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ABSTRACT: In vitro transcription and translation reactions have
become popular for a bottom-up approach to synthetic biology.
Concentrations of the mRNA intermediate are rarely determined,
although knowledge of synthesis and degradation rates could
facilitate rational engineering of in vitro systems. We designed binary
probes to measure mRNA dynamics during cell-free protein synthesis
by fluorescence resonance energy transfer. We tested different
mRNA variants and show that the location and sequence
environment of the probe target sites are important parameters for
probe association kinetics and output signal. Best suited for sensitive
real-time quantitation of mRNA was a target site located in the 3’
untranslated region, which we designed to reduce secondary
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structure. We used this probe—target pair to refine our knowledge of mRNA dynamics in the commercially available PURE
cell-free protein synthesis system and characterized the effect of TetR repressor on mRNA synthesis rates from a T7 promoter.
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In vitro transcription and translation (ITT) reactions have been
widely used and optimized for protein synthesis and screening
purposes.”> More recently, those in vitro systems have become
popular for a bottom-up approach to synthetic biology.’
Fundamental molecular processes of life were reconstituted in
vitro, such as the Escherichia coli translation machinery from
purified components® and the E. coli RNA polymerase
holoenzyme, which was synthesized by adding the DNA
templates for the subunits of the enzyme complex into an ITT
reaction.” Examples for structural self-organization that could
be reconstituted in ITT reactions programmed with DNA
templates include the synthesis and assembly of the T7
bacteriophage,® the self-assembly of cytoskeletal structures in
liposomes’ and emulating embryonic pattern formation.® The
dynamics and behavior of synthetic gene networks have also
been studied in ITT reactions. Multistage cascades, where the
gene product of one stage is the input for the next stage, AND
gates, and negative feedback loops have been assembled.””~"!
All genetic regulators, activators, and repressors employed in
these genetic networks acted on the initiation of mRNA
synthesis. Furthermore, Shin and Noireaux have established a
method to increase mRNA turnover and propose that active
mRNA inactivation might facilitate the engineering of informa-
tional processes.'” Despite their focus on regulation of mRNA
synthesis and mRNA degradation, these studies only used
reporter protein production as their readout. To rationally
assemble and characterize in vitro genetic networks, it would be
helpful to directly quantitate mRNA dynamics and synthesis
rates. After all, it is this intermediate that regulation acts upon
most often and whose concentration determines protein
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output, often in a nonlinear fashion as the translation
machinery becomes saturated at high concentrations of
mRNA.*

RNA concentrations can be determined by different
techniques in vivo and in vitro. Potential real-time methods
that can detect a specific mRNA employ fluorophores that bind
to a region of the mRNA of interest, which changes their
emission properties. Examples include “spinach”'® and
oligonucleotide probes like molecular beacons and binary
probes."*"> Binary probes consist of two DNA oligonucleotides
that hybridize to adjacent locations on a target sequence. Each
carries a fluorophore of a fluorescence resonance energy
transfer (FRET) donor—acceptor pair. When both probes are
bound to the target sequence, the fluorophores are brought in
close proximity so that FRET can occur. This technique has
been used to measure mRNA synthesis during in vitro
transcription.'® Models of the transcription and translation
processes during GFP synthesis were important steps toward a
more quantitative understandin§ of the dynamics of protein
synthesis in cell-free systems.'”'® These studies also measured
mRNA levels over time to take into account synthesis and
degradation of mRNA for their models. Stogbauer et al.'® used
a molecular beacon, which bound to a sequence in the GFP
coding region on the mRNA.

In this work we designed binary probes, which we tested in
combination with different mRNA target designs in order to
derive a probe—target pair that allows sensitive real-time
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quantitation in ITT reactions and could be used for other genes
without the need for sequence redesign. We demonstrate the
value of the probes as a tool for in vitro synthetic biology by
refining our understanding of RNA dynamics in the PURE ITT
system® and measuring the effect of the TetR repressor on
mRNA synthesis from a T7,, promoter.

We decided to place the probe target site, the nucleotide
sequence to which the binary probes bind, outside of the
protein coding region, either in the 5" or 3’ untranslated region
(UTR), in order to avoid interference between probe binding
and translating ribosomes. This has the additional advantage
that the same probe—target combination could be used for
other genes without requiring a different set of costly FRET
probes and reoptimization of the target sequence. Similar to
previous probe designs,'®'® we chose a sequence of 30 bp as
the target for the two probes, which consisted of 15 bp each.
We chose Cy3 and CyS fluorophores as our FRET pair, with a
spacing of 4 nucleotides, or about 1.65 nm, for optimal FRET
efficiency™* (Figure 1).
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Figure 1. Design of the binary probes and their target sequence. (A)
Real-time measurement of mRNA during in vitro transcription and
translation. mRNA with the target site for the binary probes and the
coding region for the protein is produced from a DNA template. The
binary probes carrying either a Cy3 or CyS fluorophore are present in
the ITT mix and hybridize to the RNA. This brings the donor and
acceptor fluorophores into close proximity so that FRET can occur.
The FRET fluorescence allows quantification of mRNA concentration
over time. (B) Sequences of the RNA target (black) and the bound
probes with positions of the fluorophores.

We found that the sequence environment of the target site
on the mRNA has a strong influence on the observed FRET
signal. We thus synthesized different mRNAs in vitro, purified
them, and compared binding of the binary probes to identical
target concentrations. In the different mRNAs tested, the probe
target site was placed either in the S’ or the 3" UTR (Figure
2A). We tested one mRNA with the target site in the 5’ UTR
and three mRNAs with the target site in the 3’ UTR. Those
differed in the distance of the target site to the end of the
protein coding region (3 target version 1 compared to versions
2 and 3) and the stability of the secondary structure that could
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be formed by the nucleotides surrounding the target sequence,
which was minimized in version 3 by adding stretches of
adenines around the target site (see Supporting Information
Figure S10 and Table S1).

We observed a stable FRET signal over 12h when the probes
were added to a DNA target in buffer (Figure 2B), showing that
no photobleaching occurred under the imaging conditions
employed. All mRNAs, except for the negative control without
a target sequence, produced measurable FRET signals and
EGFP protein, when added to ITT mix (Figure 2D). The
binding kinetics and the final FRET signals differed
considerably for the target variants tested in both buffer
(Figure 2B) and ITT mix (Figure 2C). When the target site was
located on mRNA, hybridization of the probes was slower than
to the DNA target. The 5" UTR target gave rise to the slowest
binding kinetics and lowest FRET signal. The mRNAs with the
target site in the 3’ UTR exhibited faster association kinetics
and higher FRET signals, indicating that mRNA secondary
structure and target site location are important parameters (see
Supporting Information Table S1). The fastest binding kinetics
and highest FRET signal was observed for the 3’ UTR with the
sequence that was specifically optimized to reduce secondary
structure in the nucleotides surrounding the 30 bp target
sequence. It was our goal to have a sensitive real-time
measurement of mRNA during in vitro protein synthesis, so
for all subsequent experiments, we used the 3’ UTR version 3.
In addition, this 3’ UTR also increased protein production
probably by altering the secondary structure of the mRNA
(Figure 2D).

During synthesis of mRNA from the different DNA
templates (Figure 2A), the 3’ target 3 also gave rise to the
highest FRET signal when tested in a transcription reaction
(Supporting Information Figure S1) as well as in an ITT
reaction (Supporting Information Figure S2). Although differ-
ent concentrations of mRNA were synthesized, these differ-
ences could not explain the differences in signal, which shows
that during synthesis of mRNA, probe hybridization kinetics are
important for sensitivity. When identical concentrations of
purified mRNA were added into an ITT reaction, we observed
the same dependence of hybridization kinetics and FRET signal
on target site position as in buffer, but here the FRET signal
declined exponentially after reaching a peak at about 20 min
(Figure 2C). We attributed this decline to mRNA degradation.
We verified by qRT-PCR that mRNA degradation was indeed
occurring at a comparable rate as determined by our FRET
probes (Fi%ure 3). Degradation of mRNA follows first order
kinetics.">"” This exponential decay can be described by the
following function:

m(t) = moe” &' O]
where my is the initial mRNA concentration and deg, the
mRNA degradation rate.

Known amounts of mRNA were added to ITT mix
containing an excess amount of binary probes (1 uM). The
decreasing FRET signals of different initial mRNA concen-
trations (250—900 nM, starting at 40 min, see Supporting
Information Figure S3) were fitted to eq 1, and the RNA
degradation rate was determined to be 0.0085 + 0.0019 min~},
which is 10-fold greater than the value reported for the PURE
system in a previous study,'® where mRNA degradation had
not been observed experimentally but was determined by fitting
a model with eight free parameters to the experimental data.
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Figure 2. Effect of the sequence environment of the target site on hybridization kinetics and FRET signal. (A) Schematics of the different DNA
templates, from which the mRNA that were compared for probe binding were synthesized. The DNA target was the 30 bp single stranded
complementary sequence to the probes. The mRNAs were produced by in vitro transcription with T7 RNA polymerase (the black arrow depicts the
T7 promoter and the red hexagon the T7 terminator). All mRNAs contained the same EGFP coding region (green arrow) and ribosomal binding
site (blue circle). They differed in the position and the sequence around the target site (orange and purple box) located in the 5’ or 3’ UTR. (B,C)
Hybridization of the binary probes (each at 1 yM) to DNA or mRNA target (all at 480nM) in buffer (B) or ITT mix (C). FRET signal was
calculated by normalizing the FRET fluorescence to the Cy$ fluorescence and subtracting the FRET background from a reaction containing no RNA
or DNA (see Methods for details). (D) EGFP concentration produced by the reactions in (C).
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Figure 3. Degradation of mRNA in the PURE ITT mix. Degradation
of 500 nM mRNA in ITT mix as observed by qRT-PCR and FRET
signal. The experimental results are compared to the predicted RNA
concentration for a degradation rate of 0.0085 min™".

In order to calibrate the FRET signal to mRNA
concentration, we used the peak FRET signal of different
mRNA concentrations (average of signal from 10 to 30 min)
and plotted this against the mRNA concentration at 20 min,
which was calculated from the known initial concentration and
the RNA degradation rate. The FRET signal increased linearly
with mRNA concentration until mRNA concentration
exceeded probe concentration (Figure 4). At a probe
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Figure 4. Calibration of the FRET signal to mRNA concentration. The
peak FRET signal around 20 min (average of signal between 10 and 30
min) was plotted against the RNA concentration at 20 min, which was
calculated from the known initial mRNA concentration using the
determined degradation rate. For mRNA concentrations smaller than
probe concentration (1 M) the FRET signal increased linearly with a
slope of 0.0035 nM™".

concentration of 1 uM, we could detect mRNA concentrations
ranging from 50 to 900 nM. At mRNA concentrations below 50
nM, the signal-to-noise ratio was too low to allow a reliable
quantitation under our experimental conditions.
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Figure 5. RNA synthesis from different DNA template concentrations during ITT. (A) RNA concentrations during synthesis from different template
concentrations in ITT, measured by binary probes and qRT-PCR. (B) Initial mRNA synthesis rates for different DNA template concentrations.
Initial rates were determined from the first 100 min of synthesis assuming no decline of transcriptional activity. (C) Relative transcriptional activity
over time during synthesis from different DNA template concentrations. Relative activity was determined with eq 7 from the concentration change
during a time increment of 6 min. To reduce the noise we used the average of 3 measurements (corresponding to 6 min) around each time point.
With the known mRNA degradation and initial synthesis rate we could calculate what fraction of initial activity was left at each time point. The black
line is the Hill function (eq 8), which was used to fit the results (see Supporting Information Figure S6). (D) Results of our model of mRNA
dynamics in ITT at different DNA template concentrations. The model took into account mRNA degradation and a transcription rate, which is

dependent on the DNA template concentration (B) and time (C).

Using the calibration of the FRET signal, we could quantitate
mRNA synthesis from a DNA template. The mRNA synthesis
rate depended on the DNA template concentration used in the
ITT reaction (Figure SA). Although the mRNA concentrations
differed more than 3-fold over the range of DNA template
concentration tested, the effect on EGFP concentration was
low, showing that the translation machinery became saturated
above 200 nM of mRNA (see Supporting Information Figures
S3B and S4B). The mRNA measurement determined from the
FRET signal was confirmed by qRT-PCR for the highest DNA
template concentration (Figure SA).

The change in mRNA concentration, m, can be described by
the following differential equation:

m'(t) = syn(d) — deg m(t) )

The transcriptional activity, syn(d), is a function of the DNA
concentration, d. The degradation rate of mRNA, deg,, we
previously determined. With m(0) = 0, the solution of eq 2 for
a given DNA template concentration is as follows:

Syn(d) (1 _ e—degmt)

m(t) = deg

®)
To determine initial transcription rates, the mRNA concen-

trations of the different DNA template concentrations during
the first 100 min of the reaction were fitted to eq 3 (Supporting

m
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Information Figure S4A) and plotted against DNA concen-
tration (Figure SB). Transcription can be described by
Michaelis—Menten kinetics:

d

v
d — max
syn(d) Ko +d

@)
By fitting eq 4, the maximum transcription rate, v, was
determined to be 10.4 nM/min, and the DNA concentration
for half-maximal transcription rate, Krg, was 4.4 nM (Figure
SB). Both values were in good agreement with values reported
by Stogbauer et al. using the same ITT mix.'®

To be able to describe the complete reaction, we have to take
into account a decrease of transcriptional activity because the
process consumes substrates and enzymes can degrade. If there
was no decrease of transcriptional activity, the mRNA
concentration would reach a steady state when mRNA
synthesis and degradation are balanced (Supporting Informa-
tion Figure SS). The fact that mRNA concentration decreases
after reaching a maximum at about 2—3 h suggests that the
transcriptional activity decreases. In contrast to Stogbauer et
al,"® we did not observe a clear dependence of the time when
RNA synthesis ceases on the DNA concentration (Figure SA).
At this point, we did not want to make any assumptions on the
mode by which transcriptional activity decreases, so we
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Figure 6. Repression of transcription from the T7,, promoter by TetR. Examples of mRNA (A) and EGFP (B) synthesis driven by the T7,,
promoter at different concentrations of TetR repressor. DNA template concentration was 10 nM. (C) Initial mRNA synthesis rates versus TetR
concentration for the T7,, promoter and the constitutive T7 promoter control. (D) End point EGFP concentrations for T7, and constitutive T7
promoter at different TetR concentrations. The RNA synthesis rates and final EGFP concentrations of the repressed promoter were fitted to a Hill
function (eq 9) to determine maximal activity, concentration of TetR for half-maximal activity and Hill coefficient.

introduced the relative activity, act(t), as the fraction of initial act(t) = 1 — 1
transcriptional activity at time ¢. 14+ < bt )” ®)
t
m'(t) = act(t)syn(d) — degmm(t) (s)
For neither the time of half-maximal activity, #,,; nor the Hill
Using Euler’s method, mRNA concentration over time can be coefficient, n, which determines the steepness of the activity
approximated with the following: decline, could a dependence on DNA concentration be

observed (Supporting Information Figure S6). The average of
thae Was 203 + 13 min and 2.9 + 0.7 for n (black line in Figure
SC). With this, eq S could predict mRNA concentration over

m(t + At) = m(t) + (act(t)syn(d) — degmm(t))At (6)

m(t + At) — m(t) + deg m(t)At the complete reaction time of 12 h for different DNA template
act(t) = Atsyn(d) @) concentrations (Figure SD). We also show that the decrease in
o transcriptional activity could not be explained by a degradation
Using eq 7 and the experimental results for mRNA of the DNA templates, which degrade at a much slower rate
concentration, we calculated the relative transcriptional activity (Supporting Information Figure S7).
comparing two time points with a fixed time increment of At Regulators in genetic networks often act by modulating
over the course of the ITT reaction (Figure SC). For all DNA transcription. A number of transcriptional activators and
template concentrations, the relative transcriptional activity repressors have been used to build in vitro networks.>”™'! In
followed a sigmoidal curve. For the first hour it remained at its ITT reactions their effect has, to our knowledge, only been
initial rate and then decreased to 0 after about 8 h (Figure SC, studied as output of a reporter protein product. For a rational
Supporting Information Figure S6). Interestingly, the tran- design of in vitro networks, it would however be useful to study
scription rate started to decrease when EGFP synthesis started the effect on mRNA synthesis directly. We applied our method
to plateau. It has been shown that a decrease in energy charge of real-time mRNA measurement to the repression of a T7
caused by the hydrolysis of nucleoside tri- and diphosphates is promoter by TetR. Instead of the standard T7 promoter used
the limiting factor for cell-free protein synthesis reactions.”* to drive expression in the previous experiments, the T7,
Translation is the main contributor to this decrease in energy promoter included the TetR operator sequence downstream
charge.20 Transcription, however, also requires nucleoside of the T7 promoter. This promoter had been previously shown
triphosphates, which could explain why protein and mRNA to be repressible by TetR in Leishmania”' (see Supporting
synthesis cease at the same time. The relative mRNA synthesis Information Figure S10). Purified TetR protein was added at
activities were fitted by a Hill function: different concentrations to the ITT reaction, and a dependence
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of mRNA synthesis rate and EGFP output on TetR
concentration was observed (Figure 6 and Supporting
Information Figure S8). 1000 nM of TetR inhibited tran-
scription almost 5-fold, while the control reactions with the
standard T7 promoter without a TetR binding site remained
unaffected (Figure 6C). The maximum transcription rate syn,,,,
(49 nM/min), the TetR concentration for half-maximal
repression (368 nM), Km, and the Hill coefficient (1.2) were
determined by fitting a Hill function (Figure 6C):

Syn mame "

syn([TeR]) = o TerT

©)

The Km we observed is substantially higher than the affinity of
TetR to its operator, which was determined to be 5.6 nM.>
This discrepancy can be explained by the fact that repressor and
polymerase do not exclude each other from the promoter, as
has been found for inhibition of T7 RNA polymerase by the lac
repressor bound at a similar distance downstream of the
promoter.23 Operator placement in respect to the T7 promoter
is important for the repression characteristics,”*** and it seems
that there is a trade-off between maximal expression strength
and eflicient repression depending on the distance of the
operator to the transcriptional start site.'” With the first base of
the tet operator at +9 relative to the T7 promoter, we measured
an intermediate Km of about 370 nM in respect to the values
determined by Karig et al,'® which were 73 nM for the
operator starting at +4 and 3000 nM for the operator starting at
+10. We would like to stress however that Karig et al
determined repression via protein output, which might have
masked a repression of transcription rate in the case of the
latter, stronger promoter due to saturation of the translational
machinery with mRNA. We observed this effect for EGFP
output (Figure SD), where half-maximal repression is obtained
at a higher TetR concentration (845 nM).

For a thorough characterization of genetic parts and devices
in ITT reactions, it will be useful to determine transcription
rates directly and in real-time. In this regard, the 3° UTR
target—binary probe pair we described in this work will be a
useful tool for in vitro synthetic biology to quantitate mRNA
concentrations in ITT reactions. Our probe—target pair has
been optimized for fast binding kinetics to provide sensitive
real-time measurements and can be used for other genes of
interest. It could also be useful for in vitro transcriptional
circuits, where a number of different RNA molecules are
synthesized.”® We applied the method to refine our knowledge
of mRNA dynamics in the PURE system, where we found that
mRNA degradation plays a more important role than had been
previously suggested,'® and we characterized the repression of a
T7, promoter”’ by TetR in the same cell-free protein synthesis
kit.

B METHODS

DNA Linear Template Preparation and Sequences.
DNA templates for ITT or in vitro RNA synthesis reactions
were prepared by two-step PCR.>” The EGFP coding region
was amplified from pKT127”® with gene specific primers, which
also introduced a strong ribosomal binding site. T7 promoter
and terminator, as well as the respective 5" and 3’ UTRs, which
contained the target sites, were added in the second step of the
PCR by the 3’ and S’ extension primers (see Supporting
Information Table S2). PCR products were purified before use,
and concentrations were determined with a Nanodrop
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spectrophotometer. Oligonucleotides used as primers and the
binary probes were purchased from IDT DNA. The binary
probes had the following sequences: §'-/Cy3/AC-
CAATGGGCTCAGT-3' and 5'-GAGTCCTTCC/CyS/
ACGAT-3".

Reaction Setup and RNA and EGFP Measurements.
RNA and DNA targets were tested in Buffer 4 (New England
Biolabs) supplemented with 200 yg/mL BSA and 1 M probes.
For ITT reactions, the commercial kit PURExpress (New
England Biolabs) was used following the manufacturers
instructions. Reactions were supplemented with Protector
RNase Inhibitor (Roche), 1 yM of each probe, DNA or
mRNA and TetR repressor (Imgen Biosciences) at the
indicated concentrations. Reaction volume was S uL, which
was centrifuged to the bottom of wells in optical 384-well
polystyrene plates (Nunc) and covered with 35 yL of Chill-Out
Liquid wax (Biorad) to avoid evaporation. Reactions were
performed at 37 °C in a Biotek SynergyMx plate reader at 37
°C without shaking. Every 2 min for 12 h EGFP fluorescence
(excitation 485 + 9 nm, emission S15 #+ 9 nm at a sensitivity of
70), CyS fluorescence (650 = 9 nm, 680 + 9 nm, sensitivity
100) and Cy3/CyS FRET fluorescence (540 + 20 nm, 680 +
20 nm, sensitivity 100) were measured. Fluorescence of
technical repeats varied substantially because of the small
reaction volume. We found that we could significantly reduce
this variability by normalizing to the CyS fluorescence, which is
unaffected from probe binding. EGFP and FRET signals were
determined by dividing with Cy$ fluorescence of the respective
well. For FRET signals, we additionally subtracted the
background fluorescence of a reaction that contained water
instead of DNA or mRNA template over time. EGFP signal was
calibrated to known concentrations of purified protein
(BioVison) (Supporting Information Figure S9).

Preparation of Pure mRNA and qRT-PCR. RNA was
prepared with the MEGAscript T7 kit (Ambion) and purified
with the MEGAclear kit (Ambion) following the manufacturers
instructions. Concentrations were determined spectrophoto-
metrically. As a control, mRNA concentrations during ITT
reactions were measured by gqRT-PCR. For this, 1 yL samples
were taken at different time points from a tube containing ITT
mix at 37 °C and diluted 50-fold in H,O. These samples were
stored at —80 °C until used. If necessary, a DNase treatment
was performed using the TURBO DNA-free kit (Life
Technologies). Afterward the samples were further diluted to
a final dilution of 1:10 000. Two microliters of sample were
analyzed in 10 uL reactions of the Power SYBR Green RNA-to-
CT 1-Step kit (Life Technologies) in the 7500 Fast Real-Time
PCR System (Applied Biosystems). Primers amplified a region
of the EGFP gene (see Supporting Information Table S2) and
were used at 0.6 uM for the forward and at 0.3 yM for the
reverse primer. These conditions resulted in PCR efficiencies
between 96 and 98%. Concentrations were determined from a
standard curve of dilutions of purified mRNA synthesized from
the T7-EGFP 3’ target version 3 template in a range from 0.3
to 36.3 pM mRNA per PCR reaction.

B ASSOCIATED CONTENT

© Supporting Information
Supporting Tables S1—2 and Supporting Figures S1—10. This
information is available free of charge via the Internet at http://

pubs.acs.org/.
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