A strategy for dissecting the kinetics of transcription repression mechanisms
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Abstract— Promoters in Escherichia coli include an ‘OFF’
state, during which transcription is halted. Here, we propose a
novel empirical method for assessing the time-length spent by
promoters in this state. It relies on direct measurements of RNA
production kinetics at the single molecule level at different in-
duction levels, followed by an estimation of the RNA production
rate under infinite induction, which is then compared to this
rate under real, maximum induction. We apply it to the
LacO301 promoter and infer that, under full induction, on av-
erage, 15% of the time between successful transcription events
is spent in the OFF state. We verify this result by comparing the
kinetics of a mutant strain lacking repressor molecules with that
of the inferred rate under infinite induction. We expect this
strategy of dissecting the kinetics of transcription repression to
be applicable to a wide number of promoters in E. coli.
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I. INTRODUCTION

Novel experimental techniques of microscopy and fluo-
rescent molecular probes have led to the rapid acquisition of
invaluable data on the dynamics of gene expression in live
cells. One particularly valuable development has been the en-
gineering of the MS2-GFP protein that has the ability to bind
specific RNA sequences and, thus, provided multiple binding
sites, detecting individual RNA molecules as soon as they are
produced in live cells [1]. This technique allows both esti-
mating RNA numbers in individual cells of a population at a
given time [1] as well as obtaining RNA production time in-
tervals [2]. This data greatly increased our knowledge on the
in vivo dynamics of transcription.

Recently, a technique was developed for dissecting the dy-
namics of active transcription [3]. This method uses meas-
urements of the RNA production dynamics from cells with
differing RNA polymerase (RNAP) concentrations, which
allows estimating what would be the rate of transcription in
cells with infinite RNAP concentration.

Here, we propose a novel, similar methodology that uses
data from cells with differing intracellular inducer concentra-
tions, to further dissect the kinetics of transcription initiation.
In particular, we focus on the promoter OFF state.

1. MeTHODS

A. Cells, Plasmids, and Chemicals

We use E. coli strain BW25113 (lacl™ rrnBr1s AlacZwyis
hsdR514 AaraBADarsz ArhaBADypzs) [4], which have the
constitutive promoters Pjaci+ and Parac producing, respectively,
Lacl repressors for the LacO301 promoter [5] and AraC re-
pressors for the BAD promoter. We also use the deletion mu-
tant strain JW0336 (BW25113 Alacl), lacking the ability to
express Lacl repressor molecules.

In both strains, we placed a single-copy plasmid pBELO-
BAC11 carrying a Piacoso1 promoter [6] controlling the pro-
duction of an RNA coding for 48 binding sites for MS2-GFP
proteins (48BS). We also introduced a medium-copy plas-
mid, pZA25, with the reporter gene, Psap-MS2-GFP, respon-
sible for producing the fusion protein MS2d-GFP, generously
provided by Orna Amster-Choder (Hebrew University of Je-
rusalem, Israel) [7]. The activity of Pjaco301 is regulated by
the repressor Lacl and the inducer Isopropyl B-D-1-thio-
galactopyranoside (IPTG). The activity of Pgap is regulated
by AraC and the inducer L-arabinose.

This system has been used to measure the distribution of
time intervals between RNA production events due to its abil-
ity to detect individual RNAs, as the MS2-GFP proteins rap-
idly bind to newly formed RNAs, which can be seen as fluo-
rescent foci under a fluorescence microscope [1-3].

B. Growth Conditions

Cells were grown overnight in LB medium supplemented
with appropriate antibiotics (34 pg/ml of Chloramphenicol
and 50 pg/ml of Kanamycin) with shaking at 250 rpm. We
subsequently made subcultures by diluting the stationary-
phase culture into fresh M9 medium, supplemented with
Glycerol (0.4% final concentration) along with the appropri-
ate antibiotics. Cells were placed in the incubator until reach-
ing OD600 of ~0.25. For the reporter plasmid activation, we
added 0.4% of L-arabinose to the culture, which was incu-
bated at 37°C for 60 minutes. Next, for the target plasmid,
specific concentrations of IPTG (0, 5, 25, 50, 100, 250, 500,
and 1000 puM) were added. Cells were then incubated for 120



minutes. In the end, cells were collected by centrifugation at
8000 x g for 1 minute, and diluted in fresh M9 medium. From
this, 5 pL of cells were added to an M9 glycerol agarose gel
pad, prior to microscopy observation.

C. Microscopy

Cells were imaged by a 488 nm argon laser (Melles-Griot),
and an emission filter (HQ514/30, Nikon), using a Nikon
Eclipse (Ti-E, Nikon) inverted microscope equipped with a
100x% Apo TIRF (1.49 NA, oil) objective. To obtain single-
time-point images, we used a C2+ (Nikon) confocal laser-
scanning system. Meanwhile, in time-lapse measurements,
cells were imaged by Highly Inclined and Laminated Optical
sheet (HILO) microscopy, using an EMCCD camera (iXon3
897, Andor Technology). In both cases, phase-contrast im-
ages were acquired by a CCD camera (DS-Fi2, Nikon), for
purposes of cell segmentation. The software for image acqui-
sition was NIS-Elements (Nikon, Japan).

In time-lapse microscopy, cells were constantly supplied
with fresh media with IPTG/L-arabinose during image acqui-
sition, at the same concentration as in liquid culture, by a mi-
cro-perfusion peristaltic pump (Bioptechs) at 0.3 ml/min. Im-
ages were captured for 2 hours, 1 per minute in the case of
fluorescence and 1 per 5 minutes in the case of phase-con-
trast. Also, cells were kept in a temperature-controlled cham-
ber (FCS2, Bioptechs) at optimal temperature (37 °C).

D. Image Analysis

Microscopy images were processed as in [3]. First, cells
were detected from phase contrast images and then aligned
with the confocal images. Fluorescent spots and their inten-
sities were detected from the confocal images as in [8].

For population analysis, the intensity of one spot was cal-
culated from the histogram of total intensity of fluorescent
spots per cell, normalized by the intensity of the first spike
on this histogram, as in [1].

For time series analysis, jumps in each cell’s spot intensity
over time were detected using a least-deviation jump-detec-
tion method [8]. Given the noise in the time series, the inten-
sity of ‘one RNA” was first selected automatically, and then
corrected by manual inspection of the total foreground spot
intensities, as in [3]. To avoid spurious jumps, we disre-
garded jumps within 5 min of the beginning or end of a cell’s
lifetime [3]. Censored intervals were calculated as the time
from the last RNA production in a cell until the last time point
when a jump could have been observed [8].

E. Model of transcription

RNA production starts with the freeing of the promoter for
transcription, followed by the closed complex formation,

which includes multiple binding events of RNAPs until the
promoter commits to the next step, the open complex for-
mation, and finally to the promoter escape and RNA produc-
tion. We represent this in reactions (1) and (2). In these, the
various K’s represent the rate constants at which these events
take place:
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In (1), it is represented the reversibility between ON and
OFF states of the promoter P (represented by Pon and Porr,
respectively), due to, e.g., unbinding/binding of repressors
(respectively). Another cause for OFF states could be the ac-
cumulation/release of local positive DNA super-coiling in
the chromosomal integrated gene, generated by transcription
events and the release by gyrases, respectively [9,10].

In (2), a promoter in the ON state proceeds to form a
closed complex (Pc), as an RNAP finds the start site. As
such, this event depends both on the concentration of freely
available RNAPs and on the rate with which one RNAP binds
to the start site (ki) At this stage, there is a significant chance,
explicitly represented, that the promoter reverts to the previ-
ous stage. After several attempts, the promoter reaches, first,
the initial stage of open complex formation (Poc'). From here
onwards the process is nearly irreversible and, in the presence
of Mg?*, a fully formed open complex (Poc") is created [11].
Subsequently, the RNAP escapes the promoter and proceeds
with elongation, which leads to the production of a fully
formed RNA. Finally, note that elongation is not considered
explicitly, since it is a fast process relative to the previous
events and since it does not affect the mean duration of inter-
vals between consecutive RNA productions.

F. zPlots

The mean time-length between transcription events can be
altered by changing the free RNAP concentration, as demon-
strated both in vitro and in vivo [3, 12-14]. Only the duration
of the closed complex formation is affected by these changes
in free RNAP concentration [3]. As such, from a set of meas-
urements of mean interval durations between consecutive
RNA production events in individual cells whose RNAP con-
centrations differ, it is possible to estimate the rate of RNA
production for an infinite RNAP concentration. This rate
should correspond to the inverse of the duration of the open
complex formation [3].

Here, we use a similar strategy. However, instead of alter-
ing intracellular RNAP concentrations, we alter inducer con-
centrations. As shown below, this produces data that allows
estimating the time spent in both the closed and open com-
plex formation. Further, assuming the model of transcription
in (1) and (2), confronting this data with the intervals between



consecutive RNA productions informs on the mean time that
promoters spend in the OFF state.

im. ResuLTs

We first derive, assuming the model described by (1) and
(2), the equations supporting our method of dissection of the
transcription repression kinetics. From (1) and (2), the mean
duration of the intervals between consecutive RNAs, At, is:

At =74 +7, +7, 3)

In (3), 7orr is the mean time spent in Poge State between
two RNA production events (note that this mean time can,
and likely does, result from multiple ‘passages’ through the
OFF state between two consecutive RNA production events).
Meanwhile, zcc is the mean time spent in Poy state until form-
ing a successful closed complex (again, the promoter will
likely be several times in this state between two consecutive
RNA production events). Finally, 7, is the mean time for a
closed complex to successfully form an open complex. As
such, it includes the time to change from Pg to Po' (Open
complex in initial state) along with the time to change from
Poc' 10 Poc’ (0pen complex in fully formed state). Since the
open complex formation is physically nearly irreversible
once initiated, usually it only occurs once between two con-
secutive RNA production events.

Of these, only zoer is expected to differ with the inducer
concentration, provided that, e.g. the inducer acts by inacti-
vating the repressor, as in the case of IPTG [5]. Given this,
we define Ating as the mean time between transcription events
aside from the OFF period, and rewrite (3) as:

At =7 +AL, 4

From the above definitions, changing IPTG levels will al-
ter only zorr (and thus At). l.e. assuming a new condition,
differing in [IPTG] (within the range where changes in
[IPTG] result in changes in the RNA production rate):

A =70 ™ 4+ Aty ()

Next, one can plot the mean At versus the inverse of the
[IPTG], for various IPTG concentrations. On this data, one
can do a linear fit to estimate At" (i.e. the expected At as-
suming infinite [IPTG]), as it is given by the height at which
the line of the fit crosses the y-axis (see Fig. 2).

Infinite [IPTG] implies that all the repressor molecules in
the cell should be inactive. As such, the validity of the infer-
ence can be tested, e.g., by measuring the transcription Kinet-
ics in cells lacking the ability to produce the repressor.

To implement this strategy, we must first find the induc-
tion levels that significantly differ in transcription rates. We
thus measured RNA numbers in individual cells at various
induction levels of LacO301, both to determine its maximum
induction level, as well as to find the region of the induction

curve where the transcription rate is sensitive to small
changes in inducer concentration.

From the results in Figure 1, maximum induction occurs
from 50 uM IPTG and beyond, while the region of the induc-
tion curve where the RNA production rate is most sensitive
to changes in [IPTG] is between 0 and 50 uM.

Thus, we performed microscopy time-series of cells sub-
ject, respectively, to 5, 25 and 50 uM IPTG (Methods). From
the images, we obtained the mean At for each condition
(Methods). We also imaged deletion mutants lacking the re-
pression mechanism (i.e. unable to express lacl repressor
molecules). Results are shown in Table 1.

6.00
5.00
4.00
3.00

2.00 H
1.00
0.00 |——|

0

5 50

Mean relative RNA no. per cell

100 250 500 1000
IPTG (uM)

Fig. 1 Mean relative RNA numbers in individual cells. Images taken 2
hours after activating the target gene. The error bars are the standard error
of the mean. In all conditions, more than 350 cells were observed.

Table 1 Empirical mean and uncertainty of the intervals between
transcription events in individual cells for various induction levels

Condition No. of  No. of inter- Mean inferred interval
cells vals and uncertainty (s)

5uM 360 156 4362 + 647

25 uM 92 30 2024 + 709

50 uM 72 54 1922 +588

Deletion Mutant 44 23 1805 + 757
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Fig. 2 = -plot for LacO301, showing At of each induction level (circles)
and standard uncertainties, along with best-fit line by least-squares fit. Also
shown is the data from a mutant strain (triangle, not used in the fit).

From Table 1, following the strategy in [3], we obtained a
t-plot (Fig. 2), where the X-axis is the inverse of [IPTG],
while the Y-axis is the mean duration of transcription inter-
vals in individual cells. Next, we fitted a line to the data by
the least squares method and extrapolated this linear fit to the



‘infinite [IPTG]’ condition. The intercept of the best fitted
line with the Y axis is At

From Fig. 2, the best fit line intercepts the y-axis at 1559 s.
Since, under full induction (50 puM IPTG), the mean interval
between transcription events is 1839 s (according to the best
fit line in Fig. 2), we expect the promoter to spend ~280 s in
the OFF state between transcription events (15% of the time),
under full induction.

To validate our result, we used a mutant strain lacking the
ability to produce the repressor of the promoter of interest.
The data from these cells is also in the t plot and in Table 1,
and, visibly, their RNA production rate is in agreement with
the estimated rate for ‘infinite’ induction, from which we find
the estimation to be reliable.

1v. CONCLUSIONS

We proposed a novel methodology for the estimation of
the mean time spent by promoters in the OFF state between
transcription events. To our knowledge, this is the first time
this is achieved from data from live, individual cells.

At the moment, the method has several requirements that
depend on the repression mechanism. E.g., it requires prior
knowledge or measurements of how the inverse of the RNA
production rate changes with the inverse of the inducer con-
centration. Here, this change was assumed to be linear within
a certain range (which the data did not disprove), which al-
lowed estimating the kinetics of RNA production under infi-
nite induction levels. Also, it requires an inducer or activator
that acts by freeing the promoter from an OFF state, rather
than by affecting the kinetics of subsequent steps in transcrip-
tion, in which case the outcome of the method will inform on
different parameters than those in the present work.

We applied the methodology to LacO301 and its repres-
sion system. For validation, we measured the transcription
kinetics in a deletion mutant for the repressor of LacO301,
and found it to be in agreement with our method’s estimation.

We believe that, in its present state, this method can al-
ready be of use to dissect the kinetics of repression mecha-
nisms of transcription of various promoters of E. coli. We
expect that several improvements can be further made to the
present method, to allow its application to a broader range of
repression (as well as induction) mechanisms.
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