins (1 Cl, 1 Cro, Lacl and
dCas9 bound either to the template strand (t) or non-template strand (nt)) are classified, as determined in Hao et al.” (C, D) TF-binding
kinetics influence how gene expression from the target promoter responds to changes in TF concentration. (C) Schematic of the simu-
lated change in target gene expression upon relief of Tl by repressors with different properties (slow/fast kinetics, strong/weak barrier
to elongating RNAPs). (D) Schematic of simulated induction of Tl by activators with different properties. Higher concentrations of slow-
binding TFs are needed to relieve or induce Tl because their activity is reduced by elongating RNAPs from the target promoter. Slow-
binding TFs, that are strong barriers, have a high roadblocking propensity, which can inhibit relief of Tl by repressors or can aid induc-

tion of Tl by activators.

might combine to influence the activity of a target pro-
moter, Pyee When the TF is an activator, rather than a
repressor, of the interfering promoter Piyerfering (Fig. 1C).
Again, we looked at four different categories of activators:
activators that are either a strong barrier or a weak barrier
to elongating RNAPs, and activators with either fast or
slow DNA-binding kinetics.

Simulations were performed as previously
reported,” where promoter firing is simulated as a

two-step process. We simulated promoter activator
with the simple assumption that the presence of
bound activator accelerates RNAP loading at Pip¢erfering
by 200-fold, and thereby Pjyierering is effectively pro-
portional to the occupancy of the activator-binding
site.

As might be expected, activation of Piyerfering With each
of the classes of activator induces TI on the convergent
Pyarget promoter and reduces its activity (Fig. 2D).
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Strong induction of TT was seen in all TI scenarios,
but the response curves varied depending on the prop-
erties of the activators. An activator with fast-binding
kinetics gave a strong induction of TI at lower activa-
tor concentrations than were required by an activator
with slow kinetics (Fig. 2D). This is because occupa-
tion of its binding site by the slow-binding activator is
reduced due to dislodgement by elongating RNAPs,
which, in turn, suppresses Piyerfering activation. In con-
trast, an activator with fast kinetics naturally binds
and unbinds more frequently, so that a dislodged acti-
vator is quickly replaced.

Induction of TI by slow-binding activators was
dependent on their ability to resist dislodgement by
RNAP. An activator with slow kinetics but strong
barrier properties showed a more potent induction
of TI, when compared with an activator that is a
weak barrier but has otherwise identical kinetics
(Fig. 2D). A strong barrier activity helps induce TI
by two mechanisms: it provides some level of pro-
tection against dislodgement by RNAPs, making
such a TF a more effective activator of the interfer-
ing promoter; and roadblocking by the activator
contributes directly to inhibition of transcription
from the target promoter.

Thus, while induction of TI by an activator and
relief of TI by a repressor for convergent promoters
are both made more responsive by fast TF kinetics,
their responses to the transcription barrier properties
of the TF are reversed. A repressor that acts as a road-
block inhibits relief of TI, while an activator that acts
as a roadblock augments induction of T1I.

These results underscore the importance of the
kinetic properties of transcription factors in their
interaction with genomic traffic, and may prove useful
in the field of synthetic biology for the design of artifi-
cial circuits which exploit TT.">*°
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