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Abstract 13 

A system is described which permits the efficient synthesis of proteins in vitro at high temperature. 14 

It is based on the use of an unfractionated cell lysate (S30) from Sulfolobus solfataricus previously 15 

well characterized in our laboratory for translation of pre-transcribed mRNAs, and now adapted to 16 

perform coupled transcription and translation. The essential element in this expression system is a 17 

strong promoter derived from the S. solfataricus 16S/23S rRNA-encoding gene, from which specific 18 

mRNAs may be transcribed with high efficiency. The synthesis of two different proteins is reported, 19 

including the S. solfataricus DNA-alkylguanine-DNA-alkyl-transferase protein (SsOGT), which is 20 

shown to be successfully labeled with appropriate fluorescent substrates and visualized in cell 21 

extracts. The simplicity of the experimental procedure and specific activity of the proteins offer a 22 

number of possibilities for the study of structure-function relationships of proteins. 23 

1. Introduction 24 

Cell-free protein synthesis (CFPS) systems have been used initially to investigate certain fundamental 25 

aspects of cell biology, such as deciphering the structure of the genetic code or elucidating the basic 26 

features of transcriptional and translational control [1-3]. Later, CFPS systems turned out to be also 27 

powerful tools to produce high amounts of proteins for a wide range of applications ranging from 28 

pharmaceutical use to protein structure analysis [4, 5]. 29 

The simplest forms of these systems consist of whole cell lysates (S30 extracts) containing all the 30 

necessary elements for transcription, translation, protein folding, and energy metabolism. Typically, 31 
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CFPS systems are programmed for expression of proteins using two different substrates: RNA 32 

templates for translation only or DNA templates for coupled transcription/translation [6, 7].  33 

The advantages of CFPS systems over in vivo methods are manifold. One can dispense with all the 34 

procedures required to support cell viability and growth; moreover, handling cellular extracts instead 35 

of whole cells facilitates the active monitoring, rapid sampling, and direct manipulation of the protein 36 

synthesis process. Last but not least, the simplicity and low cost of preparing cellular extracts make 37 

the system a preferential choice among the available tools for the synthesis of proteins of interest.  38 

The most commonly used cell-free translation systems consist of Escherichia coli (ECE) extracts, 39 

rabbit reticulocytes (RRL), wheat germ (WGE), and insect cells (ICE), each of them with peculiar 40 

characteristics [8-10]. E.coli CFPS is the most convenient economically, since extract preparation is 41 

simple, inexpensive and the required proteins can be produced in high yields. However, CFPS derived 42 

from extracts of eukaryotic cells may be the best choice when the scope is the production of some 43 

types of complex proteins or when eukaryotic post-translational modifications are not required. 44 

In our laboratory, we have developed since a long time a CFPS from the thermophilic archaeon S. 45 

solfataricus, which we have successfully used to decipher a number of aspects of archaeal and of 46 

high-temperature translation [11, 12]. However, our standard system uses only pre-transcribed RNA 47 

templates, while CFPS from hyperthermophiles allowing a coupled transcription/translation based 48 

exclusively on endogenous components of the adopted system have not so far, to the best of our 49 

knowledge, been described.  50 

Yet, to develop such a system is highly desirable for a number of reasons. First at all, it represents a 51 

powerful tool to expand our understanding of the molecular mechanisms governing coupled 52 

transcription-translation in archaea. Moreover, the expression of recombinant proteins in 53 

thermophilic conditions similar to the native ones could facilitate the identification of associated 54 

factors. Furthermore, although mesophilic hosts such as Escherichia coli have been used to produce 55 

thermostable proteins for biochemical and crystallographic characterization [13], many 56 

hyperthermophilic proteins correctly fold only under physiological conditions of high temperature or 57 

in the presence of their native post-translational modifications [14, 15].  58 

We report here the development of a coupled in vitro transcription/translation system for cell-free 59 

protein synthesis from the thermophilic archaeon S. solfataricus. The system works with a plasmid 60 

vector obtained by cloning the strong promoter derived from S. solfataricus 16S/23S rRNA-encoding 61 

gene upstream of a previously well characterized Sulfolobus gene [16]. A preliminary assessment of 62 

the various parameters and components that affect the rate and yield of protein synthesis was 63 

performed. With this system, we obtained the in vitro expression of two different proteins, one of 64 

which was also shown to be enzymatically active at the temperature of 70 ◦C. 65 
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2. Materials and Methods 66 

2.1 Preparation of cell extracts and total tRNA 67 

Cell lysates competent for in vitro translation were prepared according to that described previously 68 

with slight precautions [17]. Briefly, about 2 g of frozen cells were ground by hand with a double 69 

amount of alumina powder and adding gradually about less of 2 vol (relative to the weight of the cell 70 

pellet) of lysis buffer (20 mM Tris-HCl pH 7.4, 10 mM Mg(OAc)2, 40 mM NH4Cl, 1mM DTT). The 71 

procedure was performed by placing the mortar on ice and working in a cold room for no more than 72 

15 min. Cell debris and alumina were removed spinning the mix twice at 30,000 x g for 30 min and 73 

taking care to withdraw only about two thirds of the supernatant. Aliquots of the cell lysate (0,05 ml) 74 

were stored at -80 °C and total protein concentration, determined by Bradford assay, was in the range 75 

of about 20-25 mg/ml according.  Unfractionated tRNA from S. solfataricus was prepared performing 76 

a phenol extraction of the crude S-100 fraction and precipitating the aqueous phase with 2.5 volumes 77 

of 95% ethanol. The RNA pellet was resuspended in 10 mM glycine pH 9.0 and the solution was 78 

incubated 2h at 37 °C to achieve alkaline deacylation of the tRNA therein contained. Lastly, the RNA 79 

was again precipitated and the resulting pellet was dissolved in an adequate volume of 10 mM Tris-80 

HCl (pH 7.5).  81 

2.2  Gene constructs and in vitro transcription 82 

We used the plasmid pBluescript-SK(+) as a starting point for our subsequent constructs. Two 83 

synthetic DNA oligomers of 48 nucleotides were designed on the sequence of 16S/23S rRNA operon 84 

promoter described elsewhere [18] whose sequence is identical conserved in all S. solfataricus 85 

species: Promoter rRNA SSO Forward 5’-86 

CGAAGTTAGATTTATATGGGATTTCAGAACAATATGTATAATGGGTAC-3’ and Promoter 87 

rRNA SSO Reverse 5’-88 

CCATTATACATATTGTTCTGAAATCCCATATAAATCTAACTTCGGTAC-3’. Both primers 89 

contained at their 5’ a sequence corresponding to the protruding cohesive 5’-end of Kpn I restriction 90 

site and were phosphorylated in separate 25 µl reaction mixtures containing 70 mM Tris-HCl, pH 91 

7.6, 10 mM MgCl2, 5 mM dithiothreitol, 1mM ATP, 4 µM DNA and 10 units of T4 polynucleotide 92 

kinase (New England BioLabs). After incubation at 37 °C for 1 h, the reaction mixtures were 93 

combined and the kinase was heat-inactivated at 70 °C for 10 min. Annealing of the two oligomers 94 

was obtained by heating this mixture at 100 °C for 4 min and slowly cooling down to 37 °C. The 95 

integrity of the double-stranded 16S/23S rRNA promoter fragment DNA was checked by agarose gel 96 

electrophoresis. One pmol of the purified double strand fragment was incubated with 0.25 pmol of 97 

Kpn I digested pBS-SK(+) plasmid in the presence of 10 units of T4 DNA ligase (New England 98 

BioLabs) in 25 µl of 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 10 mM dithiothreitol, 1 mM ATP, 25 99 
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µg/ml bovine serum albumin for 20 h at 16 °C. One tenth of this reaction mixture was then used 100 

directly for transformation of E.coli Top 10 competent cells. Transformants harbouring plasmid DNA 101 

were screened for the presence of the insert using a Kpn I restriction analysis of purified plasmid 102 

DNA. The clone harbouring the construct with the insert in the correct orientation was selected after 103 

DNA sequencing and termed pBS-rRNAp (Fig. 2 (a)). Successively, a fragment of 393 bp containing 104 

the gene termed ORF 104 with its Shine-Dalgarno (SD) motif was amplified from the construct 105 

pBS800 [12] by PCR using the following primers: Prom-104 Xho I 5’-106 

TTTTTTTATCTCGAGCCGGAATAGTTGAATTAACAATGAAGC-3’ (underlined sequence 107 

corresponds to Xho I site) and Prom-104 Pst I 5’-108 

CATGGTATGCTGCAGTCATTGCTTCACCTCTTTAATAAACTCC-3’ (underlined sequence 109 

corresponds to Pst I site). The fragment was inserted into the Xho I-Pst I digested plasmid pBS-110 

rRNAp, yielding the construct termed pBS-rRNAp-104 (Fig. 2 (c)). To generate the construct termed 111 

pBS-rRNAp-ogt, we excised the fragment Xho I-Pst I from the previously plasmid and inserted a 112 

DNA fragment of 533 bp amplified from the construct pQE-ogt by PCR with the following primers: 113 

Forward rRNA/ SsOGT Xho I 5’-114 

TTTTTCTCGAGTGAGGTGAAATGTAAATGAGAGGATCTCACCATCACC-3’ (underlined 115 

sequence corresponds to Xho I site) and Reverse rRNA/ SsOGT Pst I 5’-116 

TTTTTTCTGCAGTCATTCTGGTATTTTGACTCCC-3’ (underlined sequence corresponds to Pst 117 

I site). Also in this case, the plasmid was designed to have the SD motif 7 nucleotides upstream the 118 

ogt start codon (Fig. 4 (b)). 119 

2.3 Analysis of transcriptional activity of Sulfolobus solfataricus lysate by in vitro labelling with 120 
32P-UTP 121 

The transcriptional activity of the S. solfataricus cell-free extract was tested by 32P-UTP incorporation 122 

in two different reaction conditions using an aliquot of the lysate corresponding to 100 µg of total 123 

proteins. The first reaction protocol was adopted from a previously study [16]: the cell-free extract 124 

was incubated in a reaction volume of 50 µl, in the presence of 50 mM Tris/HCl (pH 8.0), 25 mM 125 

MgCl2, 1 mM EDTA, 1 mM dithiothreitol, 2 mM ATP, 1 mM GTP, 1 mM CTP, 0.6 mM UTP and 126 

100 µM [a-32P] UTP (4 Ci/mmol) in a reaction volume of 50 µl. The reaction was carried out at 60°   127 

C for 30 min. The second protocol was based on the in vitro translation experiments carried out in 128 

our laboratory [12, 17]:  S. solfataricus cell-free extract was incubated in a reaction volume of 50 µl, 129 

in the presence of 10 mM KCl, 20 mM Tris/HCl (pH 6.8), 20 mM Mg(OAc)2, 2 mM ATP, 1 mM 130 

CTP, 1 mM GTP, 0.5 mM UTP and 100 µM [a-32P] UTP (4 Ci/mmol). The reaction, in this case, 131 

was carried out at 70 ° C for 30 min. At the end of both reactions 20 U of DNase I were added and 132 
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incubation was extended for 30 min at 37 °C. DNase I activity was necessary to this point of the 133 

protocol to remove any trace of plasmidic DNA that could alter the results of next qRT-PCR analysis.  134 

The products of the reactions were extracted by phenol pH 4.7 and precipitated with 2.5 volumes of 135 

95% ethanol. The pellets were resuspended in an adequate volume of DEPC-treated water and divided 136 

in two aliquots. RNase A (20 µg) was added to one of them and both aliquots were incubated at 37 137 

°C for 30 min. The newly synthesized RNA was separated by 8,5% of non-denaturing polyacrylamide 138 

gels and detected using both an Istant Imager apparatus (Pakard) and autoradiography film (Kodak 139 

XAR-5).  140 

2.4 In vitro translation and coupled in vitro transcription-translation 141 

The transcription-translation activity was measured in a final volume of 25 µl and contained: 10 mM 142 

KCl, 20 mM Tris/HCl (pH 6.8), 20 mM Mg(OAc)2, 1.5 mM ATP, 1.5 mM CTP, 1.5 mM GTP, 1.5 143 

mM UTP, 3,3 µg of bulk S. solfataricus tRNA, 5 µl of 20-25 mg/ml S. solfataricus S30 extract 144 

(preincubated for 10 min at 70 °C) and 0,5 µl of L-[35S]-Methionine (S.A. 1175 Ci mmol-1 at 11 mCi 145 

ml-1, PerkinElmer). After mixing all components, 4 µg of the desired mRNA or different amounts of 146 

plasmid indicated in Figures were added, and the mixtures were incubated for the indicated time at 147 

70 °C. Whole cell lysates were programmed for in vitro translation with transcripts of S. solfataricus 148 

genes ORF 104 and SsOGT cloned in pBS-SK (+) plasmid downstream of T7 RNA polymerase 149 

promoter (Figg. 2 (c) and 4 (c)) under conditions described in Table 1. Before transcription, the 150 

plasmids were linearized with Pst I. The experimental conditions were the same described above 151 

except for the absence of CTP, UTP and the presence of ATP and GTP to the final concentration of 152 

1.8 and 0.9 mM, respectively. The analysis of the translation products was performed by loading 15 153 

µl of the incubation mixture in 16% polyacrilamide/SDS gels; after the run, the gels were dried and 154 

autoradiographed. 155 

2.5 qPCR and RT-PCR SsOGT labelling   156 

At the end of in vitro transcription or coupled in vitro transcription-translation, total RNA was 157 

purified from the reactions by phenol extraction at pH 4.7 and precipitated by adding of 2.5 volumes 158 

of 95% ethanol. The pellets were resuspended in an adequate volume of DEPC-treated water and 159 

treated with 2 U of DNase I, RNase-free (ThermoFisher Scientific) in an appropriate buffer at 37 °C 160 

for 45 min. The residual products were re-extracted by phenol pH 4.7 and precipitated with 2.5 161 

volumes of 95% ethanol. 0.5 µg of total RNA was retrotranscribed for relative qRT-PCR analysis 162 

(SensiFAST™ cDNA Synthesis Kit, Bioline). qPCR was performed with the Applied Biosystem 163 
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StepOne Real-Time PCR System (ThermoFisher Scientific) using 1/20 of cDNA and 10 µl of 164 

GoTaq® qPCR Master Mix (Promega) in a final volume of 20 µl. Cycling parameters were: 95 °C 165 

for 2 min, followed by 40 cycles of denaturation at 95 °C for 3 sec, annealing/extension at 60 °C for 166 

30 sec. The relative amount of each mRNA was calculated by 2-ΔΔ Ct method and normalized to 167 

endogenous aIF6 mRNA (Fig. 2 (d)). Primer sequences used for qPCR were as follows: Forward-168 

pBS 5’-TGGTAACAGGATTAGCAGAG-3’ and Reverse-pBS 5’-169 

ACCAAATACTGTCCTTCTAGTG-3’; aIF6 Forward 5’-ATAAGCGGTAACGATAACGG-3’ and 170 

aIF6 Reverse 5’-AATCCCTTAGATTCTCCTTCAG-3’.  171 

The absolute amount of RNA transcribed from the plasmid pBS-rRNAp-104 obtained after its 172 

incubation in the in vitro transcription-translation system, was measured by performing RT-qPCR as 173 

described above and, then, comparing the Ct values obtained from these samples respect to a standard 174 

curve plotted with Ct values obtained serial dilutions of 1 µg of in vitro transcribed RNA (pBS-175 

rRNAp-104) (Fig. 2 (e)).  For semi-quantitative RT-PCT (Fig. 2 (b)), total RNA was extracted from 176 

the mix reaction as described above. 2 µg of total RNA were retrotranscribed in a final volume of 25 177 

µl with 200U M-MLV reverse transcriptase in 20 µl of mixture reaction for 1 h at 42 °C according to 178 

instructions of the supplier (Promega). The reaction contained 1 µM of the followed reverse primer: 179 

5’-GGTTTCCCGACTGGAAAGCGGGCAG-3’. At the end of the reaction, the final volume of the 180 

mixture reaction was adjusted to 50 µl and one-tenth of the RT reaction was PCR amplified with Taq 181 

DNA polymerase (Promega) for 30 sec at 95 °C, 30 sec at 60 °C and 45 sec at 74 °C (25 cycles) with 182 

a final extension step for 7 min at 74 °C. Reverse primers for PCR amplification were the same used 183 

in the RT reaction coupled with the following forward primers: 5’-184 

CGAATTCCTGCAGCCCGGGGGATCC-3’. The products of the reactions were separated by 185 

agarose-gel electrophoresis and detected by ethidium-bromide staining. 186 

Controls correspond to reactions performed on RNA purified from samples in absence of the plasmid 187 

and from RT minus cDNA reactions. 188 

2.6 SsOGT in vitro labeling   189 

The activity of in vitro expressed SsOGT was analysed incubating 8 µg of pBS-rRNAp-ogt plasmid 190 

or 200 ng of recombinant SsOGT OGT with 200 µg of S. solfataricus whole cell extract under the 191 

experimental conditions described above for coupled in vitro transcription/translation and in presence 192 

of BG-FL substrate (2.5 µM). The mix reaction was incubated at 70 °C for 60 min. Reactions were 193 

stopped by denaturation and samples were subjected to SDS-PAGE, followed by fluorescence 194 

imaging analysis using a VersaDoc 4000™ system (Bio-Rad) by applying as excitation/emission 195 

parameters a blue LED bandpass filter. For western blot analysis, proteins were transferred onto 196 
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PVDF filters (Bio-Rad) using the Trans-Blot1 Turbo™ Blotting System (Bio-Rad). The presence of 197 

SsOGT protein was revealed using polyclonal antibodies raised in rabbit against S. solfataricus OGT 198 

as primary antibodies; the goat anti-rabbit IgG-HRP (Pierce) as secondary antibody and the 199 

Amersham Biosciences ECL Plus kit. Filters were incubated, washed and developed according to 200 

manufacturer's instructions. Chemiluminescent bands were revealed using a VersaDoc apparatus 201 

(Bio-Rad) 202 

3. Results and Discussion 203 

3.1 Analysis of in vitro transcription in the S30 fraction of S. solfataricus. 204 

To prepare an S30 extract capable of efficient coupled transcription-translation, we performed 205 

preliminary experiments to verify whether the whole cell lysate of S. solfataricus prepared according 206 

to our described protocols [17], was competent for in vitro transcription. Specifically, we compared 207 

the transcriptional activity of our system with that of a previously described Sulfolobus in vitro 208 

transcription assay [16] testing the capacity of the S30 extract to incorporate a-32P-UTP. Salt and 209 

temperature conditions of the reactions are summarized in Table 1 and described in detail in Materials 210 

and Methods. In both cases, we implemented the reactions with the nucleoside triphosphates at the 211 

final concentration of 1 mM each (except ATP to 2 mM) and the S30 fraction was prepared omitting 212 

DNase I treatment of lysate differently to our protocols described in the past [17].  As shown in Fig. 213 

1, both S30 extracts showed the ability to recruit labeled uridine triphosphate supporting the idea that 214 

endogenous RNA polymerase was active. However, the extract prepared according to our protocol 215 

had a higher efficiency of uridine triphosphate incorporation. 216 

 217 

 218 

 219 
Figure 1: Transcriptional activity of S. solfataricus whole cell 220 
extracts. In vitro transcription reactions were performed using 221 
S. solfataricus S30 fractions with [a-32P] UTP in different 222 
experimental conditions, as described in Material and Methods 223 
and Table 1. Reaction A was incubated at 60 °C while reaction 224 
B at 70 °C. Total RNA was extracted from the reaction mixes 225 
and an aliquot of the samples was treated with Rnase A at 37°C  226 
for 30 min. The products of in vitro transcription were subjected 227 
to non-denaturing polyacrylamide gel electrophoresis and those 228 
incorporating [a-32P] UTP visualized by autoradiography.  229 
 230  
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Successively, based on a study characterizing the promoter for the single-copy 16S/23S rRNA gene 231 

cluster of the extremely thermophilic archaebacterium Sulfolobus [18], we cloned this promoter into 232 

the pBS-SK(+) plasmid, as described in Materials and Methods. The construct contained the region 233 

of DNA upstream from the transcription start site of the 16S/23S rDNA gene spanning from -1 to -234 

40 bp. The structure of the construct, termed pBS-rRNAp, is shown schematically in Fig 2 (a). The 235 

plasmid was incubated with the S30 extract and its transcription was analysed by RT-PCR, using 236 

primers annealing to a specific region of the plasmid downstream of the cloned gene, thus excluding 237 

amplification of the endogenous target. The results showed an efficient transcription of the plasmid 238 

following incubation at 70 °C (Fig 2 (b)).  239 
 240 
 241 

 242 
Figure 2: In vitro trascription of plasmids containing the 16S/23S rRNA promoter. (a) Schematic representation of 243 
pBS-rRNAp construct. Horizontal arrows indicate the position of primers used for RT-PCR analysis. (b) RT-PCR on total 244 
RNA extracted from S30 of S. solfataricus previously incubated with 4 µg of pBS-rRNAp plasmid, showing the amplified 245 
fragment of 346 bp. In figure is also shown RT-PCR of aIF5A used as an endogenous control to normalize the reactions. 246 
(c) Schematic representation of pBS-rRNAp-104 plasmid. The SD motif is evidenced in italic, while the start codon is 247 
shown in bold. (d) Relative amount of RNA transcribed by pBS-rRNAp-104 plasmid incubated into Sso S30 extract at 248 
70°C for 1h. (e) Absolute quantification of pBS-rRNAp-104 transcript using the standard curve method. The absolute 249 
quantities of the standards were obtained measuring the concentration of T7 in vitro transcribed pBS-rRNAp-104 RNA. 250 
Serial dilutions of the in vitro transcript were obtained and their Ct values (red dots) were compared to those unknown 251 
(blue dots) extrapolating the amount of copies expressed.  252 
 253 
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Starting from this construct, we cloned a previously well-characterized Sulfolobus gene encoding a 254 

putative ribosomal protein [12], under the transcriptional control of the 16S/23S rDNA promoter. The 255 

structure of this plasmid, termed pBS-rRNAp-104, is shown schematically in Fig. 2 (c); analysis by 256 

qPCR showed that it was also transcribed (Fig. 2 (d)).  Finally, the pBS-rRNAp-104 construct was 257 

transcribed in vitro with T7 RNA polymerase and known amounts of the corresponding purified RNA 258 

were used to draw a calibration curve, which was used to quantify the transcription reactions (Fig. 2 259 

(e)). This analysis permitted us to assess the amount of in vitro transcribed RNA to an order of 260 

magnitude corresponding to ng of RNA for µg of plasmid used, in 25 µl of reaction. 261 

 262 
Table 1: Experimental conditions adopted for reactions with S30 S.solfataricus 263 

 264 

 265 

 266 

 267 

 268 

	  In vitro 
transcriptio
n adopted 
from [16]  

In vitro 
transcription 

under our 
conditions 

Coupled in 
vitro 

transcriptio
n-translation 

 In vitro 
translation 

KCl (mM)  - 10  10  10 

Tris/HCl (mM)  50 (pH 
8.0) 

20 (pH 6.8) 20  20 

Mg(OAc)2 (mM)  25  20  20  20 

ATP (mM)  2  2  1.5  1.8 

CTP (mM)  1  1  1.5  - 

GTP (mM)  1  1  1.5  0.9 

UTP (mM)  0.6  0.5  1.5  - 

[a-32P] UTP(µM)  100 100 -  - 

EDTA (mM)  1  - -  - 

DTT (mM)  1  - -  - 

Total tRNA (µg)  - - 3,3   3,3  

S30 (µg)   100-150 100-150 100-150  100-150 

T (°C)  60 70 70  70 
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 269 

3.2 Optimization of in vitro translation conditions with respect to NTPs and Mg++ ions 270 

Next, we investigated whether the conditions adopted for in vitro transcription with the S. solfataricus 271 

S30 extract could affect its translational activity. Specifically, we sought to define an optimal 272 

concentration of NTPs since it is well known that free nucleotides chelate a proportional number of 273 

Mg++ ions, whose presence in a well-defined range of concentration is essential for translation [19]. 274 

For this purpose, we incubated the S30 extract with pre-transcribed 104 mRNA in absence or presence 275 

of different concentrations of NTPs, and determined its translational efficiency. Indeed, increased 276 

levels of NTP in the mix reactions were detrimental for in vitro translation (Fig. 3 (a)).  However, 277 

this could be in part compensated by increasing the concentration of Mg++ ions as shown in Fig. 3 278 

(b). On the other hand, dispensing with added NTPs in the mix reaction completely inhibited the 279 

activity of the system, since exogenous ATP and GTP are required as an energy source (Fig 3 (b), 280 

lane 5). Overall, based on the results of Fig. 3 (a) and 3 (b), we chose to strike a balance between 281 

NTP and Mg++ setting them at the final concentration of 6 and 20 mM, respectively. 282 

 283 
Figure 3: In vitro expression of ORF 104 under different experimental conditions. 4 µg of in vitro transcribed 104 284 
mRNA were translated at different concentrations of NTPs (a) and Mg2+  (b) for 1h  in 25 µl of reaction. (c) Different 285 
amounts of pBS-rRNAp-104 plasmid were incubated with S. solafataricus whole cell extract for 60 min at 70°C in a final 286 
volume of 25 µl. 287 

3.3 Transcription and translation-coupled protein synthesis  288 

We then proceeded to verify whether the previously established experimental conditions allowed 289 

coupled transcription and translation. This question was addressed incubating different amount of the 290 

pBS-rRNAp-104 plasmid with the lysate at 70 °C for 1h under the conditions summarized in Table 1. 291 

As said before, the transcription of this construct from a strong rRNA promoter was expected to yield 292 

an mRNA encoding a ribosomal protein (ORF 104). The predicted mRNA was endowed with a 5’-293 
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UTR containing a SD motif 7 nucleotides upstream from the AUG start codon of ORF 104. As shown 294 

in Fig. 3 (c), the reaction yielded of a main protein band of about 12 kDa, corresponding to the 295 

expected size of the ORF 104. 296 

To extend the above results to other S. solfataricus genes, we sub-cloned the O6-DNA-alkyl-guanine-297 

DNA-alkyl-transferase gene (SsOGT) from the pQE-ogt construct, previously characterized by 298 

Perugino G. and colleagues [20]. The product of this gene is a ubiquitous protein of about 17 kDa, 299 

evolutionary involved in the direct repair of DNA lesions caused by the alkylating agents. SsOGT is 300 

a peculiar protein for its suicidal catalytic reaction: the protein irreversibly transfers the alkyl group 301 

from the DNA to a catalytic cysteine in its active site. The use of fluorescent derivatives of a strong 302 

inhibitor, the O6-benzyl-guanine (O6-BG), leads to an irreversible fluoresceinated form of this 303 

protein. This thermophilic variant of the so-called SNAP-tag™ [21] represents an alternative to the 304 

classical GFP-based systems and eligible for our choice.   305 

The construct was obtained substituting the gene 104 from the construct pBS-rRNA-104 with the ogt 306 

gene, as described in Materials and Methods. The structure of the construct termed pBS-rRNAp-ogt 307 

is shown schematically in Fig. 4 (a).   308 

Figure 4: In vitro expression of OGT. (a) Schematic representation of pBS-rRNAp-ogt plasmid. It was designed by 309 
introducing a DNA fragment of 522 bp containing ogt gene into the Xho I- Pst I sites replacing ORF 104. The coding 310 
region starts with an AUG codon (bold letters) preceding a DNA region coding for six histidines (underlined letters) 311 
placed to the amino-terminal region of the OGT protein (bold and italic letters). DNA insert contains a SD motif (italic 312 
letters), retained from the ORF 104, located 7 nucleotide upstream from the coding region. (b) Increased amount of pBS-313 
rRNAp-ogt plasmid were incubated with S. solafataricus whole cell extract for 60 min at 70°C in a final volume of 25 µl 314 
and the products of expression were resolved by 16% denaturing polyacrylamide gel electrophoresis. (c) Time course of 315 
OGT expression: 4 µg of pBS-rRNAp-ogt plasmid were incubated with S. solafataricus whole cell extract at 70°C and 316 
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equal aliquotes of the reaction were withdraw from the mixture at the indicated times. (d) Graph is plotted with the values 317 
of the band intensity corresponding to OGT protein shown in (c) and quantified using ImageJ software (NIH). The values 318 
represent the average of three independent experiments. All error bars indicate SD. 319 
 320 

Specifically, the strong SD motif 7 nucleotides upstream from the AUG start codon was retained, and 321 

preceded 6 His-coding triplets followed by the ogt open reading frame. As the results in Fig. 4 (b) 322 

show, the gene was expressed producing a main protein band of about 18 kDa, corresponding to the 323 

expected size of the ORF SsOGT-6His. As a positive control, we employed an ogt mRNA transcribed 324 

in vitro from the T7 promoter (lane 2), which, as expected, was translated less efficiently than the 325 

mRNA directly transcribed in the reaction mix. This is possibly due to the different 5’-UTR of the 326 

two mRNAs, but it is also conceivable that when translation takes place at the same time as 327 

transcription the mRNA is stabilized and the ribosomes may bind more easily to the translation start 328 

sites. 329 

To gain insight into other factors influencing the efficiency of SsOGT protein expression, we analysed 330 

the time course of the reaction with fixed amount of the same construct. The highest expression level 331 

of the protein was observed after 60 min incubation, while at longer times (90 and 120 min) the 332 

efficiency decreased (Fig. 4 (c) and (d)), as observed in other in vitro expression systems [22]. This 333 

effect is probably due to the consumption of low molecular weight substrates (ATP, GTP and amino 334 

acids) that are continuously used by the system with consequent blocking of the reaction. 335 

Furthermore, we tested whether the linearization of the construct could produce a transcriptional run-336 

off at the end of the gene with a consequent increase of the product of our interest. This was not the 337 

case, however. Samples incubated with the linearized plasmid failed to yield a band corresponding to 338 

the expected size of the ORF OGT-6His (Fig 5(a)). Further analysis revealed that this was due to 339 

degradation of the linearized plasmid in the reaction mix (Fig 5 (b)) similarly to results obtained by 340 

other authors with different cell-free coupled transcription-translation systems [23]. 341 

Figure 5: In vitro expression of ogt from linearized plasmid. (a) Supercoiled and linear pBS-rRNAp-ogt plasmids were 342 
incubated with S. solafataricus whole cell extract for 60 min at 70 °C with 35S-Met in a final volume of 25 µl and the 343 
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products of expression were resolved by 16% denaturing polyacrylamide gel electrophoresis. (b) Survival of supercoiled 344 
and linear pBS-rRNAp-ogt plasmid after incubation in the S-30 coupled system.  The constructs were incubated for 60 345 
min at 70 °C under standard conditions and then analysed on a 1% agarose gel Lanes: 1, non-incubated  linear pBS-346 
rRNAp-ogt DNA; 2,  non-incubated supercoiled pBS-rRNAp-ogt DNA; 3, linear pBS-rRNAp-ogt DNA incubated in an 347 
S-30  mixture; 4, supercoiled pBS-rRNAp-ogt DNA incubated in an S-30.  348 

3.4    Characterization of SsOGT activity 349 

To test whether the in vitro produced SsOGT was functionally active, we incubated the construct 350 

pBS-rRNAp-ogt with the lysate at 70 ° C for 1h in presence of a fluorescein-derivated of the O6-BG 351 

(SNAP-Vista Green™, New England Biolabs). As above mentioned, SsOGT catalyzes the formation 352 

of a covalent bond between the benzyl group of BG and a specific cysteine residue in its active site; 353 

therefore, the successful completion of the reaction renders the protein fluorescent [21]. Indeed, we 354 

observed a fluorescent band corresponding to the expected size of the SsOGT in the reaction 355 

conditions adopted (Fig 6), demonstrating the active state of the expressed protein. The levels of in 356 

vitro expressed SsOGT were assessed by comparing its fluorescence with that obtained with known 357 

amounts of recombinant protein. The outcome of the experiment permitted also to exclude the 358 

possibility that in vitro produced SsOGT was degraded after its translation and upon the irreversible 359 

transfer of the fluoresceinated-benzyl group to the active site, as previously demonstrated [24, 25]. 360 

In effect, incubation for 60 min at 70 °C of the recombinant SsOGT in the S. solfataricus lysates in 361 

the presence of the SNAP-Vista Green™ did not affect the activity nor the fluorescent signal obtained 362 

(Fig. 6, lane 3). 363 

This analysis allowed us to estimate the amount of in vitro translated SsOGT to an order of magnitude, 364 

corresponding to ca. 10-20 ng of protein produced for µg of plasmid used, in 25 µl of reaction. 365 
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 366 
 367 
Figure 6: SsOGT labeling. SDS-PAGE of in vitro 368 
expressed pBS-rRNAp-ogt plasmid and purified SsOGT 369 
protein both incubated with the BG-FL substrate (5 µM) for 370 
60 min at 70 °C. The gel was exposed for fluorescence 371 
imaging analysis, blotted and stained with Coomassie blue. 372 
The filter was probed with the anti-OGT antibody (middle 373 
panel). Lane 1 contains 100 µg of S. solfataricus S30 374 
fraction in presence of the BG-FL substrate ; lane 2 contains 375 
8 µg of pBS-rRNAp-ogt plasmid in 100 µg of S. solfataricus 376 
S30 fraction and BG-FL substrate; lane 3 contains 200 ng of 377 
purified OGT protein  with 100 µg of S. solfataricus S30 378 
fraction and BG-FL substrate; lane 4 contains 200 ng of 379 
purified OGT protein  with BG-FL substrate; lane 5 contains 380 
100 µg of S. solfataricus S30 fraction; lane 6 corresponds to 381 
the protein marker. 382 

4. Discussion 383 

The present study reports the development of a transcription/translation system for the synthesis of 384 

proteins at high temperature (70 °C), based on an S30 extract from the thermophilic crenarcheon S. 385 

solfataricus. The system makes use of an engineered classical pBS-SK plasmid, where efficient 386 

transcription is driven by a strong promoter, corresponding to the DNA region upstream from the 387 

16S/23S rDNA gene, while translation is stimulated by the presence of a strong SD-motif ahead of 388 

the start codon of the chosen gene. The reaction works at the optimal temperature of 70 °C and 389 

maximal protein synthesis is achieved after 1 h of incubation. 390 

We tested the system with two different genes, one encoding a ribosomal protein and another 391 

encoding SsOGT, an enzyme, whose activity was determined by using a fluorescent probe, as 392 

described above. The former gene had already shown to be efficiently translated in vitro from a pre-393 

trascribed mRNA [12], and served as a starting point to tune the system. Transcription/translation of 394 

the ogt-encoding gene allowed us to show that the protein product was active, thereby demonstrating 395 

that it was correctly folded/modified in the in vitro reaction. Moreover, the possibility to use 396 

fluorescent substrates of this enzyme is a clear advantage for the quantification of the gene product, 397 

making this system flexible. 398 

An important novelty of our system with respect to previous attempts described in the literature is 399 

that it requires only endogenous components present in the cell lysate. Indeed, the only described 400 
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system for protein synthesis coupled with high-temperature translation makes use of a Thermococcus 401 

kodakaraensis lysate, but it requires an added thermostable T7 RNA polymerase to work [26]. Our 402 

assay is therefore an economically convenient choice, since extract preparation is simple and 403 

inexpensive. 404 

While the present work describes a promising new technology mainly for the gene expression 405 

analysis, it is not yet usable as such for the in vitro scale-up production of recombinant proteins. To 406 

achieve this, further experiments and improvements are needed. For instance, one may envisage the 407 

division of the reaction in two compartments, one containing the modified extract and one containing 408 

a feeding solution that includes substrates such as amino acids, ATP and GTP, and that is renewed 409 

by continuous flow, permitting substrate replenishment and byproduct removal. 410 

Moreover, it should be observed that extant-coupled CFPS utilize DNA in three forms: linear PCR 411 

product, linearized plasmid and circular plasmid. The use of linear PCR products has the distinct 412 

advantage of simplicity, since it eliminates the need for time-consuming cloning steps. However, 413 

circular DNA plasmids have typically been preferred to linearized plasmids or PCR products, due to 414 

the greater susceptibility of linear DNAs to nucleolytic cleavage. Indeed, in our case, samples 415 

incubated with the linearized plasmid failed to yield the expected protein product due to degradation 416 

of the linearized plasmid in the reaction mix. The removal of nucleases, and/or the utilization of 417 

overhang extensions to cyclize PCR products, could be adopted in the future for the optimization of 418 

the system. 419 

In conclusion, we believe that the system described here has very good potential for use in fields such 420 

as protein display technologies, interactome analysis and understanding of the molecular mechanisms 421 

governing coupled transcription-translation in archaea. 422 
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