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Abstract: This work presents the results of single-molecule studies of the effect of magnesium
ions on the dynamic characteristics of transcription elongation of bacterial RNA polymerase.
It has been shown that the instant and average transcription velocities decrease with a decrease
in magnesium concentration. The observed dependence occurred due to an increase in the
number of short pauses; an explanation of the mechanism of their formation was put forward.
To perform these studies, the method of acoustic force spectroscopy (AFS) was used. This
technique served as a basis for the development of a single-molecule procedure for characterizing
the transcription parameters. A detailed description of the method and algorithm for processing
the measurement results was given.
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Annotanusg. B Hactosuieir pabore MpUBENEHBl PE3YyJbTaThl  OJHOMOJIEKYISIPHBIX
WCCICAOBAHNI BIWSHUS WOHOB MAarHWs Ha JIWHAMWYCCKNME XapaKTePUCTUKU BJIOHTAIINN
TpaHckpunuuu OakrepuanbHoii PHK-noaumepasbsl. IlokazaHo, 4YTO C yMEHbIIEHUEM
KOHILIEHTPAlUM MAaTHUSI CHMXXAIOTCSI MTHOBCHHAsI M CPEOHSISI CKOPOCTU TPaHCKPUITIIUM.
Hab6mromaemasi 3aBUCMMOCTb MPOUCXOIMUT 3a CUET YBEJIMUYCHHUS KOJUUECTBA KOPOTKHUX TIay3;
MpelIoKeHO OOBSICHEHME MeXaHu3Ma UX oOpasoBaHus. s mpoBedeHUs] HCCAeAOBaHUM
HMCMOJb30BaH METOA aKycTudyeckoil cuyioBoil crnekTtpockonuu (ACC), KOTOphIii cOCTaBUJ
OCHOBY i1 pa3pabOTKM OMHOMOJICKYJISIDHOW METOAMKM XapaKTepu3alluy I1apaMeTpOB
TpaHckpuruu. IlpuBemeHo mOAPOOHOE OMMUCAaHME METOAWKM W aJropuTMa O0pabOTKHU
pe3yJIbTaTOB U3MEPEHUN.
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Introduction

The transcription process resulting in gene expression by DNA-dependent RNA polymerase
(RNAP) has been considered in a huge number of studies, most of them performed using
classical biochemical methods. These methods only offer limited possibilities for obtaining
detailed characteristics of the given process. Furthermore, crucial data is provided in structure
studies focused on bacterial RNAP—DNA complexes using cryoelectron microscopy, nuclear
magnetic resonance spectroscopy and X-ray crystallography. While these methods yield essential
data on some of the longest-lived states of these complexes, less details can be uncovered about
the intermediate, short-lived states governing the dynamics of the process.

As a matter of fact, unambiguous data on these dynamics can only be obtained by single-
molecule techniques allowing to monitor the mechanistic changes of individual molecules in
real time, without averaging over an ensemble of particles. The most commonly used single-
molecule techniques are optical or magnetic tweezers and single-molecule Forster resonance
energy transfer (smFRET).

The number of studies incorporating these methods to gain detailed insights into the
dynamics of transcriptional elongation has increased dramatically in the last 10—15 years [1—4].
The results indicated that various conformational states of RNAP (whose lifetimes differ by
several orders of magnitude) evolve throughout the complex structural transformations during
the single transcription steps — a nucleotide addition cycle, each corresponding in length to
progression of RNA-polymerase by one base pair.

Here we employ acoustic force spectroscopy technique for single-molecule research of
transcription elongation; the advantage of this approach is that data on the dynamics of several
RNAP molecules can be extracted simultaneously. Since this method is relatively new, we
focused on its capabilities and the particulars of the technique developed based on the method.

Here we perform new data characterizing the dynamic pattern of bacterial RNAP transcription
under specific conditions.

Acoustic force spectroscopy for transcription analysis

The method of acoustic force spectroscopy (AFS) was first presented in late 2014 [3].
The studies were run on a specially made Lumicks setup including a customized microfluidic
chip, an inverted microscope, and a camera. The microfluidic chip used in the experiments
is a chamber bounded by two glass plates with fluid in between. Applying a voltage to a piezo
element attached to this chip generates a plane acoustic wave acting on polymer microspheres;
their displacements were tracked with an inverted microscope and camera. DNA molecules are
tethered between the surface of the cover glass and the microspheres (Fig. 1). A force of an
acoustic nature acts on the microspheres.
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Fig. 1. The configuration of the AFS experiment:
piezo element PE; glass G; streptavidin-coated microsphere SCM and reference microsphere RMS;
DNA, RNA; biotin-modified RNAP; transcription direction TD; applied force F
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The acoustic wave propagating inside the chip generates the force acting on the microspheres:

1-k" p -1
F=-VV|——Fk p*——— v, 1
{ 4 P 2 P } (1)

where V, m3, is the volume of the microsphere; p, Pa, is acoustic pressure; v, m/s, is the speed of
sound; p*= pp/ p, is the density ratio between the microsphere and the medium; k" = kp/km is the
ratio of elasticity coefficients between the microsphere and the medium.

The magnitude of the force F (see Fig. 1) depends on the size of the microsphere, the
frequency of the acoustic wave and its amplitude, which in turn depends on the voltage applied
to the piezo element [3].

The forces applied in the method generally range from units to tens and even hundreds of
piconewtons, which underlies its potential for studies of biological objects [5].

While the AFS method itself has a simple design, the experiments performed needed a lengthy
and complicated protocol.

A DNA molecule should be obtained at the preparation stage before the experiment; this
molecule is subsequently tethered to one of the surfaces of the microfluidic chip. To achieve this,
the DNA and the surface are modified, respectively, with digoxigenin and anti-Dig antibodies,
compounds forming a chemical bond during interaction. It can be seen from Fig. 1 that RNA
polymerase must be chemically bound to the microsphere in order to conduct the experiment. For
these purposes RNAP modified by biotin is used. Thus, biotinylated RNAP is strongly binding to
the streptavidin covered microspheres [6].

The transcription cycle performed by RNA polymerase (regardless of cell type) includes three
stages: initiation, elongation, and termination. During initiation, RNAP binds to the promoter
sequence, with the bound double-stranded DNA melting as a result and open RNAP—DNA
complexes forming. The elongation stage when RNA molecules are actively synthesized follows
next. RNAP moves along the DNA in leaps, this enzyme can stop either temporarily (i.e., pause)
or permanently (i.e., arrest) during elongation. Moreover, RNA synthesis can be terminated in
response to regulatory events from protein factors and/or signals encoded in DNA and RNA [7, §].

AFS allows to simultaneously track the dynamics for several RNAP molecules moving along
the DNA, which is an advantage over other single-molecule methods where only the position of
a one RNAP molecule can be detected in real time [9, 10].

Elongation profiles demonstrate the dynamic characteristics of a single RNAP, such as
instantaneous (between pauses) and average rate, the presence of arrests/pauses and their duration.
The profiles are the graphical interpretation for the characteristic motion of single polymerases
responsible for transcriptional elongation, presented as the time dependence of the transcribed
DNA length (in nanometers or nucleotides) on time (seconds).
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Fig. 2. Representative elongation profiles for three individual RNAPs
under conditions without the influence of chemical agents
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Algorithm for processing the elongation profiles

A typical shape of the elongation profiles for three single RNA polymerases in the absence of
any chemical agents affecting transcription is shown in Fig. 2.

A median filter with a window of several seconds is used to process the obtained data, and a
Savitzky—Golay filter is applied for repeated smoothing [11]. Transcription rate thresholds and
all-time intervals where the velocities falling below the threshold value are regarded as pauses
are given. These pauses are sorted into 'long' ones, lasting over 20 s, and 'short' ones, lasting
from 2.5 to 20 s [12, 13]. The resolution of the setup does not allow to determine pauses shorter
than 2.5 s. The threshold value is chosen to equal 0.5 o, where o is the standard deviation
from the mean, obtained from the Gaussian distribution for instantaneous rates. The Gaussian
function f{x) has the form

ey

oV2T

The values extracted are averaged over the entire ensemble of pauses and are represented as
(mean * standard error of the mean (sem)). The Mann—Whitney test is used as a criterion for
statistical significance. The distribution of instant velocities is generated by processing with the
selected rate threshold.

In the general case, the velocity distribution contains signals corresponding to the derivatives
of noise and useful signal. The noise component is determined by the parameters of the
experimental setup, and its spectrum corresponds to the distribution of derivatives for those
sections of the elongation profile where the polymerase progression is stopped, i.e., when
it dwells in paused states. The noise derivative has a symmetrical distribution with respect
to zero rate; its contribution can be considered using the negative part of the distribution,
which is not superimposed by the useful signal. Since the positive values of the noise signal
are equal in magnitude to its negative values, the true distribution of instant velocities can
be obtained by subtracting the absolute values of the noise signal from the total transcription
rate distribution. This method was previously successfully applied in [14, 15]. Fig. 3,a shows a
histogram for one of the obtained elongation profiles with a pronounced bimodal distribution
for the example described. Expansion of this distribution using Gaussian functions allows
isolating the distribution near zero (red curve) corresponding to the noise component of the
signal, and the true instant transcription velocity (green curve).

The parameters of the instantaneous transcription rate can be determined more precisely using
the noise subtraction procedure described above.
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Fig. 3. Histograms of instant transcription rate distributions before (a) and after (b) subtracting the
absolute values of the noise component from the signal and approximation by the Gaussian function
(green curves correspond to the instantaneous rate, red to the noise component)
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Fig. 3,b shows the approximation of the transcription rate distribution by the Gaussian
function after subtracting the noise signal. As evident from the approximation results, the value of
instantaneous transcription rate extracted by this procedure is higher and likely closer to the true
values of instant transcription rate in polymerase.

After these measures are performed for each elongation profile obtained, the data for all
profiles corresponding to the specific experimental conditions are averaged and represented as
(mean value = sem).

The value of the average transcription velocity for each RNA polymerase is equal to the ratio
of the path traveled by the polymerase (the elongation profile length) to the total travel time. The
obtained values are averaged over the entire ensemble of velocities for each of the experimental
conditions and are represented as (mean value * sem). The Mann—Whitney test is used as a
criterion for statistical significance.

Effect of magnesium ions on transcription parameters

To assess the effect of magnesium ions on the transcription process, we compared the parameters
of elongation profiles measured at MgCl, concentrations equal to 1 and 10 mM. Representative
elongation profiles for single RNAPs at various magnesium concentrations are shown in Fig. 4.

The values of instant and average transcription velocities at a magnesium chloride concentration
of 10 mM, obtained after averaging over 28 elongation profiles (Fig. 5), turned out to be 20.5 =
0.9 and 17 £ 0.7 nucleotides per second (nt/s; mean value  sem).

1650 4
1500 4
1350
1200 4
1050
900 4
750 4
600
450

Number of transcribed nucleotides

3004 /
150

T T T T T T !
0 50 100 150 200 250 300 350
Time (s)

Fig. 4. Representative elongation profiles of instantaneous RNAPs
for MgCl, concentrations equal to 1 mM (blue curve) and 10 mM (red curve)
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Fig. 5. Diagram for values of instantancous (left) and average (right) transcription rates
for MgCl, concentrations of 10 mM (green bars) and 1 mM (blue bars).
The concentration of nucleoside triphosphates (NTP) is 1 mM
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The numerical values of these quantities practically coincide with the data obtained previously
[6, 16, 17]. Such close values of the average and instant velocities and a small number of short
pauses at a high concentration of magnesium ions indicate that RNA-polymerase is only
motionless for a small period compared to the time spent on transcribing a DNA sequence,
chosen equal to 500 nm * 10% in these experiments. Large pauses (longer than 20 s) are not
observed under these conditions, while a small number of short pauses (between 2.5 and 20 s)
were found using the processing protocol above. Fig. 6 shows the results extracted by processing
the entire data array, determining the average number of short pauses per one elongation
profile.
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Fig. 6. Diagram of the average number of short transcription pauses per elongation profile
for MgCl, concentrations of 10 mM (green bar) and 1 mM (blue bar).
The concentration of NTP is 1 mM

As seen from Fig. 4, the fundamental difference between the shape of elongation profile
at low (I mM of MgCl,) and high (10 mM of MgCl)) magnesium concentration is that it
takes much longer for polymerase to travel the same length of DNA. No pauses longer than
20 s are observed in this case, the same as with a high magnesium concentration. The values
of instantaneous and average rates, as well as the number of short pauses per one elongation
profile, calculated by the same protocols as for a high concentration of magnesium ions,
turned out to be 8.7 £ 0.9 and 6.3 £ 0.8 nt/s, respectively, as well as 23.6 £ 4 pauses (see
Fig. 6).

First, we should note that the results obtained for the slowing down rate of transcriptional
elongation with a decrease in the concentration of magnesium ions qualitatively agree with
the data of biochemical experiments. However, the data provided by ensemble methods could
not provide dynamic characteristics of potential processes affecting the value of the average
transcription velocity.

As follows from our findings, the decrease in the average transcription velocity with
decreasing concentration of magnesium ions is largely due to an increase in the number of
short pauses. A possible mechanism behind these pauses is associated with the mismatched
base composition within the active site of RNAP, necessary for the first stage of transcriptional
elongation. This composition must contain a nucleotide complementary to the corresponding
nucleotide of the template DNA strand and a magnesium ion. These components enter the
active site of the polymerase through a secondary channel as a result of diffusion. Access of
mismatched nucleotides to the active site of RNAP or the absence of magnesium ions within
the site induce short pauses when RNAP can delete the mismatch from the active site.

Assuming that a pause happens by this mechanism, it should be expected that the number
of cases with the absence of magnesium ions in the active site is greater at a low than at a high
MgCl, concentration in the transcription buffer, and, accordingly, more short pauses are also
observed at a low concentration, as confirmed by our study.
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Notably, the resolution of the AFS setup does not allow detecting pauses shorter than 2.5 s,
whose number is likely also significantly larger at low magnesium concentrations. In view of this,
it can be assumed that the value of the instant elongation velocity (i.e., the rate between pauses)
at a low concentration of magnesium ions is greater than the value obtained in this study by
calculating this rate between pauses longer than 2.5 s.

Conclusion

We have developed a technique for measuring the RNA-polymerase transcriptional elongation
profiles at the level of individual molecules by acoustic force spectroscopy (AFS), constructing an
algorithm for analyzing the data extracted. This technique was used to study such transcription
parameters as instant and average elongation velocities and the density of paused states of bacterial
RNA polymerase. Moreover, it was demonstrated the quantity dependence of these paused states
on the concentration of magnesium ions. The parameter values obtained made it possible to
draw conclusions about the possible mechanism behind the short pauses generated at the stage of
transcriptional elongation by bacterial RNAP.
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