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ABSTRACT

The elongation step of translation is a key contribu-
tor to the abundance, folding and quality of proteins
and to the stability of mRNA. However, control over
translation elongation has not been thoroughly in-
vestigated. In this study, a Renilla–firefly luciferase
fusion reporter system was further developed to in-
vestigate the in vitro elongation rate and processivity
of ribosomes independent of the initiation and termi-
nation steps. The reporter mRNA was constructed
to contain a single ORF encoding in-frame Renilla
luciferase, a specific domain moiety and firefly lu-
ciferase. Such a reporter structure enables the quan-
titative and individual evaluation of the synthesis of
a specific domain. As a proof of principle, the syn-
thesis of three protein domains of different lengths
and structures was analyzed. Using a cell-free trans-
lation assay, both the elongation rate and proces-
sivity of ribosomes were shown to vary depending
on the domain synthesized. Additionally, a stalling
sequence consisting of ten rare arginine codons no-
tably reduced the elongation rate and the processiv-
ity of the ribosomes. All these results are consistent
with the previously known dynamics of elongation in
vivo. Overall, the methodology presented in this re-
port provides a framework for studying aspects that
contribute to the elongation step of translation.

INTRODUCTION

Translation of mRNA is a complex energy-consuming pro-
cess of high importance for the normal physiology of any
cell. Translation can be divided into four ordered steps: initi-
ation, elongation, termination and ribosome recycling. Ini-
tiation is long known to be a rate-limiting and hence the
most vigorously regulated step of translation (1–3). Inter-
estingly, a growing body of evidence suggests the presence
of control over elongation, termination and ribosome recy-

cling as well (2,3). In particular, elongation of translation
appears to be extensively regulated by translation factors,
translational recoding, secondary structures of mRNA,
adaptation of mRNA to the tRNA pool and the charge of
a nascent polypeptide chain (2,4–7). As a consequence, reg-
ulation of elongation can affect the abundance, folding and
quality of synthesized proteins and the stability of mRNA.
However, despite recent advances, the mechanisms of con-
trol over translation elongation have not been sufficiently
studied.

Investigation of the principles of protein synthesis in vivo
is constrained not only by the complexity of the transla-
tional apparatus but also by the complexity and variabil-
ity of living cells. In light of this, cell-free protein synthe-
sis (CFPS) systems have become attractive alternatives since
they offer direct control over the conditions of translation,
allowing for the easy optimization of the expression of re-
combinant proteins. Currently, numerous CFPS platforms
have been successfully used in fundamental and applied re-
search: studies of translational machinery, genetic code and
gene circuits, metabolic engineering, and production of re-
combinant proteins, such as antibodies, therapeutic pro-
teins, and virus-like particles (8,9). The most simple, fast
and cheap and therefore most often utilized, are uncoupled
batch CFPS reactions that contain all necessary compo-
nents in one tube. These reactions are primed by the ad-
dition of an in vitro transcribed reporter mRNA encoding
a protein of interest. The efficiency of protein synthesis is
then estimated by measuring the properties of the produced
polypeptides: gel densitometry, amount of fluorescence or
incorporated isotope-labelled amino acids, and activity of
encoded enzymes (e.g. luciferase, chloramphenicol acetyl-
transferase or �-galactosidase) (10–15).

Typically, reporters used in CFPS reactions are mono-
cistronic mRNAs encoding a single protein with a specific
property. For instance, such reporters have been used to in-
vestigate the principles of cap-dependent translation initia-
tion and the influence of codon usage on the rate of trans-
lation elongation (7,11,16–18). Alternatively, bicistronic re-
porters encoding two separate proteins or one fusion pro-
tein can be utilized. These reporters have been used to
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study various aspects of protein synthesis, including IRES-
dependent translation initiation, frameshifting, and ‘stop-
carry on’ translational recoding (19–25). As an exception,
a tripartite reporter has been introduced in which a single
ORF encodes in-frame Renilla luciferase, �-galactosidase
and firefly luciferase, which are separated by 2A peptides of
the foot-and-mouth disease virus (26). Such a complex re-
porter has been used to assess the processivity of ribosomes
during elongation of translation in vitro.

The most commonly utilized reporter proteins for CFPS
reactions are firefly luciferase (from Photinus pyralis) and
Renilla luciferase (from the sea pansy Rotylenchulus reni-
formis). The use of luciferases in CFPS reactions has sev-
eral advantages: (i) luciferases fold cotranslationally in eu-
karyotic systems (27,28); (ii) the fusion of luciferases with
other polypeptides does not affect their enzymatic activ-
ity (26,27,29) and (iii) commercially available assays for bi-
oluminescence measurement provide fast, sensitive (high
signal-to-noise ratio) and reliable analysis. All these fac-
tors make luciferases a convenient tool for the quantita-
tive characterization of protein synthesis in vitro. Recently, a
novel mRNA reporter encoding a Renilla–firefly luciferase
fusion was employed to evaluate the importance of inter-
actions between ribosomal subunits for the functionality of
eukaryotic ribosomes (30). The use of dual luciferases al-
lows for the distinguishing of the initiation and elongation
steps of translation, which has shown that the ribosomal
intersubunit bridge eB13 is important for translation elon-
gation (30).

In this study, a further development of a dual luciferase
reporter system, as reported in a previously published study
(30), is presented. As described in this study, the reporters
contained a region of interest inserted between the Renilla
and firefly luciferase coding regions. This allowed us to as-
sess the elongation rate and the processivity of ribosomes
on different mRNA sequences independently of the initia-
tion and termination steps. Moreover, the effect of ribosome
stalling on translation elongation was defined.

MATERIALS AND METHODS

Plasmids

All plasmids used in this study are listed in the Supple-
mentary Table S1. Construction of the pUC18-Dual plas-
mid was described previously (previous name pUC18-Rluc-
Fluc) (30). To generate the pUC18-Dual73, pUC18-Dual81
and pUC18-Dual118 plasmids, the fragments of the Saccha-
romyces cerevisiae SNF7 gene (166–375 bp from the CDS
start), MLC1 gene (4–237 bp from the CDS start) and
YAH1 gene (172–516 bp from the CDS start), respectively,
were amplified by PCR from the genomic DNA. PCR prod-
ucts were cloned into the SalI restriction site of the pUC18-
Dual plasmid.

The pUC18-Dual146 plasmid, containing tandem repeat
of two SNF7 gene fragments, was generated in two steps.
First, the fragment of the S. cerevisiae SNF7 gene (166–375
bp from the CDS start) was amplified by PCR from the ge-
nomic DNA, cut by XhoI and SalI restriction enzymes, and
cloned into the SalI restriction site of the pUC18-Dual plas-
mid. Next, the same fragment of the SNF7 gene was ampli-
fied by PCR from the genomic DNA, cut by SalI restriction

enzyme only, and cloned into the SalI restriction site of the
plasmid generated in the first step.

To generate the pUC18-DualR10 plasmid, the forward
primer encoding for the R10 sequence (5′ CGG CGA CGA
CGG CGC CGC CGG CGA CGA CGG 3′) and the re-
verse primer encoding for the 5′ end of the firefly luciferase
CDS were annealed and extended by PCR. Obtained PCR
fragments were used to substitute the general spacer and
the 5′ end of the firefly luciferase CDS between the SalI and
XbaI restriction sites of the pUC18-Dual plasmid.

Preparation of extracts for yeast cell-free translation

Yeast cell-free translation extracts were prepared as de-
scribed previously using S. cerevisiae strain TYSC309
(MATa ura3–52 leu2Δ1 his3Δ200 trp1Δ36 Δarg4 Δlys1)
(30,31). Yeast cells were grown in 1 l of YPD (1% bacto
yeast extract, 2% bacto peptone, 2% glucose) at 30◦C until
OD600 of 1.9–2.0. The cells were collected by centrifugation
(10 min, 2404 × g, 4◦C), washed (5 min, 2404 × g, 4◦C) four
times (one time with 20 ml followed by three times with 10
ml) with ice-cold mannitol buffer A [30 mM HEPES–KOH
pH 7.5, 100 mM KOAc, 3 mM Mg(OAc)2, 8.5% manni-
tol (w/v), 2 mM DTT]. This yielded in ∼3 g of cell pellet
that was immediately resuspended in the ice-cold mannitol
buffer A supplemented with 0.5 mM PMSF (1.5 ml of buffer
per 1 g of cells). The cells were disrupted by glass beads (Ø
0.25–0.5 mm; ∼500 �l of beads per 900 �l of cells) in 2 ml
tubes in the Precellys 24 homogenizer (Bertin Technologies)
(program: 6000 rpm, 3 × 60 s, pause 60 s, 4◦C). Lysates were
divided between two TLA 100.3 tubes (Beckman Coulter)
and clarified by ultracentrifugation for 6 min at 30 000 × g,
4◦C. Supernatants were transferred into a new TLA 100.3
tubes and additionally clarified for 10 min at 30 000 × g,
4◦C. Next, 2 ml of clarified extract was loaded onto the
hand-made 20 ml gel filtration column [Econo-Pac® Dis-
posable Chromatography Column (Bio-Rad) packed with
the Sephadex G-25 Fine matrix (GE Healthcare Life Sci-
ences)] equilibrated with buffer A [30 mM HEPES–KOH
pH 7.5, 100 mM KOAc, 3 mM Mg(OAc)2, 2 mM DTT, 0.5
mM PMSF]. The extract was passed through the column
at a flow rate of 0.5 ml/min and 200 �l fractions were col-
lected. Fractions with A260 higher than 75% of a maximal
A260 were pooled. This yielded 1200 �l of extract with con-
centration of 120–130 A260 absorbance units per ml of ex-
tract. Next, CaCl2 was added to a final concentration of 0.5
mM and the obtained extract was treated with the micro-
coccal nuclease (Thermo Scientific) at a final concentration
of 0.18 U/�l for 10 min at 25◦C. The reaction was stopped
by the addition of EGTA (pH 8.0) to a final concentration
of 2 mM. The nuclease treated extract was aliquoted by 20
and 50 �l, frozen in liquid N2 and stored at −80◦C.

mRNA synthesis

All plasmids were linearized by the BamHI to generate a
linear template for in vitro transcription reaction. mRNA
was synthesized for 2 h at 42◦C in 50 �l reactions contain-
ing 1 �g of linear DNA, 3.75 mM of each rNTP, 50 mM
NH4Cl, 200 mM HEPES–KOH pH 7.5, 30 mM MgCl2, 30
mM DTT, 2 mM spermidine, 40 U RiboLock RNase In-
hibitor (Thermo Scientific) and 250 U of a home-made T7



PAGE 3 OF 12 Nucleic Acids Research, 2021, Vol. 49, No. 10 e59

RNA polymerase. Next, the reaction mixtures were treated
with 10 U of DNaseI (VWR Life Science AMRESCO) for
20 min at 37◦C. The mRNA was purified by acidic phenol-
chloroform, precipitated by ethanol and capped using Vac-
cinia Capping System (New England Biolabs) according to
the manufacturer protocol. The capped mRNA was pu-
rified by the RNeasy Mini Kit (QIAGEN GmbH) in ac-
cordance with the user manual, aliquoted, frozen in liquid
N2 and stored at −80◦C. The integrity of mRNA was con-
firmed by agarose gel electrophoresis.

In vitro translation

Fifteen microliters of translation mixture [44 mM HEPES–
KOH (pH 7.5), 240 mM KOAc, 4 mM Mg(OAc)2, 1.5 mM
ATP, 0.2 mM GTP, 3.4 mM DTT, amino acid mix (0.08
mM of each), 50 mM creatine phosphate (Sigma-Aldrich),
500 ng mRNA, 0.4 �g/�l creatine phosphokinase (Sigma-
Aldrich), 60 U RiboLock RNase Inhibitor (Thermo Scien-
tific)] and 15 �l of yeast nuclease treated extract were sepa-
rately preincubated for 5 min at 25◦C. Next, the extract was
added to the translation mixture (1:1 ratio) to a final volume
of 30 �l and incubated at 25◦C. At the indicated time points,
2 �l reaction samples were frozen in liquid N2. The reac-
tion samples were thawed on ice immediately before the lu-
ciferase activity measurement. Firefly and Renilla luciferase
activities were measured by the Dual-Luciferase® Reporter
Assay System (Promega) by adding 50 �l of LARII fol-
lowed by adding 50 �l of Stop&Glo reagent. All mea-
surements were performed using a Tecan Infinite M200
Pro plate reader (Tecan Group Ltd.) in 96-well microplates
[F-bottom/chimney well, LUMITRAC™ 600 med. bind-
ing (Greiner Bio-One)] using an integration time of 10 s.
At least four independent reactions and two independent
mRNA batches were analyzed for each mRNA reporter.

To radioactively label the translation products, methion-
ine in the translation mixture was substituted with 1 �l of
EasyTag™ methionine L-[35S] (10.25 mCi/ml stock, Perkin
Elmer). Reactions were carried out in a 30 �l final vol-
ume for 80 min at 25◦C, and terminated by adding stan-
dard SDS-PAGE sample buffer. Samples were denatured
for 5 min at 95◦C and analyzed in 10% SDS-PAGE. Gels
were fixed in a 50% ethanol–10% acetic acid solution for
40 min, dried and exposed to a Storage Phosphor Screen
(FUJIFILM) for 17 h. Screens were analyzed by the Amer-
sham™ Typhoon™ RGB Biomolecular Imager (GE Health-
care Life Sciences).

Data analysis

To determine the time of the first appearance (TFA) of the
luminescence signal of the Renilla and firefly luciferases, the
activities of luciferases in in vitro translation reactions were
monitored over 11 min and relative light units were plot-
ted against the time points. The mean background lumi-
nescence was determined and the upper limit for the back-
ground luminescence was calculated as the mean + 4 SD.
The TFA value was defined as the point of intercept between
the regression line and the upper limit of background lumi-
nescence. Next, �TFA values were calculated as TFAFluc –
TFARluc. The time needed to translate additional coding re-

gions or the R10 sequence (Tadd) was calculated with the
following equation:

Tadd = �TFAMod − �TFADual

where �TFAMod is a �TFA value for the Dual73, Dual81,
Dual118, Dual146 or DualR10 reporters and �TFADual is
a �TFA value for the Dual reporter. The rate of elongation
was defined by the following equation:

velong = Tadd

N

where N is the number of codons in the added coding region
or R10 sequence.

Renilla and firefly luciferase activity curves were deter-
mined by monitoring the activities of luciferases over 80 min
of the in vitro translation reactions. Slopes for a linear part
of the obtained activity curves between 20 and 40 min were
determined, and ratios between slopeFluc and slopeRluc val-
ues were calculated. The overall processivity on the addi-
tional coding regions or apparent processivity on an R10
sequence (Pgeneral) was calculated with the following equa-
tion:

Pgeneral = RatioMod

RatioDual

where RatioMod is a slope ratio for Dual73, Dual81,
Dual118, Dual146 or DualR10 reporters, and RatioDual is a
slope ratio for dual reporter. Processivity of the ribosomes
at each codon was calculated with the following equation:

Pcodon = N
√

Pgeneral

where N is the number of codons in an added coding region
or R10 sequence. Consequently, the loss of processivity was
determined as 1 – Pcodon.

Relative codon adaptiveness was calculated using the
Graphical Codon Usage Analyzer 2.0 (32). The Codon
Adaptation Index was calculated using CAIcal (33) and
Codon Usage Database (34). The tRNA Adaptation In-
dex (tAI) was calculated as described previously (35) us-
ing tAI for each codon as described in a previously pub-
lished report (36). The normalized tRNA Adaptation In-
dex (ntAI) was calculated according to a previously pub-
lished report (37). The minimal folding energy (MFE) for
mRNA sequences in 40-nt windows was calculated using
the ViennaRNA package (38) as described in a previously
published report (5). The molecular weights (Mw) and theo-
retical isoelectric points (pI) of the polypeptides were calcu-
lated using the ExPASy server (39). Statistical significance
of differences was analyzed by ANOVA and a post hoc Bon-
ferroni test at a significance level of 0.05. Protein structures
were generated by PyMOL (40) using coordinates from pre-
viously published reports (41–43).

RESULTS AND DISCUSSION

Principle of in vitro synthesis of the Renilla–firefly luciferase
fusion

It has been previously shown that the reporter mRNA en-
coding the Renilla–firefly luciferase fusion can be used to
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compare the initiation efficiency, processivity and elonga-
tion rates of mutant and wild-type ribosomes during trans-
lation in vitro (30). This reporter, designated as ‘Dual’ here,
contains a cap structure, a 45-nt PGK1 5′-UTR, a single
ORF encoding Renilla luciferase (311 codons), a general
spacer (13 codons) and firefly luciferase (552 codons), fol-
lowed by a 14-nt 3′-UTR and a 30-nt poly(A) tail (Figures
1 and 2). Cotranslational folding of Renilla and firefly lu-
ciferases enables the precise definition of translational pa-
rameters, such as the time needed to synthesize each lu-
ciferase moiety (Figure 1A). The luminescence signal of Re-
nilla luciferase becomes detectable when ribosomes com-
plete synthesis of the Renilla luciferase moiety of the fusion
protein. Therefore, the time of the first appearance of the lu-
minescence signal of Renilla luciferase (TFARluc) reflects the
time needed for the initiation of translation and synthesis
of the Renilla luciferase moiety (Figure 1B). Since Renilla
and firefly luciferases are encoded by the same ORF, the ri-
bosomes that have synthesized the Renilla luciferase moi-
ety continue translation and eventually synthesize the gen-
eral spacer and firefly luciferase moiety of the fusion protein
(Figure 1A). Firefly luciferase has been shown to become
active immediately upon release from the ribosome (28).
Thus, the time of the first appearance of the luminescence
signal of firefly luciferase (TFAFluc) reflects the time needed
for one round of translation consisting of initiation, elonga-
tion and termination steps (Figure 1B). Consequently, the
difference between the TFAFluc and TFARluc values (�TFA)
represents the time needed to synthesize the general spacer
and firefly luciferase moiety and terminate translation (Fig-
ure 1B).

The activities of both the Renilla and firefly luciferases
showed a sigmoid curve during in vitro translation reactions
(Figure 1C). The slope of the linear part of the Renilla lu-
ciferase activity time course (slopeRluc) depends on the num-
ber of ribosomes that initiate translation and complete the
synthesis of the Renilla luciferase moiety. In turn, the slope
of the linear part of the firefly luciferase activity time course
(slopeFluc) depends on the number of ribosomes that com-
plete synthesis of the whole fusion protein. The ratio be-
tween the slopeFluc and slopeRluc values reflects the proces-
sivity, i.e. the probability of the ribosomes completing the
synthesis of the whole protein after completion of the Re-
nilla luciferase moiety (Figure 1C).

To assess the rate of elongation, a system of reporters
was introduced, where additional coding regions of dif-
ferent lengths were inserted between the Renilla and fire-
fly luciferase coding sequences (Figure 2 and Supplemen-
tary Figure S1). The additional regions encoded protein do-
mains with experimentally determined 3D structures. These
domains were expected not to interfere with the folding or
activity of either luciferase. The additional coding region in
the Dual73 reporter contained a fragment of the S. cere-
visiae SNF7 coding sequence, which was inserted into the
general spacer. This region encodes a 73 amino acid residue-
long �-helical domain (41). Similarly, the inserted region
in the Dual81 reporter contained a fragment of the MLC1
coding sequence and encoded the 81 amino acid-long glob-
ular domain consisting of short helices (42). The additional
region in the Dual118 reporter contained a fragment of the
YAH1 coding sequence and encoded the 118 amino acid-

long globular �/� domain (43). In the Dual146 reporter, the
additional coding region contained a tandem repeat of two
SNF7 coding sequence fragments. As a result, this region
encoded two 73 amino acid-long �-helical domains. All re-
porters (Dual, Dual73, Dual81, Dual118 and Dual146) had
the same 5′- and 3′-UTRs, so initiation and termination of
translation was expected to occur on these reporters at the
same rate.

Analysis of the elongation rate and processivity of ribosomes
in vitro

To determine the elongation rate of ribosomes, the activi-
ties of Renilla and firefly luciferases over 11 min of transla-
tion were monitored, and TFA values were determined for
each reporter (Figures 3A, B and 4A, B, Table 1). TFARluc
values for all reporters were identical within error limits, in-
dicating three important aspects: (i) a similar rate of initia-
tion; (ii) a similar activity of Renilla luciferase, despite fu-
sion with additional domains and (iii) a similar quality of
transcribed mRNA. This was also supported by the simi-
larities between the Renilla luciferase activity curves of all
reporters (Figures 3A, C and 4A, C). For each reporter, the
time needed to complete the synthesis of the whole protein
after synthesis of the Renilla luciferase moiety (�TFA) was
calculated (Table 1). In the case of reporters with inserted se-
quences, the ribosomes needed extra time to translate these
sequences, which led to increased �TFA values compared
to the Dual reporter (Figure 3A, B and Table 1). In the case
of the Dual146 reporter, the increase in the �TFA value
was proportional to the length of the second SNF7 frag-
ment compared to the Dual73 reporter (Figure 4A, B and
Table 1). Consequently, the time needed to translate each
additional coding region (Tadd) was calculated as the differ-
ence between �TFA values for reporters with and without
such a region. Knowing the length of the added regions and
the time needed to translate each region, the average rate of
elongation (velong) on each added region was calculated (Ta-
ble 1). The highest rate of elongation was detected for the 81
amino acid-long globular domain encoded by the Dual81
reporter (2.58 aa/s) (Table 1). This rate of elongation is sim-
ilar to an average elongation rate of 2.63 aa/sec, which has
been recently reported for S. cerevisiae ORFs (44). As a
comparison, the ribosomes exhibited a 1.3 times lower rate
of elongation during the synthesis of the 73 amino acid-long
�-helical domain encoded by the Dual73 reporter. More-
over, the rate of elongation during the synthesis of this do-
main was similar for the Dual73 and Dual146 reporters
(Table 1). The slowest rate of elongation was detected for
ribosomes synthesizing the 118 amino acid-long globular
domain encoded by the Dual118 reporter (Table 1). Alto-
gether, these data indicate that the rate of elongation varies
depending on the added coding region. Indeed, the rate of
elongation has been recently shown to vary up to 20-fold
among yeast ORFs (44).

The rate of elongation is influenced by codon usage bias,
availability of cognate tRNAs, structure of mRNA and
charge of the translated protein (5–7,45). All additional
coding regions analyzed here exhibited similar codon adap-
tation and tRNA adaptation indexes (Supplementary Table
S2). To analyze possible mRNA secondary structures, pro-
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Figure 1. Principle of in vitro synthesis of the Renilla–firefly luciferase fusion. (A) Schematic representation of the cotranslational folding of the Renilla and
firefly luciferase moieties of the fusion protein. The luminescence signal from the measurement of Renilla luciferase activity becomes detectable when the
Renilla luciferase moiety is synthesized. The luminescence signal from the measurement of firefly luciferase activity becomes detectable when a whole fusion
protein is synthesized. Positions of the general spacer (gold), m7Gppp cap structure and poly(A)30 tail are indicated. (B) Schematic representation of the
time of the first appearance of the luminescence signal from the Renilla (TFARluc) and firefly (TFAFluc) luciferase activity measurements. TFARluc combines
the time needed for initiation of translation and synthesis of the Renilla luciferase moiety. TFAFluc reflects the time needed for one round of translation.
�TFA depends on the time needed to complete the synthesis of the firefly luciferase moiety and terminate translation. (C) Schematic representation of
the Renilla and firefly luciferase activity time course over 80 min of in vitro translation. The slope of the linear part of the Renilla luciferase activity curve
(slopeRluc) depends on the number of ribosomes that initiated translation and completed synthesis of the Renilla luciferase moiety. The slope of the linear
part of the firefly luciferase activity curve (slopeFluc) depends on the number of ribosomes that complete the synthesis of the whole protein. The ratio
between the slopeFluc and slopeRluc values reflects the processivity of ribosomes.
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Figure 2. mRNA reporters used in this study. Schematic representation of the Dual, Dual73, Dual81, Dual118, Dual146 and DualR10 reporters. Lengths
of the ORFs in codons are shown in brackets. Positions of the m7Gppp cap structure and poly(A)30 tail are indicated. The general spacer is shown in gold.
In the Dual reporter, the red arrow indicates the insertion point for additional coding regions. Bold letters indicate the sequence substituted for the R10
stalling sequence in the DualR10 reporter. Additional coding regions for the Dual73, Dual81, Dual118 and Dual146 reporters are coloured orange, blue,
purple and green, respectively. For the DualR10 reporter, the position and sequence of the R10 stalling sequence is shown in bold red.

files of local minimal folding energies (MFE) correspond-
ing to sliding windows of 40 nucleotides were computed for
the Dual73, Dual81 and Dual118 reporters (Supplementary
Figure S2). Such energy profiles have been previously used
to characterize the stability of mRNA secondary structures
that have to be unfolded in front of the elongating ribosome
(5). The lowest MFE value (−20.6 kcal/mol) was revealed
at the start of the firefly luciferase coding region and was
the same for all reporters. In the case of inserted sequences,
all MFE values were higher than −17 kcal/mol. Thus,
the observed variations in the elongation rate are proba-
bly not due to stable stem-loop structures in the mRNAs
analyzed. However, the formation of more complex higher-
order mRNA structures cannot be excluded. In the future,
the reporter system described here will allow us to exten-
sively analyze the effect of mRNA secondary structure on
the rate of translation elongation. Analysis of the charge
of translated proteins demonstrated a high theoretical pI
(9.35) for the �-helical domain moiety of Snf7 encoded by
the Dual73 reporter (Supplementary Table S2). It has been
shown that the pI of proteins negatively correlates with the
rate of elongation (44). Therefore, the high positive charge
of this domain moiety might explain the decreased rate of
elongation compared to the Dual81 reporter (Table 1 and
Supplementary Table S2). In the case of the Dual118 re-
porter, the domain moiety of Yah1 demonstrated a low the-
oretical pI, similar to that of the Dual81 reporter (Supple-
mentary Table S2). However, this domain moiety had the
most complex structure, containing a combination of �-
helices and �-sheets folded into the globule (Supplementary
Figure S1C). It is tempting to speculate that the slow elon-
gation rate might allow optimal cotranslational folding of
the Yah1 domain moiety (Table 1) (37,46,47). The detailed
mechanism of how the charge of a nascent polypeptide and

the structure of a synthesized protein contribute to the dy-
namics of translation elongation must be revealed in future
studies. Altogether, these results demonstrate that the de-
scribed reporter system can be used to specifically assess
the elongation rate of ribosomes on different ORFs and to
study aspects that contribute to this process.

To determine the processivity of ribosomes, the time
course of luciferase activities was monitored over 80 min,
and the slope values were determined (Figures 3C, D and
4C, D, Table 2). No statistically significant difference be-
tween slopeRluc values was detected for all tested reporters,
which again indicates a similar rate of initiation on these
reporters (Table 2). Calculations of the firefly and Renilla
luciferase activity slope ratios demonstrated decreased ra-
tios for the reporters with inserted sequences compared to
the Dual reporter (Table 2). Importantly, in the case of
the Dual146 reporter, the insertion of the second SNF7
fragment led to proportionally decreased slope ratio values
compared to the Dual73 reporter (Figure 4C, D and Ta-
ble 2). These results indicate that the ribosomes lose pro-
cessivity during the translation of an additional coding re-
gion, which results in a decreased number of ribosomes suc-
cessfully translating the firefly luciferase coding sequence.
Each ribosome can be simply described as a molecular mo-
tor that moves codon by codon along the mRNA molecule,
and at each codon one amino acid residue is added to the
polypeptide chain. Thus, the decreased slope ratios for re-
porters with additional coding regions reflect the reduced
probability of the ribosomes continuing their movement af-
ter N codons of the respective region. This is defined as an
overall processivity of ribosomes on each additional region
(Pgeneral) (Table 2). Consequently, the average processivity of
the ribosome at each codon of an additional region (Pcodon)
and the average probability of the ribosome aborting trans-
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Figure 3. Analysis of the Renilla and firefly luciferase activities in reactions primed with the Dual, Dual73, Dual81 and Dual118 reporters The time of
the first appearance of the luminescence signal (TFA) from the Renilla (A) and firefly (B) luciferase activity measurements during the 11 min of in vitro
translation is shown. The area under the red dashed-line rectangle is magnified and displayed on the right. TFAs are indicated by arrows. Time courses of
Renilla (C) and firefly (D) luciferase activities over 80 min of in vitro translation are shown. All reactions were carried out at 25◦C in a 30 �l starting volume
using 500 ng of reporter mRNA as a template, and the activities of both luciferases were measured in the same reaction. For each reporter, two independent
mRNA batches were analyzed, and each batch was analysed by at least two independent reactions. The average (mean ± SD) relative light units (RLU)
of all reactions are plotted. No statistically significant difference in Renilla luciferase activities (panels A and C) was revealed between reporters by the
ANOVA and post hoc Bonferroni test at a significance level of 0.05.

lation at each codon (loss of processivity) can be calculated.
Ribosomes conferred a similar probability of losing proces-
sivity while translating the additional regions of the Dual73
and Dual118 reporters. Moreover, the loss of ribosome pro-
cessivity was similar on the additional coding regions of
the Dual73 and Dual146 reporters, both encoding the Snf7
domain (Table 2). In contrast, ribosomes had an ∼2 times
lower probability of aborting translation on the additional
region of the Dual81 reporter (Table 2). This indicates that

not only the rate of elongation but also the processivity of
the ribosomes varies among the coding sequences.

The current model of translation elongation suggests that
not all ribosomes complete translation of the ORF after ini-
tiation of translation (26,48–51). Ribosome profiling (Ribo-
Seq) data indicate that the density of ribosomes decreases
slowly along the mRNA due to a spontaneous ribosome
drop-off (49). Drop-off was also shown in an in vitro sys-
tem with a tripartite mRNA reporter encoding in-frame Re-
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Figure 4. Analysis of the Renilla and firefly luciferase activities in reactions primed with the Dual, Dual73 and Dual146 reporters. The time of the first
appearance of the luminescence signal (TFA) from the Renilla (A) and firefly (B) luciferase activity measurements during the 11 min of in vitro translation
is shown. The area under the red dashed-line rectangle is magnified and displayed on the right. TFAs are indicated by arrows. Time courses of Renilla (C)
and firefly (D) luciferase activities over 80 min of in vitro translation are shown. All reactions were carried out at 25◦C in a 30 �l starting volume using
500 ng of reporter mRNA as a template, and the activities of both luciferases were measured in the same reaction. For each reporter, two independent
mRNA batches were analyzed, and each batch was analyzed by at least two independent reactions. The average (mean ± SD) relative light units (RLU)
of all reactions are plotted. No statistically significant difference in Renilla luciferase activities (panels A and C) was revealed between reporters by the
ANOVA and post hoc Bonferroni test at a significance level of 0.05.

nilla luciferase, �-galactosidase, and firefly luciferase (26).
Analysis revealed that only 32% of ribosomes reached the
end of the firefly luciferase ORF after synthesis of Renilla
luciferase (26). Several studies computationally predicted
the processivity of eukaryotic ribosomes to be in the range
of 99.44–99.99% per elongation step (48–50). This study
conferred similar processivity of ribosomes ranging from
99.27% to 99.64% per elongation step. Therefore, the re-

porter system described here allows us to assess the proces-
sivity of ribosomes on different ORFs.

Effect of stalling on the translation elongation

The above findings demonstrate that the translation rate
and processivity depend on the nature of the coding se-
quences. It has been shown that the elongation step of trans-
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Table 1. Analysis of elongation rate of ribosomes (related to Figures 3A–B, 4A–B and 5A–B)

Reporter Dual Dual73 Dual81 Dual118 Dual146 DualR10

aN (codons) – 73 81 118 146 –
bTFARluc (min) 2.40 ± 0.12 2.50 ± 0.18 2.41 ± 0.12 2.57 ± 0.07 2.63 ± 0.09 2.45 ± 0.04
cTFAFluc (min) 17.94 ± 0.05 28.65 ± 0.12 28.47 ± 0.11 39.45 ± 0.20 3,49.52 ± 0.02 49.82 ± 0.16
d�TFA (min) 5.54 ± 0.11 6.15 ± 0.10 6.06 ± 0.09 6.87 ± 0.20 6.89 ± 0.08 7.37 ± 0.16
eTadd (s) – 36.30 ± 8.75 31.40 ± 8.29 80.04 ± 13.79 81.00 ± 8.20 109.65 ± 11.77
fvelong (aa/s) – 1,22.01 ± 0.48 22.58 ± 0.68 11.47 ± 0.25 11.80 ± 0.18 30.09 ± 0.01

For each parameter, the average (mean ± SD) of 4–6 reactions is shown.
aLength of the additional domain inserted between the Renilla and firefly luciferase moieties.
bTime of the first appearance of the luminescence signal of Renilla luciferase. No statistically significant difference between the TFARluc values was revealed
by ANOVA and post hoc Bonferroni tests at a significance level of 0.05.
cTime of the first appearance of the luminescence signal of firefly luciferase. Numbers (1–4) indicate statistically homogeneous groups according to ANOVA
and post hoc Bonferroni tests at a significance level of 0.05. The same numbers denote no statistically significant difference.
dDifference between the TFAFluc and TFARluc values.
eTime needed to synthesize an additional coding region or R10 stalling sequence.
fRate of elongation. Numbers (1–3) indicate statistically homogeneous groups according to ANOVA and post hoc Bonferroni tests at a significance level
of 0.05.

Table 2. Analysis of processivity of ribosomes (related to Figures 3C–D, 4C–D and 5C–D)

Reporter Dual Dual73 Dual81 Dual118 Dual146 DualR10

aN (codons) – 73 81 118 146 –
bSlopeRluc (x103; RLU/min) 20.73 ± 2.43 21.5 ± 3.60 20.22 ± 1.60 20.80 ± 2.81 22.26 ± 2.75 21.18 ± 2.73
cSlopeFluc (x103; RLU/min) 13.97 ± 0.25 22.41 ± 0.19 2,32.90 ± 0.19 41.76 ± 0.21 41.55 ± 0.27 33.34 ± 0.39
dSlope ratio 0.19 ± 0.02 0.11 ± 0.02 0.14 ± 0.01 0.08 ± 0.01 0.07 ± 0.02 0.16 ± 0.01
ePgeneral – 0.59 ± 0.11 0.75 ± 0.02 0.44 ± 0.05 0.37 ± 0.09 0.82 ± 0.05
fPcodon (x10−2) – 99.27 ± 0.23 99.64 ± 0.03 99.31 ± 0.09 99.30 ± 0.16 98.05 ± 0.65
g1 – Pcodon (×10−2) – 20.73 10.36 20.69 20.70 31.95

For each parameter, the average (mean ± SD) of 4–5 reactions is shown.
aLength of the additional domain inserted between the Renilla and firefly luciferase moieties.
bSlope of the linear part of the Renilla luciferase activity time course. No statistically significant difference between TFARluc values was revealed by ANOVA
and post hoc Bonferroni tests at a significance level of 0.05.
cSlope of the linear part of the firefly luciferase activity time course. Numbers (1–4) indicate statistically homogeneous groups according to ANOVA and
post hoc Bonferroni tests at a significance level of 0.05. The same numbers denote no statistically significant difference.
dRatio between the slopeFluc and slopeRluc values.
eProcessivity of ribosomes on the additional coding region or apparent processivity on the R10 sequence.
fProcessivity of ribosomes per codon.
gLoss of processivity per codon. Numbers (1–3) indicate statistically homogeneous groups according to ANOVA and post hoc Bonferroni tests at a signif-
icance level of 0.05. The same numbers denote no statistically significant difference.

lation can be affected by rare codons and positively charged
amino acids that cause ribosome stalling (5–7,45). To an-
alyze the effect of stalling on translation elongation using
this luciferase system, a DualR10 reporter was introduced.
In this reporter, ten codons of the general spacer between
the Renilla and firefly luciferase moieties were substituted
by the R10 stalling sequence consisting of ten rare arginine
codons (Figure 2 and Supplementary Figure S3, Supple-
mentary Table S2). This stalling sequence has been shown
to cause ribosome pausing in vitro and in vivo (52–55).

The elongation rate of ribosomes on the R10 sequence
was determined as described above. The TFARluc and
TFAFluc values were measured for the DualR10 reporter,
and �TFA was calculated (Figure 5A, B and Table 1). No
statistically significant difference between TFARluc values
for the Dual and DualR10 reporters was detected, show-
ing that the R10 sequence did not affect the synthesis of the
Renilla luciferase moiety. However, since ribosomes on the
DualR10 reporter needed additional time to move along the
stalling sequence, the delay of the TFAFluc and increase of
the �TFA value were detected. Ribosomes needed an addi-

tional ∼109 s to translate the R10 sequence compared to the
general spacer of the Dual reporter (Table 1). Therefore, the
R10 sequence dramatically reduces the rate of elongation.

To analyze the effect of stalling on the processivity of ri-
bosomes, slope values were determined for the DualR10 re-
porter, and the slope ratio was calculated (Figure 5C, D
and Table 2). The decreased slope ratio in the case of the
DualR10 reporter corresponds to a decreased apparent pro-
cessivity (Pgeneral) of ribosomes on the R10 coding sequence
compared to the general spacer of the Dual reporter (Table
2). As a result, ribosomes had a ∼1.95% chance of losing
processivity at each arginine codon of the R10 sequence.
Analysis of the [35S]methionine-labelled translation prod-
ucts by SDS-PAGE showed strong accumulation of inter-
mediate products caused by the stalling of ribosomes at the
R10 sequence (Supplementary Figure S4). These data show
that the stalling of ribosomes leads to an increased proba-
bility of ribosomes dissociating from mRNA.

Altogether, the use of the described reporter system al-
lows us to quantitatively analyze the effect of ribosome
pausing on the elongation step of translation. These re-
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Figure 5. Analysis of the Renilla and firefly luciferase activities in reactions primed with the Dual and DualR10 reporters The time of the first appearance
of the luminescence signal (TFA) from the Renilla (A) and firefly (B) luciferase activity measurements during the 11 min of in vitro translation is shown.
The area under the red dashed-line rectangle is magnified and displayed on the right. TFAs are indicated by arrows. Time courses of the Renilla (C) and
firefly (D) luciferase activities over 80 min of in vitro translation are shown. All reactions were carried out at 25◦C in a 30 �l starting volume using 500 ng
of reporter mRNA as a template, and the activities of both luciferases were measured in the same reaction. For each reporter, two independent mRNA
batches were analyzed, and each batch was analyzed by at least two independent reactions. The average (mean ± SD) relative light units (RLU) of all
reactions are plotted. No statistically significant difference in Renilla luciferase activities (panels A and C) was revealed between reporters by the unpaired
t-test at a significance level of 0.05.

sults demonstrate that the rate of elongation decreases when
ribosomes translate ten rare codons encoding positively
charged amino acid residues, which is consistent with pub-
lished studies (52,54,56). Moreover, the stalling of ribo-
somes leads to reduced processivity.

CONCLUSION

In this study, a system of multipartite mRNA reporters for
in vitro analysis of translation elongation was described.
Each reporter contains a single ORF encoding a fusion pro-

tein, which consists of a Renilla luciferase moiety, sequence
of interest and firefly luciferase moiety. Synthesis of the Re-
nilla luciferase moiety serves as a control of the initiation
rate and reflects the quality of the mRNA reporter. Synthe-
sis of the firefly luciferase moiety depends on the elonga-
tion events occurring during the translation of an upstream-
located sequence of interest. Therefore, the described sys-
tem makes it possible to compare translation elongation on
different coding regions independent of initiation and ter-
mination steps. Elongation in this system can be character-
ized by several parameters. First, the time of the first ap-
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pearance (TFA) of the luminescence signal can be deter-
mined for each luciferase. Analysis of differences between
the Renilla and firefly luciferase TFA values allows us to
estimate the rate of elongation on the studied coding se-
quences. Second, processivity can be defined as a ratio be-
tween slopes of linear parts of the firefly and Renilla lu-
ciferase activity curves. The use of slope ratios allows us
to assess the overall processivity of ribosomes on the cod-
ing sequence of interest and the average processivity at each
codon. Finally, since the final product is synthesized as a fu-
sion protein, intermediate translation products can be easily
tracked back to specific reporter regions by SDS-PAGE or
other methods.

The reporter system described in this study has several
advantages:

• Simplicity. All key experimental components are com-
mercially available, and the system is easily reproducible
in a general molecular biology laboratory.

• Universality. This system allows for the direct determi-
nation of both the rates of elongation and processivity of
ribosomes on any coding sequence of interest. Moreover,
since initiation is a rate-limiting step of translation, the
slope of the Renilla luciferase activity curve can be used
to assess the initiation of translation.

• Portability. The principle behind this system can be used
in any eukaryotic cell-free translation system analogous
to the one described here. This approach can also be fur-
ther adapted to allow continuous luminescence monitor-
ing for high-throughput studies. In addition, the develop-
ment of a similar system to study translation elongation
in cell-free extracts of animal cells would be of great ben-
efit.

However, one should bear in mind the high variability of
elongation rates determined by this reporter system, which
is the result of the delicacy of cell-free translation reactions,
relatively short lengths of the analyzed domains and the
high rate of translation. The coding sequence inserted be-
tween the Renilla and firefly luciferase sequences should be
carefully designed to allow the elongation rate to be dis-
tinctively evaluated. Estimation of elongation rates also de-
pends on the accuracy of the TFA value measurements. In
addition, it must be pointed out that the processivity of ri-
bosomes varies on different codons. Therefore, the proces-
sivity calculated here reflects the average processivity of the
ribosome at each codon of an analyzed sequence.

The system described here can be used to analyze the
translation pausing caused by different factors that include
mRNA secondary structure. In this regard, extensive mu-
tational and bioinformatical analysis of mRNA structures
along with optimization of in vitro RNA folding must be
carried out.

The results of this study suggest that this reporter system,
based on a Renilla–firelfy luciferase fusion, is a reliable and
inexpensive tool for the direct analysis of ribosome elon-
gation rate and processivity on different mRNA sequences.
This system is attractive to a variety of studies, such as inves-
tigation of the correlation between elongation rate and pro-
tein folding, mutational analysis of translational machinery
and screening for novel translation-inhibiting compounds.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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