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ABSTRACT 

DNA-guided cell-free protein synthesis using a minimal set of purified components has emerged 

as a versatile platform in constructive biology. The E. coli-based PURE (Protein synthesis Using 

Recombinant Elements) system offers the basic protein synthesis factory in a prospective 

minimal cell relying on extant molecules. However, it becomes urgent to improve the system’s 

performance, and to build a mechanistic computational model that can help interpret and predict 

gene expression dynamics. Herein, we utilized all three commercially available PURE system 

variants: PURExpress, PUREfrex and PUREfrex2.0. We monitored apparent kinetics of mRNA 

and protein synthesis by fluorescence spectroscopy at different concentrations of DNA template. 

Analysis of polysome distributions by atomic force microscopy, combined with a stochastic 

model of translation, revealed inefficient usage of ribosomes, consistent with the idea that 

translation initiation is a limiting step. This preliminary dataset was used to formulate hypotheses 

regarding possible mechanisms impeding robust gene expression. Next, we challenged these 

hypotheses by devising targeted experiments aimed to alleviate the current limitations of 

PUREfrex. We identified depletion of key initiation factors by translationally inactive mRNA as 

a possible inhibitory mechanism. This adverse process could partly be remedied by targeted 

mRNA degradation, whereas addition of more IFs and of the hrpA RNA helicase had no 

substantial effects. Moreover, depletion of tRNAs as peptidyl-tRNAs can become limiting in 

PUREfrex (but not in PURExpress), which can be alleviated by addition of peptidyl-tRNA-

hydrolase (PTH). We attempted to build a new model for PURE system dynamics integrating all 

experimental observations. Although a satisfying global fit can be obtained in specific conditions 

(with PTH), a unifying system’s level model is still missing. 
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INTRODUCTION 

In vitro gene expression, also commonly referred as coupled in vitro transcription-translation 

(IVTT) or cell-free protein synthesis, has become a rapidly growing research area since its 

introduction in the 1960’s (1, 2) and further developments (3, 4). This technology is now 

employed in a broad spectrum of applications (5-8), e.g. in in vitro diagnostic (5, 6), and has 

contributed significant advances in our understanding of the fundamental biology of genetic 

information transfer. IVTT systems are now exploited as a synthetic biology toolkit for the 

realization of basic genetic circuits (9-14), demonstrating their potential to recapitulate complex 

biological phenomena directed by the execution of a DNA program in vitro. Furthermore, it was 

proposed that IVTT, in conjunction with liposome compartmentalization, forms the scaffold to 

build a synthetic minimal cell relying on the extant biology (15-20). 

It is however fair to say that the robustness and efficiency of IVTT systems with respect to 

translation rate, usage of resources and duration of expression in batch mode are very modest 

compared to in vivo reactions (21). Moreover, the expression of multiple – interacting – genes in 

a predictable manner remains a challenge. To leverage the potential of IVTT in bottom-up 

synthetic biology, it becomes critical to identify the set of parameters that controls the system’s 

performance and to devise optimization strategies to execute targeted dynamical behaviours, as 

has been done in the in vitro DNA-based programming community (22, 23). 

IVTT systems come in two main guises: one derived from cell extracts and the other 

consisting of purified components. An obvious advantage of crude cell lysates is the ease of 

manufacture making the approach economically attractive (24, 25). Cellular extracts inherently 

contain various cytoplasmic compounds that may assist some steps in protein synthesis, like 

protein folding. However, metabolic resources, such as nucleoside triphosphates (NTPs) and 

amino acids, are also consumed in non-intended reactions, and remaining nucleases and 

proteases can cause undesired degradation of nucleic acids and proteins. These effects can limit 

the yield of synthesized products and shorten the production lifespan. Alternatively, the 

reconstitution of the transcription and translation apparatus from essential purified components 

enables effective channelling of nutrients and energy to gene expression and eliminates 

enzymatic degradation of nucleic acids and proteins (26, 27). The concoction, termed ‘Protein 

synthesis Using Recombinant Elements’, or PURE system, consists of individually purified 

reagents, including the E. coli ribosome, translation factors, tRNAs, aminoacyl tRNA 

synthetases, the phage T7 RNA polymerase and a set of enzymes to regenerate NTPs from 

nucleoside mono- and diphosphate and creatine phosphate (26). The reaction network is driven 

out of equilibrium by the enzymatic hydrolysis of pyrophosphate. Both linear (PCR products) 

and circular DNA can be used as templates. The PURE system is currently available 

commercially in three variants: The PURExpress from New England Biolabs, PUREfrex and 

PUREfrex2.0 from GeneFrontier Corporation. The composition of PURExpress has been 

modified from the original version to improve protein synthesis yield, but the supplier does not 

disclose this information. PUREfrex offers easier protein purification as the kit proteins are non-

his-tagged and it contains low-level contaminations, including of lipopolysaccharides. The 
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advanced version PUREfrex2.0 achieves higher protein yield than PUREfrex. The kit 

modifications that lead to improved productivity are currently not disclosed by the company. 

Because all IVTT systems are stripped of the cellular context, they might intuitively be 

expected to be more amenable to quantitative description than in vivo systems. First, gene 

expression can be studied independently of physiological factors, such as growth state and cell 

density. Second, the system’s openness and flexibility enable controlled inputs of substrates, 

metabolites and protein cofactors, which facilitates the screening of initial conditions. Third, 

unlike the in cellulo environment, random fluctuations due to the low-copy number of reactants 

can be neglected, making deterministic treatment of gene expression kinetics a valid 

approximation. Therefore, it is tempting to believe that gene expression dynamics and the 

system’s performance would enjoy greater predictability in IVTT platforms than in vivo. With 

the advent of systems biology, along with the development of computational tools and 

mathematical models (28), one would also expect that IVTT systems – in particular the PURE 

system due to its defined composition – are amenable to full numerical description. In practice, 

IVTT systems suffer from batch to batch variability (29) and experiments are designed mostly 

based on empirical observations (30) more than from established guiding rules. 

A comprehensive and predictive model of cell-free gene expression will arguably facilitate 

the rational design of new targeted experiments and the engineering of IVTT systems with 

tailored properties. Approaches to model IVTT reactions have varied considerably, from explicit 

modelling of ‘every’ elementary reaction (31-34) to phenomenological models that describe 

salient features of the observed behaviour instead of explaining their microscopic origins (35-

38). The former approach is fundamentally more accurate and provides detailed mechanistic 

insights about the various steps. However, when applied to the complex reaction network of 

IVTT, such high-dimensional models can become cumbersome, hardly tractable and 

prohibitively computationally expensive. Moreover, assigning initial values for the numerous 

reaction rate constants is challenging as most parameters are either not found in the literature or 

they have been evaluated from different experimental conditions. More coarse-grained kinetic 

models represent a promising framework, especially when dynamic information about all 

individual components is not required. In general, model building and validation should integrate 

a variety of data sets, each reporting on the dynamics of subsystems, in order to provide a 

quantitatively accurate description of the IVTT kinetics. However, most of the existing models 

have been constructed on the basis of the apparent time course production of fluorescent proteins 

under narrow-ranging experimental conditions. 

Herein, we adopted a reverse engineering approach to interrogate PURE system dynamics 

under a wide range of experimental conditions with the ultimate goal to devise a mathematical 

model. By combining polysome profiling, protein gel analysis of translation products, mass 

spectrometry analysis of key metabolites and synthesized peptides, and real-time gene expression 

kinetics at both mRNA and active protein levels, we identified a number of processes that impair 

sustained production. Attempts to build a whole-system computational model reveal that a new 
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network structure and/or unaccounted mechanisms should be implemented to accurately describe 

and predict gene expression in the PURE system. 

 

MATERIALS AND METHODS 

DNA constructs 

A codon-optimized version (meYFPco-LL-spinach) of the mYFP-LL-spinach construct described 

in (39) was used for all experiments except the metabolite mass spectrometry and temperature-

dependent kinetic measurements for which the non-optimized version was used. The codon-

optimized DNA template was designed and constructed in a pUC57 vector by Eurogentec 

(Belgium). Sequence optimisation was performed from the start to the stop codon and involved 

improving codon usage to the E. coli-based expression system and avoiding RNA secondary 

structures (among other criteria, not all of them are disclosed by the company). A linear PCR 

product (forward primer: GCGAAATTAATACGACTCACTATAGGGAGACC, reverse primer: 

AAAAAACCCCTCAAGACCCGTTTAGAGG) including a T7 promoter, ribosome binding 

site, start codon, 6×His-tag, g10-leader, Xpress-tag, meYFP coding sequence, linker, spinach 

aptamer sequence and a T7 terminator was generated. DNA was purified from PCR reactions 

using the Wizard PCR clean-up kit (Promega) using milliQ for the final elution step and its 

concentration was determined by measuring absorbance at 260 nm. The full sequence of the 

codon-optimized meYFPco-LL-spinach linear construct is: 5’-

GCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAAT

TTTGTTTAACTTTAAGAAGGAGATATACATATGCGGGGTTCTCATCATCATCATCATC

ATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTACGACGAT

GACGATAAGGATCCGATGGTTAGCAAAGGCGAAGAACTGTTTACGGGCGTGGTGCC

GATTCTGGTGGAACTGGACGGCGACGTGAACGGTCACAAATTCAGCGTTTCGGGCG

AAGGTGAAGGCGATGCGACCTATGGTAAACTGACGCTGAAATTTATTTGCACCACC

GGTAAACTGCCGGTGCCGTGGCCGACCCTGGTTACCACGTTTGGTTATGGCCTGCAG

TGTTTCGCGCGCTACCCGGATCATATGAAACAACACGACTTTTTCAAATCTGCCATG

CCGGAAGGTTATGTGCAGGAACGTACGATTTTCTTTAAAGATGACGGCAACTACAA

AACCCGCGCAGAAGTCAAATTTGAAGGTGATACGCTGGTGAACCGTATTGAACTGA

AAGGCATCGATTTCAAAGAAGACGGTAATATCCTGGGCCATAAACTGGAATACAAC

TACAACTCCCACAACGTTTACATCATGGCAGATAAACAGAAAAACGGTATCAAAGT

CAACTTCAAAATCCGCCATAACATCGAAGATGGCTCAGTGCAACTGGCTGACCACT

ACCAGCAAAACACCCCGATCGGTGATGGCCCGGTTCTGCTGCCGGACAATCATTATC

TGAGCTACCAGTCTAAACTGAGTAAAGATCCGAACGAAAAACGTGACCACATGGTC

CTGCTGGAATTTGTGACGGCGGCTGGTATTACGCTGGGCATGGATGAACTGTATAAA

TGAAAGCTTCCCGGGAAAGTATATATGAGTAAAGATATCGACGCAACTGAATGAAA

TGGTGAAGGACGGGTCCAGGTGTGGCTGCTTCGGCAGTGCAGCTTGTTGAGTAGAGT
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GTGAGCTCCGTAACTAGTCGCGTCGATATCCCCGGGCTAGCATAACCCCTTGGGGCC

TCTAAACGGGTCTTGAGGGGTTTTTT-3’ 

The oligonucleotide used for experiments with mRNA turnover has the following sequence: 

5’-CATATGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGG-3’ 

To obtain the meYFPco-LL-spinach construct with CGT as the second codon (DNA 

sequence), site directed mutagenesis PCR with the primers 

GGAGATATACATATGCGTGGTTCTCATCATCATC and 

GATGATGATGAGAACCACGCATATGTATATCTCC was performed with the non-mutated 

codon optimized plasmid as template. PCR products were digested with DpnI, purified and 

transformed into top10 cells. Mutation was confirmed by sequencing of the purified plasmid and 

a linear product was generated with the same primers as those used with the standard construct. 

 

PURE system reactions 

PURExpress was purchased from New England Biolabs, PUREfrex and PUREfrex2.0 were from 

GeneFrontier Corporation (Japan). Reaction solutions of typically 20 µl were assembled 

according to the supplier’s protocol. 

 

Fluorescence kinetics of spinach/DFHBI and YFP 

To measure gene expression kinetics in different PURE systems at both mRNA and protein 

levels simultaneously, the reporter construct meYFPco-LL-spinach was used. The spinach RNA 

aptamer (40) was introduced in the 3’-untranslated region as a fluorescent reporter in the 

presence of 3,5-difluoro-4-hydroxybenzylidene (DFHBI) (39, 41). 20 µl of PURE system 

reaction mix containing 20 µM DFHBI (40) and specified concentrations of purified DNA or 

RNA template was prepared on ice and then transferred to a 15-µl cuvette (Hellma). Cuvettes 

were mounted in a temperature-controlled cell of a Varian Eclipse fluorescence 

spectrophotometer and fluorescence was measured every 30 s with the following 

excitation/emission wavelengths: spinach, 460/502 nm; YFP, 515/528 nm. Temperature was set 

to 37 C, unless indicated differently. 

Phenomenological fitting was carried out by fitting the linear regime of the YFP fluorescence 

traces and calculating the intersection with the horizontal line denoting the maximum yield. For 

each curve the maximum translation rate, lifespan and yield are extracted (Fig. 1(c,d)). 

 

Calibration of spinach and YFP concentrations 

Calibrations were performed as described in (39). Conversion factors of 4.3 nM/a.u. and 0.35 

nM/a.u. were found for mRNA and YFP, respectively. 

 

Quantitative metabolite analysis by mass-spectrometry 

180 µl of a standard PUREfrex reaction supplemented with 7.4 nM mYFP-LL-spinach DNA 

were prepared on ice and incubated at 37 C. Samples of 20 µl were taken at time points 0, 30, 

60, 90, 120, 150 and 180 min, mixed with 50 µl 13C internal standard (42, 43) and 180 µl milliQ, 
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and snap-frozen in liquid nitrogen. All samples were stored at –20 C until analysis. Before 

analysis the samples were filtered with a 10-kDa cut-off spin-filter (Vivacon500). The nucleotide 

concentration was measured by 5 µl injection into an LC-MS/MS system (Waters, for details of 

the setup please see (44)) and ID-MS based quantification (45). Quantification was based on 

standard curves obtained with NTPs or NDPs in 50 mM HEPES/KOH pH7.6, 100 mM 

potassium-glutamate, 13 mM magnesium acetate. 

Amino-acid concentrations were determined using GC-MS analysis. A sample of 50 µl was 

freeze-dried and derivatised by first incubation with 50 µl of 20 g/l O-methoxyamine 

hydrochloride for 50 min and then 80 μL of MSTFA-TMCS for another 50 min. The sample was 

injected (1 µl) in a PTV inlet (Gerstel). The GC-oven was at 70 C at the start of the run (7890A, 

Agilent Technologies). The GC column (Zebron ZB-50 column, 30 m×250 μm, 0.25 μm film 

thickness; Phenomenex, Torrance, CA, USA) was connected to an MS system (5975C Agilent 

Technologies, Santa Clara, CA, USA). Further details can be found in (45). 

 

In vitro expression and purification of RNA template 

mRNA was produced from the linear meYFPco-LL-spinach construct with the Promega T7 

RiboMAX kit according to the manufacturer’s instruction. The mRNA was purified with the 

Qiagen RNeasy kit using milliQ for the final elution step. Concentration was determined by 

absorbance measurement at 260 nm. 

 

Polysome analysis by atomic force microscopy 

PURE system reactions were incubated at 37 C and 1 µl samples were taken at different time 

points. Samples were immediately added to 9 µl of ice-cold AFM buffer (3% sucrose, 20 mM 

Tris-HCl pH 7.4, 10 mM MgCl2, 100 mM NH4Cl, 1.1% (v/v) 2-mercaptoethanol and 100 µg/ml 

chloramphenicol) to stop translation. The next steps of the protocol were as described in (46). 

Samples were stored at 4 °C for up to 2 days and imaged in air on freshly cleaved mica after 

settling for 30 s, with a Bruker Multimode AFM equipped with a Nanoscope IIIa controller and a 

SCANASYST-FLUID+ cantilever (Bruker). Each field of view was 1.46 µm × 1.46 µm and 512 

by 512 pixels. Scan speed was set to 1.97 Hz. For each time point about 15 fields of view were 

imaged to collect sufficient statistics (more than 1000 ribosomes per time point). A custom 

MatLab (MathWorks) script was used for image analysis. Images were background-corrected by 

first subtracting a fitted plane, then subtracting a line-by-line median offset, and finally 

subtracting a fitted 4×2 polynomial using MatLab’s built-in fit function. Data points with more 

than a 1.8-fold standard deviation difference from the mean were ignored for calculating the 

background subtractions. A median filter of size 1×3 was then applied to remove stripes. To find 

particles a ‘spot finding’ algorithm as described in (47) was used. The maximum value of each 

particle in the background-subtracted image was taken as the particle height. Particle height 

distributions were generated (Fig. 7(b)) and a cut-off was defined to select only 50S and 70S 

particles for the calculation of polysome distributions. Cut-off values varied between images 

acquired on different days. Clusters were defined as all 50S and 70S particles with a maximum 
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distance smaller than 13 pixels (37 nm) to any other particle in the cluster (the effect on the 

calculated polysome distribution is small when varying this maximum distance between 11 and 

15 pixels). To account for random proximity of particles, the distributions of cluster sizes were 

simulated for each field of view with the same number of particles as identified in the image and 

random placement of particles (random except disallowing too close proximity which the image 

analysis algorithm would also not be able to resolve as distinct particles). Average cluster size 

distributions for 100 simulated random placements of particles were calculated. Polysome 

distributions were computed by subtracting the simulated random cluster sizes from the observed 

ones. The concentration of polysomes was calculated based on the known concentration of 

ribosomes and on the fraction of ribosomes involved in polysomes of different sizes. 

 

Targeted mRNA cleavage 

Reactions with mRNA degradation contained 10 µl PUREfrex solution I, 1 µl PUREfrex solution 

II, 1 µl PUREfrex solution III, 1 µl DFHBI (0.4 mM), 0.75 µl RNaseH (5 U/µl, New England 

BioLabs), 1 µl antisense oligo (1 µM), 0.5 µl T7 RNA polymerase (1.8 µM), 0.25 µl UTP (100 

mM), 0.25 µl CTP (100 mM), 0.25 µl MgAc2 (200 mM) and milliQ up to 20 µl. 

 

Purification of hrpA, IF1, IF2, PTH and T7 RNA polymerase mutant 

The enzyme hrpA was purified as described earlier (48). The genes for IF1, IF2 and E. coli 

peptidyl-tRNA-hydrolase (PTH) were cloned into pRSET-B (N-terminal His-tag) and expressed 

in BL21(DE3) E. coli cells. Cultures of 50 ml in LB/amp medium were grown at 37 °C and 250 

rpm. At OD600=0.4 cells were induced with 0.3 mM IPTG and grown overnight at 20 °C. Cells 

were harvested by centrifugation, the pellet was resuspended in lysis buffer (50 mM HEPES-

KOH pH7.5, 500 mM NaCl, 25 mM imidazole), lysed by sonication (25% amplitude, 10 s on, 30 

s off, repeated 10 times) and centrifuged for 30 min at 4 °C and 16000 g. The resulting lysate 

was applied to a NiNTA mini spin column (Qiagen) and washed twice with lysis buffer 

according to manufacturer's instructions. The protein was eluted with 50 mM HEPES KOH, 500 

mM NaCl and 500 mM imidazole. The protein was stored at –80 °C in 50 mM HEPES-KOH pH 

7.5, 100 mM KCl, 10 mM MgCl2, 30% glycerol and 7 mM 2-mercaptoethanol. The gene of the 

T7 RNA polymerase mutant (P266L/I810S) was cloned in pBAD33 for overexpression in E. coli 

Top10 cells and the protein was purified as previously described (49). Storage buffer consist of 

50 mM HEPES-KOH pH 7.5, 100 mM KCl, 10 mM MgCl2, 30% glycerol and 7 mM 2-

mercaptoethanol. 

 

Stochastic model for polysome distributions 

A Gillespie algorithm with five different types of reaction was used to simulate the distributions 

of polysomes (Table 1): 1) mRNA synthesis, 2) ribosome binding to the RBS, 3) ribosome 

inactivation, 4) YFP maturation, 5) ribosome translocation on an mRNA. The first four reaction 

types are simple reactions, implemented according to the standard Gillespie algorithm (next 

reaction method). mRNA molecules are generated with a rate derived from the spinach 
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fluorescence kinetics (Fig. 1). Ribosomes can bind to the RBS and move forward on the mRNA 

if there is at least a 15-codon distance to the next ribosome on the same mRNA molecule. The 

model keeps track of positions of ribosomes on all mRNAs. This is implemented in Mathematica 

(Wolfram Research, version 10.2.0.0) as a list of lists, where each mRNA is described as a list of 

the positions (in codons) where ribosomes are bound (free mRNAs are denoted as empty lists). 

When reaction type 5 is triggered a translating ribosome is randomly selected and if there is no 

ribosome blocking it from moving forward (minimum distance of 15 codons) it moves one 

codon. If the moving ribosome is situated at the last codon it unbinds from the mRNA and the 

count of full-length non-fluorescent proteins is incremented by one. The last step of 

chromophore maturation will generate fluorescent YFP. Ribosomes can be inactivated during 

either the free or bound state. If inactivation occurs during translation, the ribosome is modelled 

as falling off the mRNA so that subsequent ribosomes are not blocked. Parameters were fitted 

manually to match the observed fluorescence curve as well as inactivation data for PURExpress 

as measured by the delayed DNA addition experiments. The reaction rates and parameter values 

are reported in Table 1. 

 

Phenomenological modelling of gene expression kinetics 

The salient features of the YFP fluorescence kinetics have been parametrized as depicted in Fig. 

1(c). We focused on three parameters that describe the experimental data in a compact way: the 

maximum slope, yield and expression lifespan. The linear regime of the curve was determined by 

using Durbin-Watson statistics selecting for a test value larger than 1.8 and maximum window 

size. The maximum yield was either directly determined from the final measurement values 

(when the curve shows a clear plateau) or by using a fit of the last part of the fluorescence curve 

to the function 
𝑦 𝑐(𝑡)

𝑐(𝑡)+𝑥
, where c(t) denotes the measured YFP concentration, x and y are fitting 

parameters and the fitted value for y was taken as the maximum yield. 

 

Deterministic model of gene expression kinetics 

An ODE model of the schematic depicted in Fig. 12(a) was implemented in Mathematica 

10.2.0.0 with the following equations: 
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The model was solved numerically using the built-in NDSolve function and fitted to the data 

manually using the Manipulate environment. The corresponding parameter values are reported in 

Table 2 and the script can be found as a supplementary file. 

 

 

RESULTS 

 

The different commercial PURE systems exhibit quantitatively different gene expression 

kinetics 

We monitored the dynamics of gene expression at the mRNA and protein levels in real-time for 

various concentrations of DNA template with the three different PURE system versions: 

PURExpress, PUREfrex and PUREfrex2.0. As can be seen in Fig. 1, the profiles of mRNA and 

protein synthesis are qualitatively similar. The rate of mRNA production is constant for at least 2 

h, with a maximum of 0.7 nM s–1, and decreases over time to reach up to 2.5 M transcript at 

high DNA concentrations. With PURExpress, but not with either of the PUREfrex versions, the 

mRNA fluorescence signal decreases instead of plateauing, suggesting nuclease activity (as 

already reported in (50)). In all expression systems, the fluorescence time traces of YFP can be 

decomposed in three main phases in analogy with logistic growth curves: a lag time of a few 

minutes, a linear regime corresponding to constant translation rate and a plateau. The lag time 

can be attributed to chromophore maturation (about 20 min (39, 41)) and possibly to charging of 

tRNAs by their cognate amino acids. Even though all curves can be described by this general 

scheme, there are significant quantitative variations between the different conditions tested, 

which we parameterized by phenomenological modelling using three relevant features: the 

maximum translation rate (vmax), the lifespan representing the production period and the yield of 

synthesized active protein (Fig. 1(c)). Note that all three parameters merely describe apparent 

properties of protein synthesis dynamics as inferred from the fluorescence signal (Fig. S1, S2). 
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While DNA concentration has little effect on lifespan in PURExpress and in PUREfrex2.0, 

lowering the amount of DNA in PUREfrex is accompanied by longer expression periods, beyond 

400 min in some reactions. The higher concentrations of fluorescent protein are about 1.5 M, 5 

M and 6 M for PUREfrex, PUREfrex2.0 and PURExpress, respectively. The maximum 

translation rate is reached with PURExpress at high DNA concentration and is about 45 nM min–

1. The aggregated data from all three PURE systems show that a wide range of parameter values 

can be reached (Fig. 1(d)). Moreover, there does not exist a single condition with respect to the 

PURE system version and DNA concentration that maximizes all three parameters. This result 

demonstrates that a trade-off in the system’s performance has to be found for specific 

applications. Furthermore, there is no correlation between the protein production lifespan and the 

yield or maximum translation rate, whereas the yield and maximum translation rate are positively 

correlated for all three PURE systems. 

 

 

Figure 1: Kinetic profiles of mRNA and protein production with different PURE systems. The YFP 

fluorescence trajectories are not corrected for maturation time. (a) Time traces of mRNA concentration 

(calculated from DFHBI/spinach fluorescence) for different DNA concentrations: 7.4 nM (magenta), 3.2 

nM (black), 1.5 nM (blue), 0.74 nM (green) and 0.074 nM (orange). Bold lines indicate averages of at 

least three experiments and shaded areas the average +/– 1 standard deviation (SD). (b) Time traces of 

YFP concentration for the same reactions and same color-coding as in (a); values are calculated from 
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measured fluorescence and are not corrected for maturation time. (c) Schematic explanation of the 

parameters derived from the YFP fluorescence kinetics. (d) Comparison of the protein kinetics parameters 

for the different PURE systems: PURExpress (black), PUREfrex2.0 (magenta), PUREfrex batch A 

(orange) and PUREfrex batch B (cyan). Values are derived from the curves shown in (b) as described in 

(c). 

 

Besides notable technical variability (reactions from same batches of DNA and PURE 

system), a large batch-to-batch variability was observed with PUREfrex (Fig. 1 and Fig. S3). In 

contrast, different batches of PURExpress received over seven years led to more consistent 

expression kinetics and protein yield. The reported experiments with PUREfrex2.0 come from a 

single batch. Experiments from a second batch with 7.4 nM DNA showed a higher yield, 

approximately 10 M, while the expression time remained similar (data not shown).  

Some of the differences in yield between PURExpress and PUREfrex can be explained by a 

higher total protein concentration in PURExpress. Indeed, a coomassie-stained gel of both 

systems shows that PURExpress contains a significantly higher concentration of ribosomes as 

well as EF-Tu (Fig. S4(a)). To test if either of the two systems contains additional protein factors 

that are not listed in the original PURE system composition (51), we performed an LC-MS 

proteomic analysis. In both systems, we could detect a number of additional proteins, though less 

in PUREfrex (the full list can be found in the Table S1 as a separate file). For example, the 

trigger factor chaperone protein, two hydrogen peroxide removal proteins and ribosome-binding 

factor A were uniquely identified in PURExpress. They most likely originate from carryover of 

purification. 

 

Simple kinetic models do not capture the apparent dynamics for PUREfrex and 

PURExpress 

We next sought to challenge the coarse-grained deterministic models available in the literature 

with our kinetics data of transcription and translation activity. We noticed that all models have in 

common that translation rate (𝑣TL) can be described as a function of the concentrations of four 

species: the active translation machinery, mRNA, aminoacyl-tRNAs (aatRNAs) and NTPs: 

𝑣TL(𝑡) = 𝑘TL × 𝑓([translation machinery](𝑡)) × 𝑓([mRNA](𝑡)) × 𝑓([aatRNAs](𝑡)) × 𝑓([NTPs](𝑡)), 

(Eq. 1) 

where 𝑘TL is the translation rate constant and 𝑡 is time. Functional dependencies on the latter 

three concentrations are described with Michaelis-Menten kinetics or approximated as linear 

relations. The concentration of active translation machinery is modelled either as a decreasing 

exponential function or with enzymatic decay. Some of the models include additional constants 

(e.g. to account for conversion between consumed amino acids and amount of full-length protein 

(38)), or incorporated nucleotides and concentration of mRNA, but the equations could be 

rewritten by a rescaling of parameters into the one above (Eq. 1). Not all models include all four 
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functional dependencies, while some account for the concentration of amino acids instead of 

aatRNAs (37). To test if these models – in their general form – can fit the gene expression 

kinetics observed in the three different PURE systems, the translation rate (measured by the 

increase in YFP fluorescence over time) was plotted as a function of mRNA concentration (Fig. 

2(a)). The shape of these experimental curves can be compared to simulated data obtained with 

different parameterizations of Eq. 1 (Fig. 2(b)). Although data from different DNA 

concentrations can individually be fit with both PUREfrex (Fig. S5) and PURExpress, no global 

fitting across the entire range of DNA concentrations can be obtained. PUREfrex reactions 

exhibit different maximum translation rates (corresponding to the linear regime in time traces) 

for different DNA concentrations, but during that period the amount of mRNA also increases. 

This is seen as plateaus of different heights in Fig. 2(a), a feature that cannot be achieved using 

Eq. 1 (see simulated model predictions in Fig. 2(b)). The relationships between translation rate 

and mRNA concentration with PURExpress are also difficult to interpret with existing models. 

Indeed, the kinetics with intermediate DNA concentration reaches the maximum translation rate 

at a lower mRNA concentration than reactions with high DNA concentration, whereas in both 

conditions the maximum translation rate is reached after about 60 min. Therefore, the magnitude 

of inactivation of the translation machinery should be comparable at that time. Even taking into 

account higher resource consumption in the reaction with higher DNA concentration (faster 

consumption of NTPs and amino acids), these profiles cannot be fit globally with Eq. 1. With 

PUREfrex2.0, a reasonably good qualitative description is obtained. 
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Figure 2: Comparison of generalized model predictions for the expression kinetics with the different 

PURE systems. (a) Translation rate as a function of mRNA concentration for the three different PURE 

systems and different DNA concentrations: 7.4 nM (magenta), 3.2 nM (black), 1.5 nM (blue), 0.74 nM 

(green) and 0.074 nM (orange). (b) Model predictions for translation rate as a function of mRNA 

concentration for different combinations of control parameters. For all plots mRNA concentration was 

assumed to increase linearly with time. In the upper left panel a first order (‘exponential’) or Michaelis-

Menten (‘enzymatic’) type of inactivation of the translation machinery are considered. In the upper 

middle and right panels two conditions were simulated: [mRNA] lower (‘non-saturating’) or higher 

(‘saturating’) than the concentration above which the translation rate is constant (linear regime). 

Simulated curves corresponding to three different transcription rates are plotted: dashed, solid and dotted 

lines, from high to low rate values. 
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There are two possible explanations why the models do not fully capture the observed IVTT 

dynamics: (i) The current models lack integration of other ‘hidden’ (non-apparent) processes, 

such as DNA inactivation, synthesis of unwanted by-products (e.g. truncated proteins) or 

depletion of translation factors into inactive complexes. (ii) The model is actually good but the 

observables do not reliably report on the system’s behaviour. Indeed, YFP fluorescence only 

informs about the concentration of active, mature, protein. Although the plots in Fig. 2 are 

corrected for the maturation time, a scenario whereby a subset of synthesized proteins may be 

misfolded or truncated, hence not fluorescent, is not taken into account. If the fraction of non-

fluorescent translation products is constant over time and across different reactions, the 

conclusion that Eq. 1 does not fit the data would still hold. However, we cannot exclude that this 

fraction may vary. 

Most of the experiments described hereafter, as well as the modelling attempts, have been 

conducted using PUREfrex (unless specified otherwise). Despite a more pronounced batch-to-

batch variability with PUREfrex, this choice was motivated by the fact that nucleic acids in 

PURExpress are more prone to degradation due to nuclease contamination. Furthermore, we 

know the exact composition of PUREfrex only, which facilitates data interpretation and model 

construction. 

 

Inactivation of the translation machinery, and depletion of either NTPs or amino acids do 

not limit translation rate in PUREfrex 

To discriminate the two scenarios mentioned above, we studied the translation rate dependence 

on the four individual concentration terms of Eq. 1. First, inactivation of the translation 

machinery was assayed by adding the DNA template after pre-incubating PURE system 

reactions for 4 h at 37 C. A slower translation rate after delayed introduction of DNA would 

indicate inactivation of one of the rate-limiting components of the system over time. With 

PUREfrex, no major difference in the YFP kinetics between delayed and non-delayed gene 

expression was observed (Fig. 3). Therefore, we can rule out a contribution of this term in Eq. 1 

on translation rate. Moreover, addition of fresh enzyme or ribosome solution (from the 

corresponding vials of the kit) at the YFP fluorescence plateau does not restart translation (data 

not shown). Unlike with PUREfrex, delayed addition of DNA with PURExpress results in a 

decrease both in transcription and translation rates (consistent with previous reports (35, 52)), 

whilst with PUREfrex2.0 a reduced translation rate was measured (Fig. 3). These results suggest 

that transcription-translation-independent inactivation of the translation machinery reduces 

protein synthesis rate in these two systems, but not in PUREfrex. 
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Figure 3: Inactivation of the translation machinery over time differs for the three PURE systems. (a) 

mRNA concentration as a function of time for reactions that were either started immediately or pre-

incubated at 37 °C for 4 h before addition of DNA to a concentration of 7.4 nM. PURExpress (black), 

PUREfrex2.0 (green) and PUREfrex batch B (magenta). (b) Time traces of YFP concentration for the 

reactions shown in (a). Color-coding is the same as in (a). 

 

Mass spectrometry analysis of the PUREfrex reaction mix at different time points indicates 

that neither NTPs nor amino acids are depleted significantly enough to explain the observed 

translation rate profiles (Fig. S6). GTP and ATP are consumed, but their concentrations after 3 h 

are still two orders of magnitude higher than typical KM values of aaRS (ATP) (www.brenda-

enzymes.org) and equilibrium dissociation constants of GTP and elongation factors (53, 54). 

Build-up of ADP and GDP was detectable but seems too low to quantitatively explain the 

reduction in translation rate over time (about 20-fold excess of ATP, GTP over ADP, GDP after 

3 h). NMP concentrations were below the detection limit. This result is consistent with previous 

measurements on the original PURE system (26). Amino acid depletion in PUREfrex is 

negligible (Fig. S6(c)). This is not unexpected as the maximum amount of synthesized 

fluorescent protein lies only between 1 and 2 µM (depending on the PUREfrex batch); for the 

most frequent amino acid glycine (with 28 residues per protein), this means that between 5 and 

10% of this amino acid are consumed for the production of full-length mature YFP (all amino 

acids are present at equimolar amounts at the start of the reaction). Inhibition of translation 

through accumulation of toxic by-products has been proposed in IVTT reactions with cell lysates 

(55-57). To test this hypothesis, we performed PUREfrex reactions in a dialysis chamber with a 

membrane cut-off of 20 kDa and measured fluorescence over time (Fig. S7). The external 

dialysis solution acting as feeding reservoir contained all components of PUREfrex solution I 

except tRNAs. Kinetics of reactions inside the dialysis chamber were similar as those monitored 

in batch format. This finding rules out inhibitory effects of side products with low molecular 

mass (unless they precipitate and remain in the reaction chamber) and corroborates that nutrient 

depletion is not rate-limiting in PUREfrex reactions. 
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Depletion of tRNAs and decrease of the translational ability of mRNA affect translation 

rate 

Because the translation rate depends on the concentration of charged aatRNAs, and not directly 

on amino acid concentrations, one can envisage two possible bottlenecks beside amino acid 

depletion: tRNAs themselves are depleted or the aminoacylation step becomes rate limiting. 

Remarkably, addition of fresh tRNAs at plateau restarts translation for reactions with high or 

intermediate DNA concentrations (Fig. 4(a)), as well as for reactions with high or intermediate 

concentrations of purified mRNA used as template to bypass transcription (Fig. 4(b)), but not 

with low concentration of DNA (Fig. 4(a)). As discussed above, the sole inactivation of the 

translation machinery (including tRNAs as well as aaRSs) over time as a common bottleneck for 

all initial conditions can be ruled out. The data show that tRNAs are depleted faster with higher 

mRNA concentrations (Fig. 4(b,c)), which is accompanied by a lower yield of synthesized 

protein (Fig. 4(d)). Moreover, tRNA depletion is mediated by the presence of a ribosome binding 

site in the mRNA sequence (Fig. 4(b)). These results suggest that the translation process itself 

participates in tRNA depletion. 

 

 

Figure 4: Increasing lifetime or translation rate in PUREfrex (batch B) reactions with tRNA. (a) Addition 

of tRNA (1 µl at 0.6 mM, indicated by arrows) to PUREfrex reactions with different DNA concentrations: 

7.4 nM (magenta), 1.5 nM (blue) and 0.074 nM (orange). (b) PUREfrex reactions starting with purified 

mRNA at different concentrations: 1 µM (black), 200 nM (cyan), 100 nM (orange), 100 nM mRNA + 1 

µM mRNA without RBS (magenta), and 50 nM (purple). At plateau, tRNA (1 µl at 0.6 mM) was added 

to the reaction (indicated by an arrow). Traces of the same color are duplicates. (c,d) Expression lifespan 

(c) and final yield (d) as a function of mRNA concentration calculated from the reactions shown in (b) 

where tRNA is limiting, i.e. excluding the condition with 50 nM mRNA. 
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To further analyse the dependence of translation rate on mRNA concentration, purified 

mRNA was used as a template at different concentrations to bypass transcription. The maximum 

translation rate was reached at 100 nM mRNA indicating saturation of the translation 

machinery (Fig. 4). Interestingly, the maximum translation rate is a factor of two lower than that 

for reactions starting with DNA template (Fig. 1). This result suggests that some form of 

transcription-translation coupling enhances translation rate. Alternatively, the folding state of 

mRNA, hence its propensity to efficiently serve as a template for translation, may differ between 

the two types of reactions. To test this hypothesis, experiments were performed, in which 

transcription was stopped after 30 min by DNase addition (Fig. 5). At high and medium 

concentration of DNA, premature arrest of transcription is accompanied by an increased lifespan 

of translation, up to >9 h with 7.4 nM DNA (Fig. 5(c)). However, translation rate is lower 

compared to that in the linear regime with unsuppressed transcription. At high DNA 

concentration, a higher end-point yield of YFP was reached, 3 µM compared to 2 µM (Fig. 

5(c)). Given that 400 nM mRNA are produced, along with 2 µM YFP, the corresponding 

protein-to-mRNA ratio of about 5 is significantly higher compared to values 2 at 7.4 nM DNA 

without DNase addition (Fig. 1). For all DNA concentrations tested the translation rate decreases 

relatively quickly after DNase addition by about 2-fold (some of the delay is due to YFP 

maturation). This reduced rate is comparable to the translation rate observed in reactions 

triggered with purified mRNA template. This is consistent with the idea of a positive effect of 

transcription-translation coupling on translation rate and could in part explain the different 

dependence of translation rate on mRNA concentration for the different DNA concentrations: 

reactions with higher DNA concentrations have a higher transcription rate and therefore a higher 

concentration of nascent mRNA. If this nascent mRNA acts as a better template for translation, 

reactions with higher transcription rate would also have a higher translation rate. Moreover, 

translation rate after suppressed transcription is not constant (as also observed in the reactions 

with purified mRNA) but continuously decreases, which suggests further mRNA inactivation or 

other inhibitory effects. Like reactions with low DNA concentrations, reactions with DNase 

cannot be restarted by spiking more tRNAs at the plateau phase (data not shown), suggesting a 

similar cause of translation cessation. 

 

 

Figure 5: YFP expression kinetics after DNase addition in PUREfrex. Average values +/– 1 SD (from 

three experiments) for control reactions without DNase addition are shown for comparison. 1 µl of RQ1 
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RNase-free DNase (1 U/µl) was added at t = 30 min (vertical dashed line), which was sufficient to stop 

new transcription immediately (corresponding spinach fluorescence kinetics are not shown). PUREfrex 

batch B was used. 

 

As an alternative method to test the effect of transcription-translation coupling on translation 

rate, reactions with delayed ribosome addition were performed (58) under conditions where the 

amount of tRNA is not limiting (Fig. 6). Transcription could proceed for 60 or 100 min before 

translation was triggered by adding ribosomes. Interestingly, translation rate was lower than in 

control reactions, where IVTT occurs from the beginning, even though translation started with a 

higher concentration of mRNA (Fig. 6). The extent of the decrease in translation rate varies 

between different batches of PUREfrex. To rule out an inhibitory effect of the transcription 

process itself on translation, a control reaction was performed, where a DNA construct encoding 

an mRNA without functional RBS was expressed for 100 min without ribosomes; then 

ribosomes along with the regular DNA template were added (Fig. 6(a,c)). Although the 

translation rate is lower as compared to a control reaction containing ribosomes from the start, 

this decrease is much less than in a reaction where the RBS-containing mRNA is expressed 

before ribosome addition (Fig. 6(a)). 

 

 

Figure 6: Comparison of mRNA and YFP expression kinetics after delayed ribosome addition in 

PUREfrex. (a,c) PUREfrex batch A. Ribosomes (cyan, orange) or DNA (black) were added after the 

reaction had been incubated for 100 min at 37 °C. All reactions contained 3.9 nM DNA and 100 nM 

PTH2 to circumvent tRNA limitation (see Fig. 8 for details). The reaction depicted in orange contained 

DNA encoding an mRNA without functional RBS from the beginning. After 100 min, at the same time as 

ribosome addition, the meYFPco-LL-spinach DNA construct was added. (b,d) PUREfrex batch B. 
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Ribosome addition after 60 min (cyan, orange) and a control reaction (black) with ribosomes present from 

the start. A tRNA mix was added at plateau at the indicated times. 

Collectively these observations are consistent with a scenario in which the mRNA generated 

in the absence of ribosomes (more generally, the full-length synthesized mRNA released from 

the RNA polymerase in coupled IVTT) is less prone to be successfully translated, while 

competing with fresh transcripts for translational resources. 

 

Polysome analysis indicates inefficient ribosome usage during PUREfrex and PURExpress 

reactions 

Translation rate can be expressed as a function of the number of actively translating ribosomes 

and of elongation rate. The number of translating ribosomes is itself a function of initiation rate. 

To examine the efficiency of ribosome usage during PURE system reactions, we analysed the 

distribution of polysome sizes by atomic force microscopy (59). Polysome profiles were 

monitored at different time points during PUREfrex and PURExpress reactions. Ribosomes 

translating the same mRNA molecule are seen as clusters of particles of about 14-nm height. We 

were able to resolve 70S, 50S, and 30S particles (Fig. 7(b)), but could not distinguish single 

translating 70S ribosomes from free ones. Most likely, under the conditions used for attaching 

the molecules to the mica surface the majority of ribosome-bound mRNA molecules assumes a 

highly folded conformation and they cannot be resolved from the bound ribosome particle(s) 

(although we could observe free mRNA molecules in extended conformations with a height of 

approximately 0.5 nm). Large polysome sizes were measured during PURExpress reactions, 

whereas only disomes could be detected in PUREfrex reactions. Combining with the apparent 

translation rate obtained from the mRNA and YFP fluorescence kinetics (at time points between 

15 and 30 min), the polysome distributions can be used to derive upper and lower bounds for the 

average translation time (comprising the initiation, elongation and termination steps): 𝑣TL(𝑡) = 

[translating ribosomes]/translation time. The two bounds are obtained by either taking the 

concentration of ribosomes engaged in polysomes as the total concentration of translating 

ribosomes, or by assuming that in addition all mRNA molecules that are not observed as 

polysomes are occupied by a single translating ribosome. Because not all translating ribosomes 

may generate full-length proteins (see below), the translation time might be underestimated. For 

PURExpress the calculated bounds on translation time are 17 and 27 min. From the delay time 

observed in the YFP fluorescence kinetics it is clear that the translation time must be closer to 

the lower bound. It is a surprisingly long time for a 272-amino acid protein, equivalent to 0.27 

amino acids per second per ribosome, which is comparable to the rate measured by Takahashi et 

al. (60) at 25 C instead of 37 C and about 5 times lower (1.5 amino acids per second per 

ribosome) than reported for a cell lysate (21). 
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Figure 7: Polysome analysis of PUREfrex and PURExpress reactions by AFM. (a) Representative AFM 

images at different time points, with the exception of the PURExpress 20 min condition for which an area 

with multiple polysomes was selected. All images have the same size. Reactions were performed with 7.4 

nM meYFPco-LL-spinach DNA. (b) Example for a particle height distribution derived from the AFM 

images; in red the fit with three Gaussian distributions. (c) Fraction of ribosomes in polysomes with 

PURExpress (black) and PUREfrex (grey) at different time points. (d) Polysome distributions at different 

time points for a PURExpress reaction (black) and simulation results (green). Polysome size refers to the 

number of ribosomes per polysome. The last panel displays the experimental (black) and simulated 

(green) time traces of YFP production. 

 

To test if a simple mechanism could explain the observed polysome size distribution in 

PURExpress a stochastic model of translation was implemented (Table 1). As can be seen in Fig. 

7(d), the simulated fraction of ribosomes in polysomes matches the observed AFM data 
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reasonably well. However, the model does not reproduce the very large polysome sizes of up to 

12 ribosomes observed in the experiments. In PUREfrex reactions, the translation time was 

estimated to be between 1 and 7 min. From this analysis, one can deduce that at the maximum 

translation rate only 10% of ribosomes are actively translating in PUREfrex (compared to 80% 

in vivo and 70% in an E. coli extract (21). This result suggests a severe bottleneck in translation 

initiation. Indeed, a bottleneck during early translation elongation would also lead to the 

formation of few polysomes because the firstly engaged ribosome would block the RBS. 

However, if initiation was otherwise efficient, higher translation rates would be achieved by 

addition of more mRNA, which is not supported by the experimental data. 

 

Reaction type Reaction rate Parameter values 

mRNA synthesis vtr = ksyn(t) 
ksyn(t) is obtained as derivative 

of the fitted mRNA 

concentration over time 

Ribosome binding to RBS vini = kini × [RBS] × [ribosomefree] kini = 0.0002 min–1 nM–1 

Ribosome inactivation vdeg = kdeg × [ribosometotal] kdeg = 0.014 min–1 

YFP maturation vmat = kmat × [YFPnon-fluorescent] kmat = 0.0462 min–1 

Ribosome translocation velo = kelo × [ribosometranslating] kelo = 20 min–1 (per codon) 

Table 1: Reaction scheme and parameters for the stochastic model of translation. 

 

PURE system reactions generate heterogeneous translation products 

As the tested models cannot globally reproduce the observed fluorescence kinetics (Fig. 2) it 

seems likely that either the fluorescence measurements do not reliably report on mRNA and 

protein production or that additional processes need to be included in the model. To directly 

visualize all translation products, including non-fluorescent ones, fluorescently labelled lysine 

residues were co-translationally incorporated during IVTT and the newly synthesized 

polypeptides/proteins (with the exception of very short peptides) were imaged by gel 

electrophoresis (Fig. S4(b)). Besides the full-length protein, all three PURE systems generate 

side products within 40 min. The lower bands most likely correspond to an incomplete 

translation product. A similar result was observed when expressing constructs coding for 

different proteins, the number of short fragments being template-dependent (not shown). It 

appears that specific shunt proteins are formed, as opposed to random truncation events that 

would lead to a smear. No obvious correlation with possible difficult-to-translate sequences, e.g. 

proline-rich motifs (PVPWP and PIGDGPVLLP in the YFP sequence) (61), or with the presence 

of internal ribosome binding sites (62), could be found. Moreover, C-terminal truncation due to 

stalled ribosomes on degraded mRNA seems unlikely since the level of nuclease activity in both 
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PUREfrex versions is very low. Interestingly, one (in PURExpress) or two (in PUREfrex and 

PUREfrex2.0) higher bands indicate formation of products longer than YFP. This could happen 

by stop codon read-through (63) or frameshifting over the stop codon (64). Analysing the DNA 

template sequence, read-through until the next stop codon would lead to an additional mass of 

1.8 kDa, while frameshifting would append 0.8 kDa. The corresponding longer translation 

products cannot however explain the observed mass difference with the upper band. The mature 

and immature full-length YFP could conceivably run differently on gel. Furthermore, mass 

spectrometry was employed to detect targeted translation products and a frameshift peptide was 

measured under limiting amino acid concentrations (Supplementary Methods and Fig. S8). In 

conclusion, all three PURE systems generate unintended translation products, which must be 

accounted for to extract actual translation rates. As the fraction of side products seems to remain 

constant throughout the expression lifespan, the conclusion that the tested models do not fit the 

expression kinetics remains valid. 

 

tRNAs depleted through peptidyl-tRNA drop-off can be recycled by adding a peptidyl-

tRNA-hydrolase 

One mechanism that could explain shortage of the tRNA pool observed in PUREfrex reactions 

starting with intermediate or high DNA (Fig. 4(a)) or mRNA (Fig. 4(b)) concentrations is 

peptidyl-tRNA drop-off and thereby sequestration of tRNAs in the form of peptidyl-tRNAs (Fig. 

8(a)). Drop-off occurs when a ribosome terminates translation prematurely without the action of 

a release factor. Peptidyl-tRNA drop-off has been observed in vivo (65-71) and in vitro (72-74) 

and, in E. coli mostly but not exclusively, occurs during the first few codons of a transcript. In 

vivo peptidyl-tRNAs are recycled by the essential enzyme peptidyl-tRNA-hydrolase (PTH). This 

enzyme has been used before in PURE system reactions as part of a screening (75), but its effect 

was not characterized in detail. Here, the human enzyme PTH2 was used in most experiments. 

For high and intermediate DNA concentrations (Fig. 8(c,d)), as well as for high concentrations of 

purified mRNA (Fig. 8(f)), reactions with 100 nM PTH2 have a longer lifespan and a slightly 

higher yield than control reactions without PTH2 (Fig. 8(e)), and cannot be restarted with fresh 

tRNA (data not shown), demonstrating that tRNA limitation can partly be relieved. In contrast, 

for reactions with low DNA concentrations, addition of PTH2 lowers the yield and shortens the 

linear regime of YFP fluorescence increase (Fig. 8(e)). 
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Figure 8: Effects of PTH2 on PUREfrex reactions. (a) Schematic of peptidyl-tRNA drop-off and 

recycling of free tRNA by PTH. (b) Schematic of initiator tRNA charging and formylation with product 

inhibition by tetrahydrofolate (THF). (c) PUREfrex batch A reactions at different DNA concentrations 

with (solid) or without (dashed) PTH2. Data are averages from at least three experiments. DNA 

concentrations were 7.4 nM (magenta), 3.2 nM (black), 1.5 nM (blue) and 0.074 nM (orange). (d) Same 

as in (c) but with PUREfrex batch B. (e) Expression lifespan and yield of the kinetics depicted in (c) and 

(d). Average values +/– 1 SD are represented. Colour coding is similar as in (c) and (d). (f) PUREfrex 

batch B reactions with purified mRNA template with (solid) or without (dashed) PTH2. Concentrations of 

mRNA: 200 nM (black) and 1 µM (magenta). (g) PUREfrex batch B reactions supplemented with PTH2 

with delayed addition of 7.4 nM DNA: control reaction (average of three reactions, black trace), DNA 

addition after 240 min (magenta), DNA and DTT (5 mM) addition after 240 min (blue), DNA addition 

after 240 min and DTT addition indicated by arrow (orange). The inset shows the time-shifted traces for 

easier visualization of the slower initial translation rate with delayed addition of both DNA and PTH2. (h) 

HrpA increases translation rate for reactions triggered with purified mRNA template. PUREfrex reactions 
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with (dashed) or without (solid) 100 nM hrpA for different mRNA concentrations: 50 nM (black), 300 

nM (magenta), 600 nM (orange) and 1 µM (blue). (i) Comparison of PUREfrex reaction kinetics with 7.4 

nM DNA and supplemented with 100 nM PTH2 with (gray) and without (magenta) 100 nM hrpA. The 

average values +/– 1 SD from three experiments are reported. The two grey traces are duplicates. 

 

We first hypothesized that reactivity of the PTH2 with formyl-Met-tRNA could be the cause for 

the system’s lower performance. While the E. coli peptidyl-tRNA-hydrolase does not recognize 

formyl-Met-tRNA as a substrate, it is known that the yeast enzyme (which is functionally close 

to the human enzyme we have used) hydrolyses formyl-Met-tRNA. Every hydrolysis event 

requires recharging of the initiator tRNA with methionine and subsequent formylation of Met-

tRNA, which generates tetrahydrofolate as a second reaction product (Fig. 8(b)). It is known that 

the methionyl-tRNA-formyl-transferase (MTF) is subject to product inhibition by 

tetrahydrofolate (76). To bypass this mechanism, we purified the peptidyl-tRNA-hydrolase from 

E. coli and found the same effects as with PTH2 (Fig. S9). Hydrolysis of formyl-Met-tRNA as 

an inhibitory side reaction of PTH2 can therefore be ruled out. A second possible mechanism 

mediated by PTH2 is suggested by the observation that the linear regime of YFP fluorescence 

increase is shorter in reactions with PTH2 than without. This result could be explained by an 

inactivation of the translation machinery over time, which would only become rate-limiting in 

the presence of PTH2. This hypothesis was tested again by delayed DNA addition (Fig. 8(g)). 

Reactions were pre-incubated for 4 h either with or without PTH2. In the reaction without PTH2 

the enzyme was added together with DNA. Both delayed reactions show a lower translation rate 

than the control which contains DNA and PTH2 from the beginning (Fig. 8(g), see inset for 

comparison of the initial translation rates). These results indicate that one or more components of 

PUREfrex are inactivated over time, but that they are rate-limiting only in the reactions with 

PTH2 (see Discussion section). 

 

Attempts to restore transcription-translation coupling failed to enhance efficiency of 

translation initiation 

Having identified that translation initiation is inefficient in PUREfrex, we next attempted to 

improve this process. We first hypothesized that translation initiation is hampered by mRNA 

secondary structures (58, 77-80) that would be more susceptible to form in vitro due to poor 

coupling between transcription and translation. In E. coli, the first ribosome translating an 

mRNA often closely follows the transcribing RNA polymerase (see Castro-Roa and Zenkin (81) 

for an in vitro study with the endogenous E. coli RNA polymerase). This prevents the 

polymerase from stalling but also ensures that ribosome binding to the RBS is not impeded by 

mRNA secondary structure. In the PURE system, this coupling is lost because the T7 RNA 

polymerase is faster than the native E. coli RNA polymerase and also much faster than a 

translating ribosome. Following strategies that improved transcription-translation coupling in an 

E. coli cell extract (82), we performed PUREfrex reactions at lower temperature and we used a 

slow T7 RNA polymerase mutant P266L/I810S. Reactions at lower temperature exhibit longer 
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translation lifespan (>10 h at 21 C) but the yield as well as the protein-to-mRNA ratio is about a 

factor two lower at 21 C than at 37 C (Fig. 9(a-e)). For experiments with the slow T7 RNA 

polymerase, the enzyme concentration was set to 30 nM for both wild-type and mutant, but the 

DNA concentration was carefully adjusted such that the initial transcription rate was the same for 

both reactions (Fig. 9(f,g)). No significant differences in YFP production rate and expression 

time were found between the wild-type and mutated RNA polymerases. Together, these results 

suggest that the lack of transcription-translation coupling is not the cause for the relatively slow 

translation rate observed in PUREfrex. Alternatively, the tested conditions may not suffice to 

restore the appropriate degree of coupling. 

 

 

Figure 9: (a-e) Expression kinetics at different temperatures with PUREfrex. (a,c) DNA concentration 

was 0.74 nM. Temperature: 37 °C (magenta), 27 °C (blue) and 21 °C (grey). (b,d) DNA concentration 

was 7.4 nM. Temperature: 37 °C (magenta), 27 °C (blue) and 21 °C (grey). (e) YFP-to-mRNA ratio for 

the different temperatures and DNA concentrations. (f, g) Comparison of mRNA (f) and protein (g) 

synthesis curves between the wild-type (blue curves) and slow T7RNA polymerase mutant (red curves) in 

PUREfrex batch B. RNA polymerase concentration in all reactions was 30 nM, DNA concentration was 

0.37 nM for reactions with wild-type polymerase and 7.4 nM with the mutant RNA polymerase. Bold 

lines indicate average values of three reactions and shaded regions represent the mean +/– 1 SD. 
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Another option to improve translation initiation if mRNA secondary structures impede 

formation of the initiation complex is to use an RNA helicase to unfold inhibitory structures. The 

E. coli helicase hrpA has been found to improve protein synthesis yield in cell-free translation 

reactions (83). In PUREfrex reactions with purified mRNA template, hrpA increases the 

translation rate to the same level as with 7.4 nM DNA (Fig. 8(h)), but the yield and lifespan are 

lower than in the reaction with DNA. Addition of hrpA has no effect on the translation rate when 

using a DNA template (Fig. 8(i)). In reactions with PTH2 the yield is slightly lower as the 

translation rate starts to decrease at an earlier time point (Fig. 8(i)). To rule out a possible effect 

of ATP depletion (hrpA is an ATPase) more ATP was supplemented to the reaction once the 

translation rate started to decrease, but no increase in translation rate was observed (data not 

shown). These results corroborate the idea that mRNA exists in different functional states and 

that neither a transcription slow-down nor enzymatic clearance of mRNA secondary structures 

increases translation rate. 

 

Targeted mRNA cleavage, but not increased concentrations of IF1 and IF2, improves the 

protein yield and lifetime in PUREfrex 

High mRNA concentrations lead to a faster depletion of tRNAs (Fig. 4), but to achieve high 

translation rates in coupled IVTT reactions high DNA concentrations, i.e. fast transcription rates, 

are required. To achieve high transcription rate together with long translation lifespan we 

reasoned that mRNA degradation needs to be implemented. This was realized by adding RNaseH 

to degrade a target mRNA hybridized to a DNA oligonucleotide that was complementary to the 

ribosome binding site (Fig. 10(a), Fig. S10). Combined with an increase in the concentration of 

T7 RNA polymerase to reach higher transcription rate, targeted mRNA degradation improved 

protein yield and lifespan, but not translation rate (Fig. 10(b)). Consistent with the earlier finding 

that higher mRNA concentrations lead to faster tRNA depletion, the lifespan and yield slightly 

decreased in control reactions with no active transcript degradation but with higher transcription 

rate (Fig. 10(c)). 
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Figure 10: mRNA turnover improves expression time and yield in PUREfrex. (a) Schematic of mRNA 

degradation with RNaseH and an antisense oligo. (b) Kinetics of YFP production with targeted mRNA 

degradation (grey). For comparison, reaction kinetics in standard PUREfrex (green) and PUREfrex 

supplemented with PTH2 (magenta) are appended. The average curves of at least three experiments 

(PUREfrex batch B) are displayed, with shaded areas denoting +/– 1 SD. (c,d) Increasing transcription 

rate (by adding more T7 RNA polymerase, magenta trace) does not improve the yield of synthesized YFP 

(c) or the expression time. The corresponding mRNA production kinetics are shown in (d). 

 

The longer lifespan in reactions with mRNA turnover is another indication that high mRNA 

concentrations are inhibitory. Together with the observation that translation initiation is 

inefficient in PURE system, this result suggests that abundant mRNA could deplete factors 

involved in translation initiation. An imbalance in the concentrations of mRNA and various 

components required for initiation, such as formyl-Met-tRNA, initiation factors and ribosomal 

subunits, could lead to the formation of inactive complexes, which would deplete the system 

from those factors. Such inactive initiation complexes have already been observed in vitro, but 

usually under conditions where one component is omitted (84). Given the composition of 

PUREfrex (disclosure agreement with GeneFrontier) (see also in (51)), initiation factors 1 and 2 

seem the most susceptible candidates for depletion. We tested this hypothesis in two different 

PUREfrex batches by adding purified IF1 or IF2 in the presence of PTH2 at high DNA 

concentration. While IF1 addition resulted in an approximately two-fold increase in translation 

rate and higher yield in one batch (Fig. 11(a)), no improvement was measured with the second 

batch (Fig. 11(b)). Addition of IF2, either alone or in combination with IF1, led to a reduction in 

translation rate for both batches. The PUREfrex composition is kept constant between batches in 
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terms of the concentration of individual components (personal communication with 

GeneFrontier), but the different effects of IF1 addition suggests that the fraction of active 

proteins may differ from one batch to another (although production of the standard protein 

DHFR should be identical, personal communication with GeneFrontier). 

 

 

Figure 11: Addition of initiation factors 1 and 2 to PUREfrex has different effects on batches A and B. 

(a) PUREfrex batch A. (b) PUREfrex batch B. PUREfrex reactions with 100 nM PTH2 were 

supplemented with additional IF1 (grey, 1 µM), IF2 (orange, 200 nM) or both (cyan). Control reactions 

without additional initiation factors are also shown (magenta). Average traces +/– 1 SD from three 

independent experiments (magenta, grey), or single traces (cyan, orange) are reported. 

 

Although we were able to identify some bottlenecks and improve performance in some 

specific conditions, overall the data suggest the existence of other (multiple) control mechanisms 

as none of the attempts led to major improvements under a wide range of initial conditions. 

 

Attempts to build a new integrated mechanistic model 

Several experimental observations with PUREfrex indicate that mRNA can exist in more than 

one functional state: (i) IVTT kinetics with different DNA concentrations exhibit a different 

slope of YFP fluorescence intensity versus time in the linear regime, while at that time mRNA 

concentration is still increasing. (ii) DNase addition leads to altered YFP synthesis kinetics with 

a fast decrease of the initial translation rate, followed by a further decrease on a slower timescale. 

(iii) Maximum translation rate in reactions starting with purified mRNA is lower than for 

reactions with high DNA concentrations, but the maximum rate can be achieved when the RNA 

helicase hrpA is added to reactions with purified mRNA. To include these findings, a new model 

with three mRNA states was constructed (Fig. 12(a)). Transcription generates mRNA in its most 

active state, from which it can be irreversibly converted to a translationally less active state, and 

finally to a fully inactive state. The reasoning behind this stepwise inactivation of mRNA lies on 

the idea that nascent mRNA with cleared RBS is less prone to fold into inhibitory secondary 

structures compared to longer – full-length – mRNA and has a higher probability of ribosome 

binding. This kinetics scheme is also consistent with the observation that the highest translation 



 29 

rates are achieved in expression reactions starting with DNA and not with purified mRNA. 

Although a two-state model (mRNA active or partly inactive) was sufficient to explain the YFP 

fluorescence kinetics with DNase addition as well as for different DNA concentrations, a third - 

translationally inactive state - was also included to further reproduce the decreased translation 

rate measured in the experiments with delayed ribosome addition. Note that unintended mRNA 

degradation was not considered in the model as no nuclease activity could be detected in 

PUREfrex (Fig. 1(a), (41)). 

 

 

Figure 12: An improved model accounting for various mRNA states captures some, but not all, of the 

experimental data observed with PUREfrex. (a) Schematic overview of the proposed ODE kinetic model. 

The arrow depicted in green represents abortive translation reactions that may occur with a time-

dependent probability α(t) and lead to a decrease in production of full-length YFP. Disassembly of the 

elongation complex can be caused by peptidyl-tRNA drop-off or PTH2-catalyzed hydrolysis of peptidyl-

tRNA that is still lodged in the ribosome. As mRNA transitions from states 1 to 2 and 3, its ability to bind 

IFs and engage into an elongation complex decreases. Abbreviations: IFs, initiation factors, YFP*, non-

matured YFP, ktrx, transcription rate constant, kdeg, rate constant at which mRNA is cleaved by the 

RNaseH in turnover experiments, kini1/2, translation initiation rate constants, kelo, translation elongation 
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rate constant, kmat, chromophore maturation rate constant. The parameter values are shown in Table 2. 

(b,d) Experimental data (solid lines) and model fitting (dashed lines) for reactions with different DNA 

concentrations. Color-coding is as in Fig. 1. (c,e) Experimental data (solid lines) and model fitting 

(dashed lines) for reactions supplemented with 100 nM PTH2 with different DNA concentrations. (b-e) 

Color-coding is as in Fig. 1. Three independent experiments were performed for each condition and the 

average values +/– 1 SD are reported. (f,g,h) Experimental data (solid lines) and model fitting (dashed 

lines) for reactions with DNase addition (experimental curves are from Fig. 5, same color coding), mRNA 

turnover and delayed DNA addition (experimental curves are from Fig. 8(g)), respectively. 

 

Further, translation initiation was modelled by binding of a generic “initiation factor” to 

mRNA, whose binding constants differ depending on the mRNA’s state. The initiation factor in 

this model represents the rate-limiting component for the initiation step, which could be one of 

the canonical initiation factors, as well as formyl-Met-tRNA, or either of the 30S or 50S 

ribosomal subunits. Because inactive mRNAs can also bind to this rate-limiting initiation factor, 

large amounts of mRNA will inevitably deplete it from the system. The complex formed 

between the mRNA in a fully or partly active state and the generic initiation factor can then 

develop into a translation elongation complex. The model describes translation elongation and 

termination as a single step, since we conclude from the AFM experiments that neither of those 

steps is rate limiting. 

Maturation of YFP to its fluorescent form was modelled by a first order reaction. Although 

the maturation rate was measured experimentally to be 0.06 min–1 (39), a better fit could be 

obtained with a faster maturation rate of 0.2 min–1, regardless of the nature of the template 

(purified DNA or mRNA). 

We tested a number of different models accounting for tRNA depletion as a process 

contributing to premature cessation of protein synthesis. For all models we assumed Michaelis-

Menten kinetics for the dependence of the translation reaction on tRNAs. Depletion of tRNAs 

was either modelled as a simple time-dependent process with first order rate or as resulting from 

peptidyl-tRNA drop-off after an elongation complex has formed. In the latter case, the frequency 

of drop-off events was either modelled as a fixed probability, or the probability was allowed to 

either change with time or depend on the ‘state’ of the mRNA. However, no satisfactory 

qualitative global agreement (fits within +/– 1 SD) with the complete experimental data could be 

obtained. Hence, the model depicted in Fig. 12(a) is only meant to describe IVTT dynamics up to 

and including the steady regime of YFP production. For those time intervals a reasonable fit can 

be obtained that concurrently describes the apparent translation kinetics at different DNA 

concentrations, as well as the experiments with DNase addition (Fig. 12(b,d,f)). The 

corresponding parameter values are reported in Table 2. Transcription rates for all reactions were 

obtained by fitting the monitored spinach fluorescence signal. To fit the data obtained with the 

two different batches of PUREfrex, the initial concentration of the rate-limiting initiation factor 

was allowed to vary to account for possible differences in the active protein fractions, while all 

other model parameters were set to the same values for all fits. Such a batch-to-batch 
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compositional variability could also motivate the adjustment of some rate constant values (e.g. 

the translation elongation rate constant kelo) as some of them implicitly depend on concentrations 

of components (e.g. elongation factors). 

The experiments with mRNA turnover can be fit by including mRNA degradation in the 

model. Degradation was modelled as a first order reaction with the same rate constant for all 

mRNA states. As shown in Fig. 12(g), although the model does predict the initial slope correctly, 

translation rate decreases faster over time than predicted by the model, a recurrent problem for 

reactions without PTH2. 

For reactions with PTH2 we observed a time-dependent decrease in translation rate (Fig. 

8(c,d)). This could be due to a side reaction of PTH2 that catalyses peptidyl-tRNA hydrolysis of 

substrates on the ribosome (see Discussion). In the model this side-reactivity was included as a 

certain (time-dependent) probability for the elongation complex to fall apart without generating 

protein. The probability for the generation of full-length protein from the elongation complex 

was described with a decreasing exponential function with the rate chosen to fit the delayed 

DNA addition experiment (Fig. 12(h)). With this reaction added, the apparent translation kinetics 

with PTH2 were also fit by the model with the same global fit parameters (Fig. 12(c,e)) and a 

good agreement was obtained (Table 2). 

 

Table 2: Parameter values of the gene expression model shown in Fig. 12(a). 

 

 

 

Parameter name Value 

k1 1 min–1 

k2 0.004 min–1 

kon1 30 min–1 nM–1 

kon2, kon3 0.1 min–1 nM–1 

koff1 400 min–1 

koff2, koff3 400 min–1 

kini1 1.2 min–1 

kini2 0.4 min–1 

IF PUREfrex batch A: 30 nM, batch B: 45 nM 

Km 60 nM 

kdeg Only in reactions with mRNA turnover: 0.5 min–1 

tRNA PUREfrex batch A: 2400 nM, batch B: 600 nM 

kmat 0.2 min–1 

α(t) PUREfrex batch A: (1 – e– 0.005t/min), batch B: (1 – e– 0.001t/min) 

kelo 0.5 min–1 



 32 

DISCUSSION 

Harnessing IVTT systems for controlled synthesis of multiple proteins is essential for proper 

execution of biological operations in a ribosome-based synthetic minimal cell. It implies to better 

apprehend the molecular mechanisms governing transcription and translation, and to integrate 

them in a biochemically reasonable, yet conceptually simple, kinetic model. In particular, the 

reasons for translation cessation need to be identified to rationally design new experiments for 

prolonged protein production. In addition, biological and technical variability is inherent to cell-

free gene expression experiments, as reported here with the PURE system (Fig. 1) and elsewhere 

with cell lysates (29). This imposes the explicit treatment of uncertainty when assigning 

confidence levels of model fitting and robustness of predictions. 

Practical obstacles contributing to technical variability include the handling of small volumes 

(pipetting, evaporation, large surface/interface effects), mixing of multiple reagents and the exact 

nature of the measurement cuvette (cleanness, composition, geometry). The principal factors 

contributing to biological variability are the DNA or mRNA template (purity, integrity, possible 

mutations introduced by PCR) and PURE system batch-to-batch variability. Despite possible 

variability in the activity levels of the tRNA mix, ribosome and individual proteins, consistency 

of PUREfrex productivity across different batches is systematically validated by the supplier by 

quantifying the amount of synthesized dihydrofolate reductase protein with radioactivity 

(personal communication). Therefore, the extent of variability of the experimental output might 

be DNA construct-dependent. It could also depend on the exact expression conditions (test tube 

vs. cuvette) and on the type of readout (protein gel, absorbance, radioactivity, fluorescence 

spectroscopy). 

We here discuss a number of mechanisms that could lead to premature cessation or slowing 

down of translation: exhaustion of the pool of tRNAs through peptidyl-tRNA drop-off, depletion 

of translation initiation factors by inactivated mRNA, inactivation of one of the elongation 

factors. Given that tRNA depletion is a factor contributing to translation arrest in reactions with 

>1.4 nM DNA template in PUREfrex, we first examine possible mechanisms causing tRNA 

inactivation or depletion. A first order (time) inactivation of tRNAs, e.g. by unfolding, can be 

ruled out by the delayed DNA addition experiments (Fig. 3). Alternatively, tRNA might be 

subject to oxidative damage (e.g. via the hydrogen peroxide released during YFP chromophore 

maturation) affecting the 2-thiouridine (85, 86). The fact that tRNA depletion can be remedied 

by addition of peptidyl-tRNA-hydrolase, however, indicates occurrence of peptidyl-tRNA drop-

off events. Moreover, the shortened linear regime observed in some of the reactions with 

peptidyl-tRNA-hydrolase suggests occurrence of unintended side reactions. It has been reported 

that even though the main substrate is free peptidyl-tRNA, the hydrolase also has an activity on 

ribosome-bound peptidyl-tRNA, in particular on stalled translation complexes or when the 

elongation rate is slow (87, 88). Both the deviation from the linear regime and the decreased 

translation rate in reactions with delayed DNA addition could be explained if there is a time 

dependent decrease in the translation elongation rate, e.g. by inactivation of one of the elongation 
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factors, which is not rate limiting under standard conditions but leads to increased catalyzed 

ribosome drop-off over time in reactions with peptidyl-tRNA-hydrolase. 

Noteworthily, the yfp gene sequence used in this study was codon-optimized to match the 

abundance of the E. coli MRE600 tRNAs present in the PURE systems. A mismatch of codon 

usage with respect to the expression apparatus is known to deplete low-abundance tRNAs, which 

may slow down translation elongation and cause the ribosomes to stall (89). Although expression 

of the codon-optimized DNA template clearly remains susceptible to adverse processes 

involving tRNAs, the apparent translation rate and maximum yield of fluorescent YFP are 

respectively about two times and 1.5 time higher than with the non-optimized construct (Fig. 

S11), showing that coding sequence optimization is a valid strategy to ameliorate productivity in 

the PURE system. We noticed that codon usage at the +2 position could be further improved by 

replacing the CGG codon (corresponding to the low abundant tRNAArg3 (Table S2)) by the 

synonymous CGU codon. However, introducing the corresponding mutation in the DNA did not 

improve the gene expression properties (Fig. S12), indicating that a possible peptidyl-tRNA 

drop-off at that position (69) is not limiting the reaction. In general, DNA sequence optimization 

to avoid rare codons, while alternating codon usage for the most abundant amino acids to lessen 

solicitation of the same aatRNAs should prove to be a valuable design strategy. 

Unfortunately, simple models of tRNA depletion failed to describe the observed translation 

kinetics. Because tRNA depletion is faster with higher mRNA concentrations (Fig. 4(c)), even at 

mRNA levels that exceed the concentration at which the translation rate saturates, the probability 

that an (early) elongation complex either continues or drops off, cannot be a fixed value. Drop-

off events are expected to be more frequent when the translation elongation rate is slow due to 

kinetic competition between drop-off and normal elongation. The observed relationship between 

YFP production rate and expression lifetime for different mRNA concentrations (Fig. 4(c)) 

might be explained if one assumes that translation elongation is slower in reactions with higher 

mRNA concentration, e.g. because elongation factors distribute over a higher total number of 

translating ribosomes, thereby lowering the concentration of free elongation factors. This is 

however unlikely for two reasons. First, only a low fraction of ribosomes is actively translating 

(Fig. 7(c)), implying that the associated change in free concentration of elongation factors is 

minor. Second, the YFP production rate can be increased by adding the RNA helicase hrpA 

which most likely affects the rate of initiation but not of elongation. 

Inactivation of mRNA by intramolecular secondary structures is a well-acknowledged cause 

for inefficient translation in cell-free systems (58, 79, 90). Intramolecular base pairing occluding 

the Shine-Dalgarno (SD) sequence can greatly reduce the probability of translation initiation and 

affect protein levels in vivo (91). Whereas tight coupling between the rate of transcription and 

translation initiation limits formation of inhibitory RNA structures and ensures efficient usage of 

mRNA, the level of cooperation between these two processes is low in the T7 RNA polymerase-

based PURE system. Computer predictions of equilibrium mRNA secondary structures reveal 

that local folding may sequester the SD sequence (Fig. S13). Note that equilibrium folding states 

might not be the only relevant structures as transient, higher energy folding states could also 
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affect translation initiation (91). Avoidance of upstream and downstream anti-SD sequences in 

the vicinity of the SD by synonymous nucleotide substitution might increase translation 

efficiency. As a novel mRNA-directed inhibitory mechanism, we find here that accumulation of 

RBS-containing transcripts can cause depletion of some translation factors, reducing the yield 

and rate of protein synthesis. Notably, coding-sequence optimization of DNA to minimize 

formation of mRNA secondary structures and to improve codon usage, as performed here, does 

not abolish these limitations. 

The strategies deployed here to increase the PURE system productivity could be combined 

with previous attempts. Owing to its modularity, the PURE system composition could be tuned 

by adjusting the concentration of various components, such as tRNAs, ribosomes, some initiation 

and elongation factors and magnesium acetate (74, 92, 93), or by replenishing low-molecular 

weight substrates (74, 93, 94). Other factors that are not present in the original composition have 

also been supplemented, e.g. the bovine serum albumin, crowding agents, EF-P (93, 95, 96), and 

proteins that recycle stalled ribosomes (93). Regarding the addition of ribosome rescuing 

proteins, the absence of detectable amounts of degraded mRNA by nuclease contaminants in 

PUREfrex suggests that implementation of rescuing systems, such as tmRNA and ArfA, will 

only have moderate influence. As reported earlier, as well as in the present study, longer-lived 

protein expression and higher reaction efficiency could be accomplished under certain 

experimental conditions and with specific reporter templates. However, formulating generic 

guidelines to design DNA constructs and to customize a PURE system for improved 

performance clearly remains a challenge. 

It is evident that the premature termination of protein production is not the cause of a single 

limiting factor and is dependent on the exact initial conditions, e.g. DNA template sequence, 

PURE system composition, temperature and even the volume and type of reaction vessel. At the 

system’s level, the overall stoichiometric imbalance of some translation factors will lead to an 

increasingly higher fraction of misassembled complexes, which eventually becomes lethal. 

Scattering of initiation factors that engage into nonproductive complexes, such as the formation 

of an fMet-tRNA-empty 70S complex in the absence of IF3 is an example of suboptimal usage 

of the translation machinery. 

 

 

CONCLUSION 

PUREfrex is a commercially available E. coli-based reconstituted IVTT system with a simpler 

protein hardware than cell lysates but also than PURExpress owing to improved purification 

steps (Table S1). Despite its minimal nature and the fact that it operates in absence of other 

constraints of energy and resources, it is fair to acknowledge that PUREfrex is recalcitrant to 

modeling. Moreover, simple kinetic models originally developed for other IVTT systems fail to 

adequately reproduce its basic dynamic behavior (Fig. 12). In PURExpress, (transcription and 

translation independent) ribosome inactivation was previously identified as the cause for the 

saturation of protein synthesis (35). Our experimental results are however consistent with a 
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combined influence of multiple limiting factors, including the conversion of synthesized 

transcripts into inactive templates, the consecutive sequestration of translation factors and 

depletion of tRNAs in the form of peptidyl-tRNAs. Translation initiation was identified as a 

bottleneck, and the poor usage of both mRNA and ribosomes was revealed. We devised a 

preliminary model that encompasses the aforementioned processes. Simulated protein kinetics 

show closer agreement to the measured curves across the entire data sets than with simpler 

models. However, it is clear that next generation kinetic models with higher predictive power 

have yet to be constructed. 

Higher dimensional models have been described in the literature (31, 32, 34, 97). They more 

realistically account for the numerous biochemical steps and explicitly include additional 

species, such as ribosome subunits, aminoacyl-tRNA synthetases and energy regeneration 

enzymes. However, in order to describe the present experimental observations, these models will 

have to be upgraded to implement the limiting processes revealed here. 
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