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Cell-free protein expression systems have been invaluable in stud-
ies of protein translation mechanisms, protein engineering and 
interactions, in vitro evolution and structural research1,2. The best 
characterized and most widely used cell-free translation systems are 
based on Escherichia coli, one of which (PURE) exclusively comprises 
recombinant components3. The main shortcomings of E. coli–based 
cell-free systems are the lack of chaperone-based mechanisms 
needed to fold complex eukaryotic proteins and the absence of post- 
translational modifications specific to eukaryotes. Eukaryotic  
cell-free systems based on wheat germ extract (WGE), rabbit reticulo-
cyte lysate (RRL) and insect cell extract (ICE) overcome some of these 
problems4–6. Their ability to couple transcription and translation 
reactions on PCR-generated templates in multiplexed format greatly 
simplifies and accelerates protein production. This methodology has 
been used for protein engineering and production of protein arrays 
for many applications including drug screening and diagnostics (for 
review, see ref. 7). However, these eukaryotic cell-free systems do not 
scale up or down easily, are laborious and expensive to prepare, and 
are derived from source organisms that are difficult to manipulate 
genetically. Large batch-to-batch variation is also inevitable because 
of the long life cycle of the host organisms subject to many environ-
mental influences. An alternative system based on a rapidly growing, 
fermentable organism that is amenable to technically straightforward 
genetic modifications is therefore highly desirable.

Three main obstacles must be overcome to create an efficient cell-
free expression system. First, the system has to be programmed with 
exogenous mRNA that can efficiently engage the translational machin-
ery. Second, endogenous mRNAs must be degraded or otherwise 
prevented from being translated. Finally, practical protocols must be 
developed for preparing cell-free extracts that retain a functional trans-
lational apparatus. The biggest hurdle of cell-free protein synthesis 

is reprogramming the system with exogenous mRNA. Although the 
problem is readily solved in an E. coli–based system by using natural 
or synthetic ribosome binding sites, it presents a substantial challenge 
in eukaryotic systems where assembly of the translational complex 
requires a 5′-capped mRNA and numerous translational factors8,9. 
As cell-free expression systems typically use RNA that is synthesized 
in vitro and is therefore uncapped, they fail to engage the cap- 
binding complex and early translation factors that are required to 
form the 43S preinitiation complex. The problem is partially over-
come by enzymatic in vitro capping or by using cap-independent 
untranslated regions (UTRs), which mimic the cap structure and 
promote ribosomal complex assembly on the mRNA10,11. However, 
context dependence and species specificity of the latter sequences 
often complicate their generic application.

Undesired background translation is often prevented by digesting 
the endogenous mRNAs with micrococcal nuclease, which is more 
active toward mRNA than toward the ribonucleoprotein translational 
complexes. However, the inevitable partial degradation of tRNAs and 
rRNAs by such treatment reduces the translational activity of the 
lysate12, making alternative strategies highly desirable.

We describe the design of species-independent, universal transla-
tion-initiation leaders that engage ribosomes directly and thereby 
bypass the cap-dependent pathway. We used these leaders to develop 
a eukaryotic cell-free system based on extracts of the protozoan  
L. tarentolae.

RESULTS
Development of a universal translation-initiating sequence
Ribosomes comprise an evolutionarily conserved catalytic core of 
translation machinery. This core has been extended in eukaryotes 
by a large array of translation initiation factors. RNA secondary 
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 structure is believed to present a major obstacle to the assembly of the 
 translation-initiation complex, and one of the major functions of the 
eukaryotic cap-binding complex is activation of eIF4A helicase, which 
untangles the 5′ terminus of mRNA13. This enables presentation of 
the mRNA to the 43S preinitiation complex, which comprises the 
ribosomal 40S subunit and initiation factors eIF3, eIF2, tRNAi, eIF1, 
eIF1A and eIF5 (refs. 14,15). Secondary structures within the 5′ UTR  
substantially reduce the rate of 48S preinitiation complex assembly and  
thus translation efficiency16. Several kinetic and biochemical studies 
support this idea by demonstrating rapid assembly of the preinitiation 
complex on templates devoid of secondary structure. Interestingly, 
the late poxvirus genes contain poly(A)-enriched sequences as 
their 5′ UTRs17. Translation of such mRNAs was proposed to be 
cap independent and was demonstrated to function efficiently in a  
plant-based cell-free system18.

The presumed ability of unstructured translation leaders 
to bypass the early initiation steps and drive formation of the  
initiation complex may have several practical advantages. First, 
because they directly interact with the ribosomes, which are more 
conserved than the translation initiation factors, it is likely that such 
leaders display less species-dependence then sequences specifically 
binding initiation factors. Second, such a mechanism would be 
largely unaffected by the fused open reading frames (ORFs) because 
unstructured sequences have a low propensity for long-range base 
pairing. To test these ideas experimentally, we synthesized a series 
of mRNA molecules coding for egfp prefaced with poly(A) or 
mixed poly(U)/(A) sequences. These templates were assessed for 
their ability to mediate synthesis of EGFP in WGE. Figure 1a shows 
the most successful design, which includes a 64-residue poly(A) or 
(TTTTTA)13 stretch followed by the start ATG and another 50-residue  
AT-rich sequence prefacing the egfp ORF. The latter sequence forms 

three hairpin (3HP) elements comprising three very short stems and 
thermodynamically preferred tetraloops (Fig. 1a,b).

This arrangement was designed to promote assembly of the preini-
tiation complex and to enable one-dimensional sliding of the small 
ribosomal subunit in search of the start codon. The 3HP structure 
allows melting of the region downstream of AUG upon advance of 
the initiation complex and increases the residence time of the preini-
tiation complex in the vicinity of the start codon. This is expected 
to facilitate AUG recognition by the small ribosomal subunit and 
subsequent recruitment of the large ribosomal subunit. This model 
is supported by the observation that the hairpin structure substan-
tially enhanced the translation efficiency of the poly(A) leaders 
(Supplementary Figs. 1 and 2).

The mRNAs containing the unstructured leaders were translated effi-
ciently in WGE with expression levels of ~30 µg/ml (Fig. 1a,c)—yields 
exceeding those achieved by using either an “omega” leader (one of the 
most efficient translation enhancers for WGE19) or a combination of 
the 5′ UTR derived from the obelin-encoding gene of Obelia longissima 
with the satellite tobacco necrosis virus–derived 3′ UTR (Fig. 1c)11,20. 
Remarkably, the same mRNA was efficiently translated in rabbit reticulo-
cyte lysate and in E. coli extract (Fig. 1d,e and Supplementary Fig. 3). We 
speculated that unstructured leader sequences could potentially compete 
with endogenous mRNA and mediate mRNA translation in vivo. To test 
this directly, we transformed the E. coli BL21(DE3) RIL strain with plas-
mids bearing a T7 promoter and encoding EGFP prefaced either with 
the Shine-Dalgarno sequence or with (A)64 3HP or (UUUUA)13 3HP 
sequences. As can be seen in Figure 1f, (UUUUA)133HP and (A)643HP-
containing plasmids mediated expression of EGFP in E. coli, but less 
efficiently than the Shine-Dalgarno sequence (Fig. 1f).

The observed species-independence is strong evidence of a cap-
independent mechanism of translational complex assembly and 
implies that in principle, this new leader could initiate translation 
in any organism. We used two Saccharomyces cerevisiae extracts, 
one prepared by hypotonic lysis and one by nitrogen cavitation, 
to demonstrate translation of heterologous synthetic mRNA using 
this system (Supplementary Fig. 4). Further systematic analysis of 
translation efficiency of (A)643HP-EGFP constructs in coupled RRL, 
WGE and ICE systems demonstrated that this sequence mediated 
higher expression yields in all systems than species-specific leaders 
did (Supplementary Fig. 3). The developed leaders are SITS.
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Figure 1 Design of unstructured species-independent translational 
sequences (SITS) and analysis of their ability to initiate translation in  
cell-free expression systems. (a) Structure of SITS with functional 
elements indicated by arrows. (b) Predicted secondary structure of (A)64 
3HP-EGFP mRNA calculated with Mfold (∆G = −3.2 kcal/mol). Only the 
first 112 nucleotides are displayed. (c) Translation of EGFP-coding mRNAs 
carrying different 5′ translational leaders in WGE. The reactions were 
performed in microtiter plates and EGFP fluorescence was detected at 510 
nm using a plate reader. (d) As in c, but using E. coli cell-free translation 
system. (e) As in c, but using RRL. Owing to high hemoglobin content of 
the lysate, EGFP fluorescence could not be analyzed directly. Therefore 
protein expression levels were measured by resolving the unboiled samples 
on SDS-PAGE gels followed by fluorescence scanning of the unstained 
gels. Bars are labeled with the same symbols as in c. (f) Coomassie-stained 
SDS-PAGE gel analysis of lysates of E. coli cells transformed with  
plasmids carrying indicated SITS sequences (lanes 2,3,4), the Shine-
Dalgarno sequence (lane 5) or a randomly chosen sequence (lane 1).  
The 1HP of SITS in lane 2 denotes a single stable hairpin blocking  
the 5′ end (Supplementary Fig. 1). The identity of the expressed proteins 
was confirmed by fluorescent scanning of the gels and mass spectrometry 
of the purified proteins. The larger size of EGFP in lanes 2–4 reflects the 
inclusion of the SITS sequence into the final product as confirmed by 
mass spectrometry (Supplementary Figs. 15 and 16).
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An L. tarentolae–based cell-free translation system
The availability of SITS expands the range of organisms that can be 
used for obtaining lysates for cell-free protein production. This ena-
bles development of better and cheaper cell-free systems based on 
rapidly growing eukaryotes that are easy to manipulate genetically 
but have never been considered for this purpose. We chose cell-free 
lysates from Trypanosomatidae, a large group of primitive and pre-
dominantly parasitic protozoa, to test this idea. Compared to other 
eukaryotes gene expression in Trypanosomatidae is a collection of 
exceptions and innovations that feature RNA editing, virtually no 
transcriptional control, polycystronic transcription and mRNA trans-
splicing21. The mRNA splicing generates an identical 39-nucleotide 
splice-leader sequence on the 5′-end of all mature mRNAs, thus pro-
viding a universal and potentially targetable signature.

L. tarentolae has been used extensively as a Trypanosomatidae model. 
It grows rapidly in a range of media, is nonpathogenic to mammals 
and is easily manipulated genetically22–24. We tested several disruption 
procedures to obtain a translation-competent extract from cultured 
L. tarentolae. Nitrogen cavitation was identified as the best in terms of 
integrity of intracellular compartments and translation efficiency of 
the extracts (Supplementary Figs. 5 and 6). Radioautographs of SDS-
PAGE gels used to resolve lysate incubated with [14C]leucine revealed 
numerous radioactively labeled proteins, indicating active protein 
synthesis of endogenous mRNA (Fig. 2a and Supplementary Fig. 7). 
Further analysis also confirmed the system’s ability to initiate transla-
tion of exogenously added mRNAs (Supplementary Figs. 7 and 8). 
Although translation of endogenous templates could be suppressed 
by predigestion with nucleases (Supplementary Fig. 7), we sought a 
less invasive and more robust suppression method, and therefore, we 
decided to exploit the presence of an identical 5′ splice leader in all pro-
tein-coding mRNAs of L. tarentolae (Fig. 2b). Treatment of L. tarentolae 
extract (LTE) with an anti-splice-leader oligonucleotide was expected 
to form high-affinity DNA:RNA heteroduplex clamp on the 5′ termini 
of endogenous translationally competent mRNAs that would selectively 
interfere with assembly of the translation initiation complex.

Addition of a 35-nucleotide anti-splice-leader oligonucleotide 
to LTE and WGE suppressed the translation of total L. tarentolae 
mRNA in a dose-dependent manner. Importantly, mRNA encod-
ing EGFP, flanked with an obelin 5′ UTR, displayed increased 
translation under these conditions (Fig. 2a and Supplementary  
Figs. 8 and 9). The same effect could be achieved by adding the 
anti-splice-leader oligonucleotide at the last stage of lysate prepa-
ration, thus substantially simplifying the procedure (Fig. 2c). The 
entire process of extract preparation takes <4 h and yields ~2.5 ml 
of translation-competent lysate per liter of L. tarentolae culture. 
We tested the lysate for its ability to translate a set of EGFP-coding 
mRNAs carrying SITS, obelin or omega 5′ UTRs. Consistent with 
the observations on other eukaryotic cell-free systems, (A)643HP or 

(UUUUA)133HP translational leaders mediated the highest levels 
of protein synthesis in LTE (Fig. 2d).

A single-step, PCR-compatible, LTE-based in vitro translation 
protocol
The LTE cell-free system was then adapted for high-throughput auto-
mated applications, with the ultimate aim of becoming a one-tube 
template amplification and protein synthesis procedure. An LTE lysate 
was formulated, which contained recombinant T7 RNA polymerase, 
appropriate nucleotides and a buffer system capable of supporting 
both transcription and translation steps in a coupled fashion. When 
primed with SITS-EGFP-coding plasmid, the coupled system was 
~30% less efficient than the mRNA-primed system. Unpurified PCR 
mixtures added to the LTE lysate were only 10% less efficient than plas-
mid DNA (Fig. 3a). This modified system is now well suited for rapid 
protein engineering and production in a high-throughput format.

We next compared the efficiency of the coupled LTE system with com-
mercially available coupled E. coli, RRL, ICE and WGE systems by first 
generating a set of linear DNA templates encoding EGFP and carrying 
the optimal translational leaders. Translation using the corresponding 
systems demonstrated that, in the chosen configuration, LTE has several 
fold higher yields than commercial eukaryotic systems but was ~40% 
less efficient than an E. coli–based system (Supplementary Fig. 3).

Fluorescence readout of the translation assay allowed further opti-
mization of the system. Temperature and buffer conditions for the 
LTE system were optimized using 384-well plate-based fluorescent 
assays. Using the optimal configuration, we could produce ~300 µg of 
protein/ml of lysate in 90 min using the optimal reaction temperature 
of 20 °C for RNA-driven systems and 26 °C for DNA-driven systems 
(Supplementary Fig. 10).

The ability of the LTE system to translate targets of diverse origins 
was next assessed by PCR-tagging a set of arbitrarily chosen genes 
combined with the EGFP-coding sequence. In all experiments, the 
fluorescent products could be detected directly in the gel (Fig. 3b). 
Furthermore, four independent RNAs were co-translated using this sys-
tem to yield the four protein products in comparable amounts (Fig. 3c). 
Using a combination of LTE synthesis and affinity purification, we 
demonstrated the in vitro expression and assembly of the heterodimer  
Rab geranylgeranyl transferase (Supplementary Fig. 11).
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aFigure 2 Preparation of cell-free translational lysate based on  
L. tarentolae. (a) Autoradiograph of SDS-PAGE gel loaded with the 
[14C]leucine-supplemented LTE. Equal amounts of mRNA coding for 
the obelin-egfp gene were added to all reactions together with the 
indicated concentrations of α-splice leader oligonucleotide. The arrows 
indicate the positions of the dominant endogenous tubulin band and the 
recombinant EGFP. The identity of the latter was confirmed by western 
blot analysis. (b) Principle scheme of anti-splice leader (α-splice leader) 
oligonucleotide-mediated suppression of L. tarentolae mRNA translation 
in a cell-free system. (c) Flow chart of L. tarentolae cell-free lysate 
preparation. αSL, α-splice leader. (d) Translation of EGFP-coding mRNAs 
carrying different 5′ translational leaders in LTE. The reactions were 
performed and analyzed as in Figure 1c.
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To further ascertain that the LTE system could produce eukary-
otic proteins in the folded state and compare it to other cell-free 
systems, we used SITS-tagged PCR products to translate 15 human 
Rab GTPases in coupled LTE, E. coli, ICE, RRL and WGE systems25 
(Supplementary Fig. 12 and Supplementary Methods). The proteins 
were N-terminally fused to a Myc tag, which allowed their absolute 
quantification in translation mixtures. To assess the folding status of 
recombinant GTPases, we took advantage of their post-translational 
prenylation mediated by Rab geranygeranyl transferase. This modi-
fication can occur only when the GTPase domain of RabGTPase is 
properly folded and forms an extensive protein:protein interface with 
an accessory protein termed Rab escort protein (REP)26. To quantify 
the prenylation reaction, we took advantage of a biotinylated analog of 
RabGGTase’s substrate (geranylgeranylpyrophosphate), biotin-gera-
nyl pyrophosphate (BGPP). Incorporation of BGPP into protein can 
be readily detected by western blot analysis27.

Comparative analysis of in vitro prenylation efficiency of the syn-
thesized RabGTPases demonstrated that LTE and ICE systems were 
the most efficient for folding mammalian RabGTPases (Fig. 3d and 
Supplementary Fig. 12). Surprisingly, the mammalian RRL method 
performed relatively poorly in the test, even though possible inter-
ference of RRL components with the Rab prenylation machinery 
was ruled out by the appropriate controls. We observed that folding 
patterns of individual proteins significantly deviated from the statisti-
cal average. This indicates that similar to in vivo expression systems, 
screening of the protein target against cell-free systems should enable 
identification of the optimal expression system. The developed SITS 
enables such screening using a single-gene construct.

To simplify the procedure of template preparation for high-
throughput applications, we sought to develop a smaller translational 
leader that could be encoded into PCR primers to enable translation 
of PCR products (Fig. 3e). To this end, we reduced the length of the 
UUUUA repeats to ten units and deleted the hairpin sequence. The 
modified design was based on the observation that a UUUUA-based 
SITS is less dependent on the post-AUG hairpin sequences than on 
the poly(A) sequence. The simplified leaders mediated protein syn-
thesis from PCR-amplified templates with an efficiency ~65% of that 
observed for the full-length SITS (Supplementary Fig. 2a,b).

Analysis of LTE-translated proteins by fluorescence 
correlation spectroscopy
One of the main advantages of cell-free protein production is its speed 
and amenability to miniaturization and multiplexing. Analysis of 
protein:protein and protein:small molecule interactions requires the 
isolation—and in many cases—labeling of the recombinant proteins. 
Although pull-down–based interaction analysis can in principle be 
used for high-throughput applications, it provides no quantitative 
information about the interaction and is not easily expanded to ana-
lyze protein:small-molecule interactions. These limitations can be 
overcome by monitoring interactions of the molecules directly in 
solution using spectroscopic methods. Fluorescent correlation and 
cross-correlation spectroscopy (FCS and FCCS) have emerged as 
promising techniques for the analysis of molecular interactions in 
complex mixtures such as cell lysates or even in living cells28.

These single molecule–based methods provide information on dif-
fusion rates, binding affinities and interaction kinetics for fluores-
cent molecules in solution29. The availability of genetically encoded 
fluorophores enables application of these methods to monitor protein 
interactions directly in cell-free expression systems, thus compressing 
the entire cycle of recombinant protein production, derivatization and 
functional analysis into a single experiment. We initially sought to 
test whether the developed cell-free system is compatible with FCS 
measurements. Coupled in vitro translation of the SITS-egfp gene was 
undertaken in the chamber of a confocal microscope configured in 
the FCS mode. Fluorescent molecules were detected within 5 min and 
the optimal measuring density was reached by 15 min. The average 
autocorrelation curve for EGFP was compared with purified EGFP 
in solution. The curves demonstrated low noise but also exhibited a 
slightly anomalous behavior, possibly because of molecular crowd-
ing in the LTE (Fig. 4a,b). Incubations longer than 20 min further 
increased the signal and led to a reduction in autocorrelation due to 
the simultaneous presence of multiple EGFP molecules in the focal 
volume. Translation of EGFP fused with the β-subunit of Rab gera-
nylgeranyl transferase yielded a protein with a lower diffusion coef-
ficient, reflecting its larger size (Fig. 4b). This result demonstrated that 
single molecule analysis could be performed directly in the cell-free 
translation mixture.

Analysis of LTE-synthesized protein interactions by FCCS
Having shown that diffusion rates of LTE-synthesized proteins can be 
analyzed directly in the translation mixture, we next asked whether 
the same direct analysis is possible for protein:small molecule and 
protein:protein interactions. The well-characterized interaction 
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between streptavidin and biotin was chosen as the first test example. 
A fusion protein of streptavidin and EGFP was synthesized in LTE, 
and its ability to interact with the fluorescent ATTO 590-biotin was 
analyzed by FCCS (Supplementary Methods). This analysis success-
fully demonstrated cross-correlation between channels, indicating 
complex formation between the streptavidin-EGFP and ATTO 590-
biotin (Fig. 4c). The observed interaction was specific as addition of 
excess unlabeled biotin abrogated the signal owing to competition 
for binding to streptavidin. Independent proof that the LTE-synthe-
sized streptavidin was correctly folded was obtained by gel co-migra-
tion experiments that confirmed its tetramerization and interaction 
with ATTO 590-biotin (Supplementary Fig. 13).

Finally, we examined whether more complex systems synthesized in 
LTE could be analyzed by FCCS. We chose to analyze FKBP and FRB 
proteins, which form a high-affinity complex in the presence of the 
small-molecule rapamycin30. EGFP-FRB was translated in the LTE 
cell-free system in the presence of recombinant FKBP-Cherry that was 
purified by nickel-nitrilotriacetic acid (Ni-NTA) chromatography from 
a separate translation reaction (Supplementary Fig. 14). Although 
co-translation of both proteins in one setup is also possible, the slow 
maturation of Cherry compared with EGFP complicates the direct 
interaction analysis. FCCS analysis of the translation mixture revealed 
cross-correlation of the fluorescent signals that could be fitted to a 
two-component binding model with a Kd value of 176 nM. The inter-
action was specific because no signal was present in the absence of 
rapamycin (Fig. 4d). The obtained Kd value was higher than the Kd 
value of 32 nM obtained with purified recombinant proteins (data not 
shown) and the previously reported affinity estimates30. The apparent 
discrepancy of the obtained values prompted us to repeat the measure-
ment of the purified recombinant complex in the context of the LTE 
lysate. This yielded a Kd value of 90 nM, indicating that the observed 
discrepancy reflected interaction(s) of the complex components 
with the LTE extract and that the method faithfully determined the  
affinity changes.

DISCUSSION
Our study offers solutions to four main bottlenecks of cell-free 
protein production and analysis: initiating translation, suppressing 

translation of endogenous mRNAs, rapid preparation of eukaryo-
tic translation lysates and interaction analysis of the synthesized 
proteins. SITS promote assembly of the active ribosome:mRNA 
complexes in both pro- and eukaryotic cell-free systems, appar-
ently without the requirement for translation initiation factors. 
This is evidenced by the observation that SITS-containing mRNA 
can initiate translation on E. coli ribosomes both in vivo and  
in vitro. The SITS-mediated initiation of translation is efficient 
in all cell-free systems tested and more efficient in the eukaryo-
tic systems than the established translation-initiation leaders. 
Availability of such universal translation leaders enables rapid 
development of cell-free expression systems based on organisms 
previously not considered suitable as sources of in vitro transla-
tion lysates.

We exploited SITS to develop a cell-free system using a L. tarentolae- 
based in vitro translation system. Amenability to large-scale and 
 inexpensive fermentation of L. tarentolae enables the routine 
production of ~50 ml of cell-free extract in a standard labora-
tory setup. The development of methods for L. tarentolae genetic 
manipulation enabled further improvement of the host strains, 
including the overexpression of chaperone systems, kinases and 
other enzymes to mediate post-translational modifications. The 
potential for such modifications represent a major advantage  
of L. tarentolae–based systems over other eukaryotic systems based 
on complex multicellular organisms that are less amenable to 
genetic modification.

The ability of the developed cell-free system to co-express multiple 
proteins also prompted us to seek a generic solution for protein:protein  
and protein:small molecule interaction analysis. We demonstrated 
the use of FCCS to quantitatively and directly analyze interactions  
between the in vitro–translated proteins and small molecules in 
the translation mixture. Development of a single-tube, coupled 
PCR-to-protein synthesis protocol allows high-throughput protein 
engineering and binding studies in 384-well or higher-density 
formats. A very appealing application of such a technology is the  
high-throughput engineering of multi-protein complexes, which has 
until now not been possible due to exorbitant numbers of truncation 
variants and their combinations.

1.4

1.0

0.8

0.6

0.4

0.2

10–5
0

180
160
140
120
100
80
60
40
20
0

1.3

1.2

G
(t

)
G

(t
)

G
(t

)
G

(t
)

1.1

2.0

1.8

1.6

1.4

1.2

1.0

1.6

1.4

1.2

0

1.0

1.0
10–5 10–4

Time (s)

Time (s) Time (s)

Time (s)

22 min

EGFP
EGFP-RabGGTase-β

19 min
18 20 22 24 26

Time (min)
E

G
F

P
 y

ie
ld

 (
nM

)
28 30 32

25 min
31 min

Autocorrelation ATTO-biotin
FKBP-Cherry

FRB-EGFP
Autocorrelation
STR-EGFP Cross-correlation

ATTO-biotin
STR-EGFP
Cross-correlation
ATTO-biotin,
STR-EGFP
+ excess of biotin

Cross-correlation
+Rapamycin

Cross-correlation
–Rapamycin

10–3 10–2

10–510–6 10–4 10–3 10–2 10–1 10–510–6 10–4 10–3 10–2 10–1

10–4 10–3 10–2 10–1

a

c d

b Figure 4 Fluorescence correlation (FCS) and 
cross-correlation (FCCS) analysis of fluorescent 
proteins synthesized using the LTE system.  
(a) FCS analysis of EGFP molecules synthesized 
in the coupled LTE system primed with the 
SITS-EGFP-coding plasmid. The data were 
collected at the indicated times and fitted to 
the autocorrelation function. The inset shows 
the changes in EGFP concentration during 
the measurement time. (b) Fit of the diffusion 
rates of unpurified EGFP and EGFP-RabGGTase 
β-subunit expressed using the LTE system. 
(c) FCS analysis of streptavidin-EGFP fusion 
protein expressed in LTE and FCCS analysis 
with the ATTO 590-biotin conjugate. The control 
samples (blue curve) were supplemented with 
excess unlabeled biotin. The individual curves 
were fitted to the autocorrelation function 
(black line). (d) Interaction analysis of the LTE-
expressed FRB-EGFP and FKBP-Cherry in the 
presence (blue curve) and absence (black curve) 
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METHODS
Methods and any associated references are available in the online ver-
sion of the paper at http://www.nature.com/naturebiotechnology/.

Note: Supplementary information is available on the Nature Biotechnology website.
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ONLINE METHODS
Preparation of LTE. L. tarentolae Parrot laboratory strain was obtained from 
Jena Bioscience GmbH and was cultivated as agitated suspension in LEXSY 
BHI medium (Jena Bioscience) at 26 °C. Cells were grown to a final OD600 of 
1.9. Cells were pelleted for 10 min at 2.500g in Beckman Avanti TM centrifuge 
using J-20 XP Rotor. The pellet was washed once by with sucrose extrac-
tion buffer (SEB) containing 250 mM sucrose, 45 mM HEPES-KOH pH 7.6, 
100 mM potassium acetate, 3 mM magnesium acetate. The cell suspension 
at 5 × 109 cells/ml was transferred into cavitation chamber of cell disrup-
tion bomb (Parr Instruments) and incubated 30 min on ice under 70 bar 
nitrogen pressure. After the instant release of the pressure the suspension of 
the broken cells was subjected to two rounds of differential centrifugation. 
First centrifugation was carried out at 10,000g for 15 min and the superna-
tant was transferred to a fresh tube and centrifuged at 30,000g for 15 min 
To obtain post-microsomal supernatant (30S extract) the upper ¾ portion 
of the supernatant was loaded onto the NAP-25 gel-filtration columns (GE 
Healthcare) pre-equilibrated with SEB buffer lacking sucrose (EB). Protein 
concentration in fractions was determined with Coomassie Protein Assay kit 
(Pierce), the fractions with OD595 ≥ 0.7 were pooled together, supplemented 
with anti–splice leader oligonucleotide to final concentration of 20 µM and 
snap frozen in liquid nitrogen. The extracts were kept at −80 °C for 6 months 
without the detectable loss of activity.

In vitro transcription and purification of mRNA. In vitro transcription reac-
tions were carried out in buffer containing 40 mM HEPES pH 7.9, 18 mM 
magnesium acetate, 2 mM spermidine, 5 mM of each ribonucleotide, 40 mM 
DTT, 10 unit/µl of T7 RNA polymerase (Fermentas), 2.5 unit/ml of yeast 
inorganic pyrophosphatase (NEB), 0.3 unit/µl of RNase Inhibitor (Clontech) 
and 50–70 ng/µl of template DNA. The mixture was incubated for 90 min at 
37 °C, diluted threefold with RNase-free water, and the RNA was precipitated 
by addition of 0.5 volume of 8 M LiCl followed by 30 min incubation on ice 
and subsequent centrifugation. The pellet was dissolved in 300 µl of water and 
precipitated again by addition of 2.5 volumes of absolute ethanol in the pres-
ence of 0.3 M NH4OAc at pH 5.2. The pellet was rinsed twice with 70% ethanol 
and dissolved in an appropriate volume of distilled water. RNA concentration 
and purity was measured by UV-spectroscopy using Nanodrop (Thermo). The 
integrity of RNA was verified by denaturing agarose gel.

Preparation of translation extract from S. cerevisiae and translation of 
(A)643HP-EGFP coding mRNA. Yeast cells were grown in 1 liter of yeast pep-
tone dextrose medium to a density of 5 × 107 cells/ml, pelleted by centrifuga-
tion at 2,500g for 10 min and washed with 0.5 liter of PBS. 15 g of cell pellet was 
resuspended in 30 ml of buffer containing Tris pH 9.4, and 10 mM DTT and 
incubated for 15 min at 30 °C with 100 r.p.m. agitation. The suspension was then 
centrifuged and resuspended in 75 ml of buffer containing 20 mM KPi, pH 7.4,  
1.2 M sorbitol and 30 mg zymolyase and incubated for 45 min with shaking 
as above. The resulting spheroplasts were washed in 500 ml of buffer contain-
ing 100 mM potassium acetate, 2 mM magnesium acetate, 30 mM HEPES 
pH 7.6 and 1.2 M sorbitol. Half of the pellet was washed once in cavitation 
buffer (8.5% mannitol, 30 mM HEPES pH 7.4, 100 mM potassium acetate,  
2 mM magnesium acetate, 2 mM DTT) and resuspended in 14 ml of the same 
buffer to the density of 5 × 109 cells/ml, incubated on ice in nitrogen cavitation 
reservoir (Parr Systems) at 70 bar pressure. After the 25 min of incubation 
the pressure was released. Another half of the pellet was resuspended in 14 ml 
buffer containing 20 mM HEPES-KOH pH 7.6 and 2 mM DTT and subjected 
to hypotonic lysis on ice for 15 min. Both lysates were cleared by centrifugation 
and rebuffered as described for LTE preparation. The gel-filtration columns 
were equilibrated with cavitation buffer without mannitol. The final extracts 
were treated with micrococcal nuclease at a concentration of 10 units/ml for 
20 min at 20 °C and snap frozen in liquid nitrogen.

In vitro translation in LTE system. Translation of mRNA. Translation reactions 
in LTE were carried out at 20–26 °C using 600 pmol/ml of mRNA. To simplify 
translation protocol all additives were formulated as 5× feeding master mix 
and added to the translation reaction mix before translation reaction. The final  
in vitro translation reaction contained 50% of LTE in 40 mM HEPES, pH 7.6,  
50 mM potassium acetate, 0.25 mM spermidine, 2 mM DTT, 2.5 mM magnesium 

acetate, 1% wt/wt PEG 3000, protease cocktail (Roche), 133 µM of each of 20 
amino acids as well as the energy regeneration system composed of 1.2 mM ATP, 
0.12 mM GTP and 40 unit/ml skeletal muscle creatine kinase and 40 mM of 
creatine phosphate (EMD Biosciences). The translation reaction was allowed to 
proceed for 2 h at 20 °C. Typically a 10 µl aliquot was withdrawn, mixed with 2× 
SDS loading buffer and resolved on the 15% SDS-PAGE gel. In case of proteins 
tagged with fluorescent domain the samples were not boiled before electrophore-
sis, and the fluorescent products were visualized by EGFP fluorescence using 
VersaDoc gel documentation system (BioRad). Fluorimetric kinetic assays of 
EGFP expression were performed in 384-well plates in 20 µl reaction volume at 
20 °C during 2 h with one measurement every 2 min. The measurements were 
carried out using the Fluoroscan Ascent FL fluorescent plate reader (Labsystems). 
The excitation/emission wavelengths were set to 485/510 nm for EGFP.

To prepare a coupled transcription-translation system the LTE extract was 
additionally supplemented with 2 unit/µl T7 polymerase and rNTP mixture 
to a final concentration of 1 mM each. The transcription-translation reactions 
were programmed either by SITS containing plasmids, purified PCR products 
at 0.05 µM or 10 µl of 20% wt/wt of a crude PCR reaction.

In vivo expression, purification and ESI-MS analysis of EGFP expressed in  
E. coli using SITS leader. E. coli BL 21(DE3) strain was transformed with 
pTUB-NEO vector containing EGFP-coding ORF with (A)643HP leader under 
control of T7 promoter. The transformed cells were grown in 500 ml of LB 
media at 37 °C to OD600 = 0.6 and the protein synthesis was induced with  
0.5 mM of IPTG. The cells were grown for an additional 2 h and harvested by 
centrifugation for 15 min at 8,000g. Harvested bacterial cells were resuspended 
in 3 ml of ice-cold buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM EDTA 
and 0.1 mg/ml of DNase I) and disrupted by sonication. The obtained crude 
cell extract was cleared by centrifugation for 15 min at 30,000g followed by 
ethanol extraction of EGFP according to the previously described protocol32. 
Next 0.4 ml of EGFP-containing ethanol fraction was subjected to gel-filtration 
on a Superdex 75 10/300 column (GE Healthcare) pre-equilibrated with  
20 mM Tris-HCl pH 8.0, 50 mM NaCl buffer. Fractions of 0.2 ml were collected 
and analyzed by SDS-PAGE followed by Coomassie Blue staining. Selected 
EGFP-containing fractions were pooled, and total protein from 100 µl aliquot 
was precipitated with acetone. Dried acetone pellet was dissolved in 5% formic 
acid and subjected to ESI-MS analysis on Q-STAR Elite mass-spectrometer 
(Applied Biosystems) fitted with a C-18 reversed-phase column driven by 1100 
series nano-HPLC system (Agilent). Nano-HPLC reversed-phase chromatog-
raphy was performed under 0–100% gradient of solvent B (90% acetonitrile 
in water, 0.1% formic acid) in solvent A (0.1% formic acid in water) with a 
flow rate of 4 µl/min.

Translation of RabGTPases in E. coli, WGE and LTE extracts. Rab GTPases 1, 3A, 
6A, 8, 10, 14, 15, 16, 19, 23, 26, 26, 28, 30 and 38 were PCR amplified using the splic-
ing overlap extension (SOE) PCR procedure, but the SITS sequence–Myc assembly 
was amplified and the Myc sequence used as a fusion junction. The procedure 
resulted in linear DNA fragments bearing sequences encoding for T7 promoter, 
(A)642HP, myc and Rab ORF. The oligonucleotides annealing 150 nt downstream 
from the Rab stop-codon triplet were used as the reverse primers. Purification of 
PCR products was carried out as described above. This resulted in insertion of 
the sequence: AGATCTTAAGAA AAAAAAAAAAAAAAAAAAAAAAAA AAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCATGACAGTAATGTA
TGTCTGTAAAGACAAAACCGAGCAGAAGCTGATCTCGGAGGAGGACCTG 
between T7 promoter and the first codon of Rab ORFs. The respective PCR prod-
ucts were added to the final concentration of 40 nM to 20 µl of LTE, E. coli RTS 
(Roche), TnT-ICE (Promega), TnT-RRL (Promega), TnT-WGE (Promega) and 
coupled cell-free systems. The translation reactions were carried out at 26 °C for 
LTE and at 28 °C for E. coli, TnT-ICE, TnT-RRL and TnT-WGE. The total product 
yield was estimated by western blot analysis with the mouse anti-Myc antibodies 
and secondary antibodies conjugated to HRP using Myc-tagged meromyosin light 
chain as standard. The antibody staining was developed using ECL chemilumi-
nescent detection system (GE Healthcare) and luminescence was imaged using 
Lumi-Imager FM (Boehringer Mannheim). The densitometry was performed with 
Image J software package.

In vitro prenylation of the translated RabGTPases. In vitro prenylation of  
the translated RabGTPases was carried out to assess the folding status of the 
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recombinant GTPases. To exclude incorporation of endogenous isoprenoids 
present in eukaryotic cell–free lysates by endogenous protein prenyltransferases, 
we supplemented duplicates of the translation reactions with BGPP/REP1 mix-
ture during the translation reaction. After 25 min incubation the reactions were 
supplemented with RabGGTase and incubated for a further 2.5 h. The reactions 
that were not supplemented with prenylation machinery have been subjected 
for prenylation upon completion of cell-free synthesis and incubated for 3 h at 
25 °C27. The reactions were stopped by addition of an equal volume of the SDS-
sample buffer and 2 µl aliquots were used for western blot analysis as described 
above. To detect incorporation of biotin-geranyl into RabGTPases the mem-
branes were probed with streptavidin-HRP and the staining was visualized as 
described above. In control experiments the unprimed cell-free lysates were 
subjected to prenylation and analyzed by western blot analysis as described 
above. The density of the bands on the scanned luminescent images was quan-
tified using program Image J. The densities of the incorporated biotin label 
were adjusted using loading correction factors derived from protein expression 
level quantification obtained with anti-Myc antibody. The data were further 
corrected for incorporation of biotin-geranyl into endogenous RabGTPases 
and plotted using Grafit 5.0 (Erithacus Software). To obtain the averaged pre-
nylation efficiency the data for individual Rabs were scaled to 100% scale and 
the average for each cell-free system was calculated.

In vitro co-translation and subunit interaction analysis of Rab geran-
ylgeranyl transferase (RabGGTase). Genes coding for EGFP-GGTase β and 
6His-mCherry-GGTase α-subunits with (A)27 leader and T7 promoter were 
synthesized using SOE PCR and used as templates for in vitro transcription. 
Both mRNAs were co-translated in 30 µl of LTE cell-free system. As a nega-
tive control mRNA coding for EGFP-GGTase β subunit was translated under 
the same conditions. The translation reaction was carried out as described 
above but the concentration of each mRNA was set at 0.3 pmol/µl and  
β-mercaptoethanol in the translation reaction mix was substituted for DTT. 
The formation of α/β heterodimer was analyzed by affinity chromatography 
using the 6His tag on the N terminus of the α-subunit. For that, the translation 
reactions were mixed with 100 µl of binding buffer (300 mM NaCl, 50 mM 
HEPES, pH 7.6, 0.01% Triton X-100) and 30 µl of Ni-NTA resin. The slurry 
was incubated for 10 min at 22 °C, loaded into a spin-column and centrifuged 
at 500g for 1 min. The resin was further washed twice with 250 µl of wash-
ing buffer, and the bound proteins were eluted with 30 µl of binding buffer 
supplemented with 300 mM of imidazole. 15 µl aliquots of second wash and 
the eluate were resolved unboiled on 15% SDS-PAGE. The polypeptides were 
visualized by multi-wavelength scanning for mCherry and EGFP fluorescence 
using the VersaDoc fluorescent scanner (BioRad).

Expression and purification of recombinant FRB-EGFP and FKBP-Cherry 
fusion proteins. ORFs of FRB and FKBP were PCR amplified using the synthetic 
genes for FRB and FKBP as templates. The PCR fragments were cloned in-frame 
into mCherry or EGFP containing pOPINE vectors yielding plasmids 6His-
EGFP-FRB and 6His-mCherry-FKBP33. E. coli transformation, cultivation, pro-
tein synthesis induction and harvesting were done as described elsewhere33.

Harvested cells were resuspended in buffer A (40 mM HEPES KOH, pH 
7.6, 300 mM NaCl with 1 mM PMSF, 2 mM β-mercaptoethanol and protease 
inhibitor cocktail; Roche) before lysis and disrupted using fluidizer. The crude 
extract was cleared by centrifugation for 1.5 h at 50,000g. The supernatant 
was loaded on Hi-Trap Ni-NTA chelating column (GE Healthcare), and the 
bound proteins were eluted with a linear gradient of 10–150 mM imidazole 
in buffer A. Fractions containing the protein of interest were pooled and dia-
lyzed against 25 mM HEPES 7.6, 40 mM NaCl and 5 mM β-mercaptoethanol. 
Dialyzed protein solution was cleared by centrifugation and concentrated to 
10 ml with Centriprep-30 (Amicon) concentrator. The solution was cleared 
again by centrifugation and subjected to further purification by size exclusion 
chromatography on Superdex-200 column. The protein eluting at the expected 
position, was concentrated and snap-frozen in liquid nitrogen.

FCS and FCCS analysis. All single-molecule measurements were carried out 
on the inverted LSM 510 confocal microscope with ConfoCor2 module (Zeiss) 
operated by Zeiss software. EGFP fluorescence was excited by 488 nm line of an 
argon laser beam; ATTO 590, by 594 nm HeNe laser; and mCherry, by 561 nm 

diode laser. The excitation beams were focused in 20 µl of the analyzed sample 
placed in the well of an 8-well chamber slide (Nunc) using water immersion 
Apochromat X40/1.2NA objective. Emitted light passed through an adjust-
able pinhole and was separated on a 565 nm dichroic mirror; 505–540 and 
615–680 nm segments of the spectra were then selected with bypass filters for 
EGFP (green channel) and mCherry or ATTO 590 (red channel) fluorescence 
detection, respectively.

The power of exciting beams was set up to achieve maximum count per 
molecule (CPM) rate without visible photo-bleaching, and typically, CPM 
was kept in a range between 3 and 6 kHz. Data acquisition time was 100 s 
and included 10 runs of 10 s each. The confocal volumes were estimated by 
 measuring rhodamine green (green channel) and Alexa 546 (red channel), 
whose diffusion coefficients are known to be 230 and 260 µm2 s−1 respectively, 
in the buffer containing 10 mM TrisHCl, pH 7.6, and 0.1 mM EDTA. The 
overlap of green/red channel confocal volumes was assumed to be 50%.

The collected data was analyzed using Zeiss software package. The theo-
retical basics of autocorrelation and cross-correlation analysis are described 
everywhere34. Experimental autocorrelation functions (ACF) were fitted in 
three-dimensional diffusion model35 for a two-components model. The disso- 
ciation constants (Kd) for binary interacting systems were calculated as 
described previously29. FKBP:FRB interaction was treated as a simple binary 
interaction owing to the high affinity of rapamycin:protein interactions and 
the excess of antibiotic over the proteins.

FCCS interaction analysis of streptavidin-EGFP and ATTO 590-biotin. 
PCR, T7 transcription and cell-free translation procedures were carried out as 
described above. The gene, encoding T7 promoter, (UUUUA)7 leader sequence, 
streptavidin-EGFP fusion protein and 94-nt long 3′ UTR was synthesized by 
SOE PCR and used for in vitro transcription. The mRNA obtained was puri-
fied and used to program the LTE as described above. After 2 h of incubation 
at 20 °C, the translation mixture was clarified by centrifugation at 18,000g for 
10 min and diluted with buffer (100 mM NaCl, 40 mM HEPES KOH, pH 7.6) 
to adjust the concentration of the synthesized protein to ~70 nM. An aliquot 
of reaction mixture was analyzed on 15% SDS-PAGE gel in the presence or 
absence of labeled biotin to verify the ability of the synthesized streptavidin-
EGFP fusion protein to tetramerization and biotin binding. ATTO 590-biotin 
was added directly to the translation mixture to a final concentration of 40 nM 
and the sample was incubated for 3 min at 20 °C and used for FCCS measure-
ments. To confirm the specificity of the interaction between streptavidin-EGFP 
and ATTO 590-biotin, the experiment was repeated in the presence of 1 µM 
of unlabeled biotin.

FCCS interaction analysis of FRB and FKBP synthesized in cell-free system. 
To analyze the interaction of FRB and FKBP, we used SOE PCR to generate four 
variants of each gene fused either to mCherry or EGFP and containing either 
C-terminal 6his tag or no tag. The PCR fragments were designed to contain 
the T7 promoter and 5′ (UUUUA)7 leader sequence. Respective mRNAs were 
prepared and translated at 20 °C for 3 h as described above. To evaluate the 
quality of the synthesized proteins the translation mixtures were resolved on 
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Design and analysis of SITS sequences  

 

Figure S1. Translation of mRNAs coding for egfp gene with polyAU SITS in LTE.  Equal 

amounts (0.6 pmol/μl) of indicated mRNAs were translated in LTE and changes in 

fluorescence were recorded using fluorescence plate reader. The sequence elements 

comprising the translated mRNAs are denoted in the inset. 
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Figure S2. Analysis of the structure-activity relationship of SITS-containing mRNAs in 

LTE. (A) influence of the 3 hairpins downstream of AUG sequence on the efficiency of 

EGFP translation in LTE extract. Equal amounts (0.6pmol/μl) of indicated EGFP mRNAs 

were translated in LTE and changes in fluorescence were recorded (B) As in A but using 

(UUUUA)13 based translational leader. (C) Dependence of the EGFP expression yield in 

LTE on the mRNA concentration. Identical volumes of LTE were supplemented with 

increasing amounts of mRNAs carrying the indicated translation leaders and the 

fluorescence of the reaction mixtures was measured after 2 hours. (D) Influence of the 

length of polyA 5’ UTR of luciferase gene on the efficiency of its translation in LTE. Equal 

amounts (0.4 pmol/μl) of luciferase mRNAs were translated in LTE and luminescence 

measured using the luciferase assay kit (Stratagene).  
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Figure S3. Analysis of translation efficiencies of EGFP encoding mRNA with different 

translation initiation sequences in coupled prokaryotic and eukaryotic cell-free 

expression systems. (A) translation of EGFP encoding PCR products in coupled LTE and 

commercially available coupled cell-free translation systems. The EGFP ORF was 

amplified by overlap-extension PCR to tag it with the indicated translational leaders at 

the 5’ or 3’ termini. The leaders were chosen according to the instructions of the cell-

free system manufactures and are summarized in panel G. All translation reactions with 

the exception of RRL were incubated for 2 hours and changes in fluorescence were 

monitored using a fluorescent plate reader as described above. During this period all 

systems except E. coli came to complete or near saturation. The productive phase of the 

E. coli system was saturated after 4 hours resulting in total yield of approx. 200 μg/ml 
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Optimization of cell-disruption procedure 

The ability of cell extracts to retain protein synthetic capacity is largely dependent on the 

approach chosen for cell disruption and the subsequent steps of the lysate fractionation 
1 2. We assumed that the better the organelle’s integrity was preserved during cell 

breakage the fewer of translation inhibitory factors would be released and less stress 

induced reactions develop. We compared several methods of L.tarentolae 

homogenization by evaluating the activity of succinate-cytochrome C reductase complex 

as a measure of the integrity of outer mitochondrial membrane 3,4, 5. 

(see panel E). (B) comparison of the expression yields of Rabbit Reticulocyte  Lysate 

(RRL) primed with EGFP PCR products bearing either a globin or (A)643HP   leader. (C) 

as in B but priming Wheat Germ Extract (WGE) with EGFP templates bearing (A)643HP, 

omega or Barley yellow dwarf virus (BYDV) mRNA leader sequence. (D) as in B but 

priming the Insect Cell Extract  (ICE) with (A)643HP  and Polyhidrin leader (PolyH). (E) 

priming of E.coli cell-free system with the PCR products encoding for EGFP with the 

indicated translation leaders. (F) as in E but testing different combinations of translation 

initiation enhancing sequences. The latter results indicate that although SITS can 

substitute for the Shine-Dalgarno sequence in prokaryotes their activities are not 

additive. (G) translational leaders used in this study for comparative analysis of the in 

vitro translation systems. The BYDV and polyhidrin 3’ UTRs are shown while in all other 

cases the 100 nt 3’UTR was derived from pTUB-SITS-EGFP plasmid.   

Figure S4. Translation of SITS-EGFP 

and omega-EGFP mRNAs in extract of 

S. cerevisiae prepared by hypotonic 

lysis. The lysate prepared by nitrogen 

cavitation produced similar results (not 

shown). 
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Mitochondrial fraction was isolated either by Percoll gradient or by differential 

centrifugation in 250 mM sucrose 6 and adjusted by protein concentration.  Reduction of 

exogenously provided oxidized form of cytochrome c by mitochondria sample leads to an 

increase in extinction at 550 nm. The total amount of reductase activity was obtained by 

measuring the activity of the detergent treated samples. The ratio of activities of 

detergent treated and untreated samples was used as a measure of membrane integrity.  

Mitochondria samples obtained by nitrogen cavitation or by grinding of liquid N2 

saturated  frozen cells demonstrated the highest integrity (Fig. S5) as compared to the 

 

Figure S5. (A-G) Activity analysis of cytochrome c in mitochondria preparations isolated 

from L. tarentolae cells disrupted by different methods. The filled triangles reflect the 

activity of the samples. The empty triangles reflect the total activity of the preparation 

following TritonX-100 treatment of the fractions. (H) calibration of the assay with 

reduced and oxidized cytochrome c in the reaction buffer. (I) 1 mM of detergent n-

dodecyl β-D-maltoside negatively influenced the enzyme’s  activity whereas 0.5 mM 

TritonX-100 had no influence on the reaction compared to the buffer control (10 mМ 

Tris pH 7.4). 
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samples obtained by sonication, cell-disruption in Potter homogenizer, homogenization 

by glass-bead blender or disruption with the French press. 

Microfluidic disruption yielded mitochondria with anomalously high apparent outer 

membrane integrity (Fig. S5B). This is surprising considering the harshness of the 

procedure. To assess mitochondria integrity using an alternative method we 

microscopically analyzed the shape of DAPI stained kinetoplast.  The kinetoplast is a 

large single mitochondria associated with the flagellum which appears as a single spot in 

intact cells. We concluded on the basis of microscopic analysis shown in figure S5 that 

the cell lysates obtained by nitrogen cavitation contained the highest number of intact 

mitochondria while fluidizing resulted in their nearly complete destruction. Thus nitrogen 

cavitation is believed to be the most suitable method for preparation of L. tarentolae 

lysate.  

 

Figure S6. Fluorescence microscopy analysis of DAPI-stained kinetoplasts in L. tarentolae 

cells and mitochondria preparations obtained by different cell disruption protocols: (A) - 

L. tarentolae cells, the arrows denote nuclei -N and kinetoplasts - K; (B) - mitochondria 

sample obtained form cells disrupted by French press; (C) - as in B but disrupted with 
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fluidizer; (D) –mitochondrial fraction after disruption by nitrogen cavitation. 

 

Translation of endogenous and exogenous mRNAs in L. tarentolae extract 

(LTE) 

Fig. S7 shows the incorporation of [С14]Leu into the proteins expressed in LTE primed 

with endogenous mRNA.  Addition of purified homologous polyA mRNA fraction led to a 

further increase in [С14]Leu incorporation, indicating that the system could initiate 

translation on the exogenously added templates. To further confirm this we treated LTE 

with micrococcal nuclease to destroy all endogenous mRNAs. Optimization of 

micrococcal nuclease concentration demonstrated that incubation with 4 unit/ml for 20 

min. at 20oC 2, 7 resulted in the lowest background and the highest translational activity 

of the extract. Addition of homologous polyA RNA to the extract treated with micrococal 

nuclease resulted in reappearance of translation products. 

 
Figure S7. Translation of endogenous mRNA in LTE.  SDS-PAGE analysis of the of [C14] 

Leu supplemented LTE containing purified polyA fraction of L. tarentoale mRNA (60 

ng/ul) and treated with puromycin or micrococal nuclease. Micrococcal nuclease was 

used at indicated concentrations to treat extracts prior to gel-filtration; Puromycine was 

added at final concentration of 1 mM   to the crude cell extract prior to differential 

centrifugation and gel-filtration. mRNA - homologous polyA mRNA fraction. WGE wheat 

germ extract.  * - indicates extract treated with micrococal nuclease after gel-filtration. 
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Anti-SL oligonucleotide mediated inhibition of translation of SL-bearing 

mRNAs in LTE  

 Computer modeling of SL-region indicated the presence of a short imperfect hairpin 

structure in the middle of the sequence (Fig. S8A). Nevertheless addition of the 35 

nucleotide long anti-SL oligonucleotide (CAATAAAGTACAGAAACTGATACTTATATAGCGTT) 

efficiently suppressed the translation of L. tarentolae total mRNA in LTE and WGE 

systems at 20 μM concentration (Fig. S8B). Reduction in [С14]Leu incorporation was 

observed independently of whether the RNA sample was pre-heated in the presence of 

the oligonucleotide to remove secondary structure prior to translation or not. This 

indicates that the heteroduplex formation is favored over intermolecular interactions. 

Neither the 14 nt  anti-SL oligo nor 35nt oligonucleotides annealing within the EGFP 

  

Figure S8. Suppression of Leishmania mRNA translation in WGE by anti-SL 

oligonucleotide. (A)  Secondary structure of splice-leader RNA calculated with Mfold 3.2  

(ΔG = -3.2 kcal/mol). (B) SDS-PAGE analysis of [C14]Leu supplemented WGE primed 

simultaneously with two RNA templates: the EGFP-encoding RNA bearing obelin-derived 

5'UTR and STNV-derived 3'UTRs, as well as RNA encoding for the viral capsid protein 

derived from brome mosaic virus (BVR). The reaction was carried out in the presence of 

100 ng/μl final concentration of total L. tarentolae polyA RNA. Prior to translation some 

of the RNA samples were heated to 68°C and then cooled to 0°C while the others were 

kept on ice  prior to translation. Positions of recombinant EGFP and BVR are indicated 

by the arrows. 
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gene repressed the translation of endogenous mRNA at the concentrations up to 20 μM. 

This suggests the direct mechanism of translation suppression is by interference with 

ribosomal interactions rather than by an RNAse H mediated process 8 . The anti-SL oligo 

treatment suppressed translation of both the endogenous and re-added mRNA indicating 

that it competed with pre-formed translation initiation complexes as well as inhibiting 

translational initiation (Fig. S8) 

 

Translation of heterologous RNAs in LTE mediated by internal ribosome entry 

site (IRES) sequences of Leishmania viruses  

We initially attempted to use IRES sequences derived from the genome of L. guyanensis 

(IRESI) and L. major (IRESII) viruses IRESI L. guyanensis LRV1-4 virus (GenBank 

accession number U01899) 9 and IRESII (LRV2-1 L. major virus (GenBank accession 

number U32108) 10).  However none of these elements were able to efficiently initiate 

translation in vivo  in L. tarentolae (not shown) or in vitro (Fig. S9A). IRES-combinations 

mediated similar levels of expression in LTE and WGE (Fig. S9B). We compared these 

leaders to an artificial 5’UTR derived from the obelin-encoding gene of coral Obelia 

longissima, which in combination with 3’UTR derived from the gene encoding the capsid 

protein of satellite tobacco necrosis virus, mediates efficient translation in the WGE 

system 11,12.   
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Figure S9. Analysis of translation efficiency and stability of mRNA containing IRESI and 

obelin/stnv UTR combinations in WEG and LTE. (A) The panel depicts SDS-PAGE 

analysis of the [C14]Leu supplemented LTE primed with EGFP-encoding RNA bearing 

obelin-derived 5'UTR and STNV-derived 3'UTR, in the presence or absence of 100 ng/μl 

final concentration of total L. tarentolae polyA RNA. The position of EGFP is indicated by 

the arrow. (B) Comparison of translation efficiencies of different UTR sequences in WGE 

and LTE systems. mRNA flanked with the indicated translational leaders was translated 

in [C14]Leu supplemented cell-free systems and the translation mixtures were resolved 

on SDS-PAGE and processed as described in Fig S9. (C) Analysis of stability of the 

synthetic mRNAs in LTE. Purified RNAs were added to 20μl of LTE at 50 and 0.2 pmol/μl 

(left panels) and 50 pmol/μl (right panels) final concentration respectively and incubated 

at room temperature for indicated periods of time. The samples were separated on 1% 

agarose gel, transferred to nitrocellulose, and subjected to Northern blot hybridization 

with DIG labeled EGFP probe. The hybridization products were detected with anti-DIG 

antibodies. 
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Figure S10. Analysis of EGFP 

expression level and fraction of active 

protein as a function of the 

incubation temperature.  12pmol of 

myc tagged  (A) 643HP-EGFP mRNA 

was incubated with 20μl of LTE at 

different temperatures and amounts 

of active EGFP measured by 

fluorescent scanning using purified 

EGFP as a standard. The total 

expression level was determined by 

Western blotting with anti-myc 

antibodies using purified myc-tagged 

meromyosin light chain as a 

standard. 

 
 

Figure S11.  Co-translation in LTE of α and 

β subunits of Rab geranylgeranyl 

transferase (RabGGTase) and purification of 

the α/β heterodimer. The unstained SDS-

PAGE gel was subjected to fluorescent scanning 

(the image is a superimposition of scans in two 

λex/em optimally selected for EGFP and Cherry). 

The arrows denote positions of RabGGTase α  

and β-subunits. 
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Figure S12.  Analysis of folding status of human RabGTPases translated in different cell-

free systems. (A-N) Fifteen human RabGTPases were N-terminally fused with myc tag 

and SITS sequence and translated in LTE, E. coli, ICE, RRL and WGE cell-free systems. 

The resulting translation mixtures were subjected to in vitro prenylation with 

biotingeranyl using recombinant Rab geranylgeranyl transferase (RabGGTase) and Rab 
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Escort Protein 1 (REP1). The expression levels were quantified by blotting of the samples 

with anti-myc antibody. The folding status of the GTPases was assessed by measuring 

the incorporation of biotin-geranyl into Rab GTPases as determined by blotting with 

streptavidin-HRP and the densitometry data was plotted as shown in the top panels. 

Each reaction was performed in duplicate, either unsupplemented or supplemented with 

REP1 and BGPP in order to account for possible prenylation of recombinant Rabs with 

endogenous prenyltransferases in the eukaryotic lysates. (O) Prenylaiton of cell-free 

lysates not primed with Rab genes in order to determine unspecific prenylation and the 

presence of the endogenous biotinylated proteins.  The star denotes the position of 

endogenous biotinylated E. coli proteins. In the case of ICE lysate, prenylation of the 

endogenous pool of Rab GTPase was observed indicating the presence of background 

translation.  (P) Establishing the origin of the pool of unprenylated RabGTPases in the 

ICE system. The ICE was incubated with or without puromycin (pur) and subjected to 

prenylation with BGPP. The reduction of the signal in the presence of puromycin indicates 

background translation of endogenous mRNAs. The bottom panel shows quantification of 

the protein-conjugated biotin-geranyl signal. 

 

 

Figure S13.  SDS-PAGE analysis of an 

LTE programmed with (UUUUA)7-

streptavidin-EGFP coding mRNA. 10μl of 

LTE reaction mixture was supplemented 

with ATTO-590 at 1μM final 

concentration. After 3 min. incubation at 

room temperature the samples were 

resolved on 15% SDS-PAGE. EGFP 

(green channel) and ATTO (red channel) 

fluorescence were detected using a 

Versadoc fluorescent scanner (BioRad). 
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Figure S14. Schematic representation of approaches used for construction of templates. 

(A)  Splicing Overlap Extension based PCR synthesis of the SITS-EGFP tagged ORFs.  TEV 

denotes the recognition sequence of TEV protease. (B)  Schematic representation of two 

primer PCR based procedure for synthesis of SITS tagged genes. Primer 2 is added at 

10% of primer 1 and 3 concentrations and is consumed during the initial rounds of PCR. 

Nature Biotechnology: doi:10.1038/nbt.1556



 16

 

Figure S15. Mapping of the translation start in (A)643HP-EGFP mRNA. (A) Schematic 

representation of mRNA with two possible translation start sites and the calculated 

molecular masses of resulting polypeptides; (B) ESI-MS spectrum of purified E. coli- 

expressed SITS-EGFP. The main peak corresponds to the translation product initiated at 

the first AUG; (C) SDS-PAGE analysis of purified SITS-EGFP. 
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Figure S16. Full size version of the 

cropped gel from figure 1F. SDS-PAGE 

gel analysis of lysates of E.coli cells 

transformed with plasmids carrying 

indicated SITS sequences (lanes 

2,3,4), Shine-Dalgarno sequence (lane 

5) or randomly chosen sequence (lane 

1). The 1HP of SITS in lane 2 denotes 

a single stable hairpin blocking the 5’ 

end ((-61 kcal/mol; 13)  and Fig. S1). 

The identity of the expressed proteins 

was confirmed by fluorescent scanning 

of the gels and mass spectrometry of 

the purified proteins. 
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Supplementary methods 

PCR synthesis of SITS tagged ORFs 

Overlap extension (OE) PCR and two forward primer PCR methods were employed to 

synthesize ORFs bearing SITS sequence on the 5’ end. In all cases the PCR reaction 

mixtures contained 500 nM of each primer, 0.2 mM of each dNTP and 25 unit/ml of Taq 

DNA polymerase (Genecraft, Germany).  

 

 Splicing Overlap Extension (SOE) PCR was performed as descried in 14 with 

modifications. The gene fragments for SOE PCR were generated in 20 cycles of PCR set 

up in a total volume of 50-100 μl containing 500 nM of each primer. The synthesized 

DNA products were resolved on 1% TAE agarose gel with ethidium bromide as staining 

agent and the DNA from respective bends was eluted with QIAQuick Gel Extraction Kit 

(Qiagen, Germany). 

SOE PCR were set up in 20 μl volume of reaction mixture contained 5 nM of gel purified 

5’ fragment and a slight excess (8 nM) of 3’ fragment. Thermal cycling included initial 

DNA denaturation step (2 min. at 95°C), 8 cycles of SOE (denaturation 1 min. at 95°C; 

annealing 3 min. at 45 or 48°C (depending on the sequence) ; 1 min. elongation for 

every 1000 nt of fused gene at  72°C).  Subsequently 10 μl of SOE PCR mixture was 

mixed with 70 μl of PCR mixture containing flanking primers for amplification of the 

fused gene and subjected to further 20 PCR cycles to obtain the final product (Fig. S14). 

Two-forward-primer-PCR was used to introduce T7 promoter and short leader 

sequences into templates. To achieve that an adapter oligonucleotide complementary to 

the gene of interest and containing 19 nucleotides of SITS sequence was used as a first 

forward primer. The second forward primer encoded T7 promoter and a full length 

leader sequence annealing to the adapter oligonucleotide.  The PCR reaction mixture 

contained 50 nM adapter primer, 500 nM of second forward and 500 nM of the reverse 

primer (Fig. S14).  

 

In vitro translation in WGE  system 
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In vitro translation in WGE system (Promega) was carried out at 28°C for 2 hours in 20 

μl volume containing 0.12 mM of aminoacids  and  600 pmol/ml of mRNA according to 

the instructions of the manufacturer. Translations in coupled WGE system (Promega) 

were carried out in 20 μl volume containing 0.05 μM of the corresponding PCR product.  

In vitro translation in RLL  system 

In vitro translation in RRL system (Promega) was carried out at 30°C for 1.5 hours in 20 

μl volume containing 600 pmol/ml of mRNA (unless stated otherwise) according to the 

instructions of the manufacturer. Translations in coupled RRL system (Promega) were 

carried out in 20 μl volume containing 0.05 μM of the corresponding PCR product. 

In vitro translation in ICE system 

In vitro translations in coupled ICE system (Promega) were carried out at 28°C in 20 μl 

volume containing  0.05 μM of the corresponding PCR product DNA. 

In vitro translation in E.coli RTS system 

In vitro translation in E. coli  rapid translation system (RTS) (Roche diagnostics ) was 

carried out at 30° for 6 hours in 20 μl volume containing 1 μg of linearized plasmid 

template or 50 ng/μl PCR-product according to the instructions of the manufacturer.  
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