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SUMMARY: 24 
We present a fast and cost-effective method to produce the recombinant PURE cell-free TX-25 
TL system using standard laboratory equipment. 26 
 27 
ABSTRACT: 28 
The defined PURE (protein synthesis using recombinant elements) transcription-translation 29 
system provides an appealing chassis for cell-free synthetic biology. Unfortunately, 30 
commercially available systems are costly, and their tunability is limited. In comparison, a 31 
home-made approach can be customized based on user needs. However, the preparation of 32 
home-made systems is time-consuming and arduous due to the need for ribosomes as well 33 
as 36 medium scale protein purifications. Streamlining protein purification by coculturing and 34 
co-purification allows for minimizing time and labor requirements. Here, we present an easy, 35 
adjustable, time- and cost-effective method to produce all PURE system components within 36 
1 week, using standard laboratory equipment. Moreover, the performance of the OnePot 37 
PURE is comparable to commercially available systems. The OnePot PURE preparation 38 
method expands the accessibility of the PURE system to more laboratories due to its simplicity 39 
and cost-effectiveness. 40 
 41 
INTRODUCTION: 42 
Cell-free transcription-translation (TX-TL) systems constitute a promising platform for 43 
investigating and engineering biological systems. They provide simplified and tunable 44 
reaction conditions, as they no longer rely on life-sustaining processes, including growth, 45 
homeostasis, or regulatory mechanisms1. Thus, it is anticipated that cell-free systems will 46 
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contribute to the investigation of biomolecular systems, offer a framework to test rational 47 
biodesign strategies2, and provide a chassis for a future synthetic cell3,4. The fully recombinant 48 
PURE system offers an especially appealing chassis due to its defined and minimal 49 
composition, as well as its adjustability and tuneability5. 50 
 51 
Since the first functional, fully recombinant PURE system was established in 20015, efforts 52 
have been made to expand the system limits and optimize the system’s composition to 53 
improve the system yields6–8, allow for transcriptional regulation9, membrane10,11 and 54 
secretory protein synthesis12, and to facilitate protein folding13,14. Nowadays, there are three 55 
commercially available systems: PUREfrex (GeneFrontier), PURExpress (NEB), and Magic 56 
PURE (Creative Biolabs). However, those systems are costly, their exact composition is 57 
proprietary and thus unknown, and adaptability is limited. 58 
 59 
PURE systems prepared in-house proved to be the most cost-effective and tunable option15,16. 60 
However, the required 37 purification steps for protein and ribosome fractions are time-61 
consuming and tedious. Several attempts have been made to improve the efficiency of the 62 
PURE system preparation17–19. We recently demonstrated that it is possible to coculture and 63 
co-purify all required non-ribosomal proteins present in the PURE system. This OnePot 64 
method has proved to be cost-effective and time-efficient, cutting down preparation time 65 
from several weeks to 3 working days. The approach generates a PURE system with a protein 66 
production capacity comparable to the commercially available PURExpress system20. Contrary 67 
to the previous approaches to simplify the PURE preparation17–19, in the OnePot approach all 68 
proteins are still expressed in separate strains. This enables the user to tune the composition 69 
of the OnePot PURE system by merely omitting or adding specific strains or adjusting the 70 
inoculation volumes, thus generating dropout PURE systems or altering the final protein 71 
ratios, respectively. 72 
 73 
The protocol presented here provides a detailed method for creating the OnePot PURE 74 
system as described previously20, although β-mercaptoethanol was replaced with tris(2-75 
carboxyethyl)phosphine (TCEP). Moreover, two methods for ribosome purification are 76 
described: traditional tag-free ribosome purification using hydrophobic interaction and 77 
sucrose cushion, adapted from Shimizu et al.15, and Ni-NTA ribosome purification based on 78 
Wang et al.18 and Ederth et al.21 but significantly modified. The latter method further 79 
facilitates the preparation of the PURE system and makes it accessible to more laboratories, 80 
as only standard laboratory equipment is required. 81 
 82 
The experimental protocol summarizes the preparation of a versatile PURE cell-free TX-TL 83 
system to provide a simple, tunable, cost-effective cell-free platform, which can be prepared 84 
using standard laboratory equipment within a week. Besides introducing the standard PURE 85 
composition, we indicate how and where it can be adjusted, with a primary focus on critical 86 
steps in the protocol to ensure the system’s functionality. 87 
 88 
PROTOCOL: 89 
 90 
NOTE: This protocol describes the preparation of cell-free TX-TL system from recombinant 91 
components. For convenience, the work is separated into five parts. The first part describes 92 



preparation steps, which should be done before starting the protocol. The second part 93 
describes the preparation of the OnePot protein solution. The third part describes ribosome 94 
purifications, the fourth part details the preparation of the energy solution, and the last part 95 
provides a manual for setting up a PURE reaction. For convenience, the protocols are divided 96 
into days and summarized in daily schedules in Table 1. Following the schedule, the whole 97 
system can be prepared in 1 week by one person. 98 
 99 
1. Preliminary work 100 
 101 
1.1. Prepare the bacterial culture media and media supplements as described in 102 
Supplementary Table 1. Prepare and sterilize the materials required, including pipette tips, 103 
96 deep-well plates. 104 
 105 
1.2. Strain preparation 106 
 107 
1.2.1. Transform the expression strains indicated in Table 2 with the corresponding 108 
expression vectors using the heat shock method. 109 
 110 
1.2.1.1. Add purified plasmid to the chemically competent bacteria and incubate on ice 111 
for 20–30 min. 112 
 113 
1.2.1.2. Place the mixture at 42 °C for 30 s (heat shock) and then place it back on ice 114 
for 2 min. 115 
 116 
1.2.1.3. Pipette 20 µL of the bacteria directly onto agar plates containing ampicillin 117 
(AMP) and incubate at 37 °C overnight. Store the plates at 4 °C for up to 1 week. 118 
 119 
1.2.1.4. Inoculate 3 mL of LB media containing AMP with a single colony of bacteria 120 
from the agar plates. Incubate at 37 °C while shaking at 260 rpm overnight. 121 
 122 
1.2.1.5. Mix 250 µL of the culture with 250 µL of 50% (v/v) glycerol and store at -80 °C. 123 
 124 
NOTE: For faster preparation in the future, store the strains in a 96-well plate as glycerol 125 
stocks. 126 
 127 
1.2.2. Confirm all vector transformations by colony PCR and sequencing. Sequence the gene, 128 
promoter region, and ribosome binding site. 129 
 130 
1.3. Expression test 131 
 132 
1.3.1. Inoculate 300 µL of LB media containing AMP with around 1 µL of the prepared 133 
glycerol stocks in a 1.3 mL deep-well plate. Seal the plate with a breathable membrane and 134 
then incubate at 37 °C while shaking at 260 rpm overnight. 135 
 136 
NOTE: All expressions are done separately at this point. 137 
 138 



1.3.2. Inoculate 300 µL of fresh LB media containing AMP with 1 µL of the overnight cultures. 139 
Incubate at 37 °C while shaking at 260 rpm overnight. After 2 h, induce the cells with 100 µM 140 

of Isopropyl β-D-1-thiogalactopyranoside (IPTG) and grow for an additional 3 h. 141 
 142 
1.3.3. Mix 10 µL of the culture with 10 µL of 2x Laemmli buffer and heat to 95 °C for 10 min. 143 
Spin the samples for 1 min using a table centrifuge and load 10 µL of the supernatant on a 144 
PAGE gel. Run the gel in Tris/Glycine/SDS buffer at 200 V for 30 min. Rinse it well with 145 
deionized water. Cover the gel with a Coomassie protein stain and incubate for 1 h. Destain 146 
the gel in water if necessary (representative results for the expression test in Figure 1). 147 
 148 
NOTE: Use gradient (4%–15% or 4%–20%) PAGE gels to achieve a good separation. 149 
 150 
1.4. IMAC Sepharose resin restoration and cleaning 151 
 152 
1.4.1. Column preparation. 153 
 154 
1.4.1.1. Mix the Sepharose resin well by vortexing. 155 
 156 
1.4.1.2. Pipette the required amount of resin into an empty gravity flow column. 157 
 158 
NOTE: The amount of resin required varies between His-ribosome purification and protein 159 
purification and is specified in the respective sections. 160 

 161 
1.4.1.3. Wash the resin with 30 mL of deionized water. 162 
 163 
1.4.1.4. Proceed with column re-charge as specified in section 1.4.4. 164 
 165 
NOTE: Always let all the liquid pass through the column before continuing with the next step. 166 
However, make sure that the column never runs dry. Whenever running any liquid through 167 
the column, ensure to stop the flow or continue to the next step as soon as the liquid reaches 168 
the resin. 169 
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1.4.2. Restoration. 170 
 171 
1.4.2.1. Wash the column with 30 mL of deionized water. 172 
 173 
1.4.2.2. Apply 10 mL of a 0.2 M EDTA and 0.5 M NaCl solution. 174 
 175 
1.4.2.3. Add 30 mL of a 0.5 M NaCl solution. 176 
 177 
1.4.2.4. Wash the column with 50 mL of deionized water. 178 
 179 
1.4.2.5. Store in 20% (v/v) ethanol at 4 °C or continue with the next step. 180 
 181 
1.4.3. Cleaning. 182 
 183 
CAUTION: Wear protective equipment. 184 
 185 
1.4.3.1. Wash the column with 30 mL of 0.5 M NaOH. 186 
 187 
1.4.3.2. Wash the column with 30 mL of deionized water. 188 
 189 
1.4.3.3. Wash the column with 30 mL of 0.1 M acetic acid. 190 
 191 
1.4.3.4. Wash the column with 30 mL of deionized water. 192 
 193 
1.4.3.5. Wash the column with 30 mL of 70% (v/v) ethanol. 194 
 195 
1.4.3.6. Wash the column with 50 mL of deionized water. 196 
 197 
1.4.3.7. Store in 20% (v/v) ethanol at 4 °C or continue with the next step. 198 
 199 
1.4.4. Re-charging. 200 
 201 
1.4.4.1. Add 10 mL of 0.1 M nickel sulfate solution to the column. 202 
 203 
CAUTION: Nickel sulfate is toxic. Nickel sulfate waste needs to be discarded with the 204 
precautions indicated by the supplier. 205 
 206 
1.4.4.2. Wash the column with 50 mL of deionized water. 207 
 208 
1.4.4.3. Store in 20% (v/v) ethanol at 4 °C or continue with the column equilibration. 209 
 210 
NOTE: If the column is stored in ethanol between steps, make sure to remove all traces of 211 
ethanol by washing the column with water. 212 
 213 



2. OnePot protein solution expression and purification 214 

 215 

NOTE: The protocol consists of three parts divided into days (Figure 2). An ideal preparation 216 
procedure produces 1.5 mL of 13.5 mg/mL OnePot protein solution, which corresponds to 217 
more than one thousand 10 µL PURE reactions. However, the amount and the ideal 218 
concentration of the solution will vary from batch to batch. Experienced users can perform 219 
multiple OnePot PURE preparations at a time. 220 
 221 
Day 1: 222 
 223 
2.1. Prepare bacterial culture media and media supplements as described in 224 
Supplementary Table 1. 225 
 226 
2.2. Prepare and sterilize the required materials, including pipette tips, two 96 deep-well 227 
plates, and one 1 L baffled Erlenmeyer flask. 228 
 229 
2.3. Prepare buffers and supplements as described in Supplementary Table 2. Filter 230 
sterilize all buffers using bottle top filters (0.45 µm) and store them at 4 °C. Supplement all 231 
the buffers with 1 mM TCEP right before use, unless indicated otherwise. 232 
 233 
2.4. Use 2 mL of sepharose resin for the OnePot protein purification. Prepare the column 234 
as described in section 1.4. 235 
 236 
2.5. To prepare the starter cultures, combine 20 mL of LB media with 20 µL of AMP. In a 237 
sterile 96, 1.3 mL deep-well plate, add 300 µL of the media into 35 wells. Inoculate each of 238 
them with its respective strain, except elongation factor thermo unstable (EF-Tu), and seal 239 
the plate with a breathable membrane. 240 
 241 
NOTE: Inoculate the plate using a 96-well replicator (see Table of Materials). The well volume 242 
of the deep-well plate and the volume of the starter culture are essential. Larger media 243 
volumes or smaller well volumes will lead to a different bacterial density due to aeration 244 
inconsistencies. 245 
 246 
2.6. For the EF-Tu culture, inoculate 3 mL of LB media in a 14 mL culture tube with a snap 247 
cap. A single 3 mL of culture for EF-Tu is sufficient for one OnePot expression culture. 248 
 249 

2.7. Incubate at 37 °C while shaking at 260 rpm overnight. 250 

 251 
Day 2: 252 
 253 
NOTE: Perform all the steps at room temperature unless indicated otherwise. 254 
 255 
2.8. Transfer 500 mL of LB media and 500 µL of AMP into the sterile baffled flask. 256 
 257 
2.9. Inoculate the OnePot PURE culture with 1675 µL of the EF-Tu culture and 55 µL of each 258 



of the cultures from the deep-well plate (Table 2). 259 
 260 
NOTE: During this step, the overall protein composition can be adjusted by tuning the 261 
inoculation ratios. Make sure that the overall inoculation volume remains constant at 3.6 mL. 262 
 263 
OPTIONAL: To confirm that all strains have grown overnight, measure the optical density of 264 
the overnight cultures at 600 nm (OD600) in a 96-well plate using a plate-reader. Use a dilution 265 
of 10x for the optical density measurement. 266 
 267 
2.10. Incubate the culture for 2 h at 37 °C with a shaking of 260 rpm, or until the OD600 of 268 
the culture reaches 0.2–0.3. 269 
 270 
2.11. Induce the culture with 500 µL of 0.1 mM IPTG and grow for an additional 3 h. 271 
 272 
2.12. Harvest the cells by centrifugation at 4 °C and 3220 x g for 10 min and store the cell 273 
pellet at -80 °C until further use. 274 
 275 
NOTE: To optimize the timing, prepare the energy solution described in section 4 during the 276 
incubation times on day 2 (Table 1). 277 
 278 
Day 3: 279 
 280 
2.13. Measure the amounts of buffers needed for the purification described in the steps 281 
below and add TCEP to all of them as indicated in Supplementary Table 2. Store the remaining 282 
buffers without TCEP at 4 °C for future purifications. 283 
 284 
2.14. Equilibrate the charged column (section 2.4) with 30 mL of buffer A. After 25 mL of 285 
buffer A has passed through, close the column from the bottom. In parallel, continue with 286 
steps 2.15–2.17. 287 
 288 
2.15. Thaw the cells and use a serological pipette to resuspend the cell pellet in 7.5 mL of 289 
buffer A. 290 
 291 
2.16. Lyse the cells using a 130-watt probe sonicator (see Table of Materials, probe tip 292 
diameter: 6 mm) with the following parameters: 4 x 20 s pulse on, 20 s pulse off, 70% 293 
amplitude. If sonication is successful, the solution will turn darker (Figure 2). 294 
 295 
NOTE: Make sure to keep the cells on ice during sonication. Place the probe deep enough into 296 
the solution without touching the tube. If a large amount of foam is generated, the energy 297 
transfer will be damped. In that case, let the foam settle, lower the probe deeper into the 298 
solution, and extend the sonication time. 299 
 300 
2.17. Remove the cell debris by centrifugation at 21130 x g for 20 min at 4 °C immediately 301 
after sonication. Keep the lysate on ice. 302 
 303 
2.18. Add the supernatant to the equilibrated column. Close the column from the top and 304 



make sure there is no leakage. Incubate the column for 3 h at 4 °C under rotation using a tube 305 
rotator. 306 
 307 
2.19. Elute unbound components from the column and wash with 25 mL of buffer A. 308 
 309 
2.20. Wash the column with 25 mL of 25 mM imidazole buffer (23.95 mL of buffer A and 310 
1.25 mL of buffer B). 311 
 312 
2.21. Elute the proteins with 5 mL of 450 mM imidazole buffer (0.5 mL of buffer A and 4.5 313 
mL of buffer B). Keep the eluted proteins on ice at all times. 314 
 315 
2.22. Dilute the eluate with 25 mL of HT buffer, keep the mixture on ice. Add 15 mL to a 15 316 
mL centrifugal filter and concentrate to a volume of 1.5 mL. Add the remaining 15 mL to the 317 
filter with the concentrated solution and concentrate to 1.5 mL once more. 318 
 319 
2.23. Add 10 mL of HT buffer to the concentrated sample and concentrate to 1 mL. Add an 320 
equal amount of stock buffer B and store at -80 °C until further use. 321 
 322 
NOTE: One round of exchange/concentration takes about 60 min spinning at 3220 x g at 4 °C. 323 
 324 
2.24. During the buffer exchange, restore the column as specified in section 1.4. 325 
 326 
Day 4: 327 
 328 
2.25. Measure the protein concentration using the Bradford assay as described by the 329 
supplier. Concentrate the sample with a 0.5 mL of 3 kDa cutoff centrifugal filter to 20 mg/mL. 330 
 331 
NOTE: Dilute the protein solution 25-fold or 50-fold before the concentration measurements 332 
to avoid oversaturating the Bradford assay. 333 
 334 
2.26. To establish the ideal protein concentration, perform an expression test at this stage 335 
(section 5.2) with different concentrations of the protein solution. To perform the titration, 336 
keep the total volume of the solution constant and pipette the OnePot protein solution, 337 
including stock buffer B, at five different ratios (Supplementary Table 7). 338 
 339 
2.27. Verify the OnePot PURE protein composition using SDS-PAGE (Figure 3A). Dilute 2.5 340 
µL of the sample with 7.5 µL of water, mix with 10 µL of 2x Laemmli buffer and then load 5 µL 341 
and 2.5 µL of the samples to the gel. Run the SDS-PAGE as specified in section 1.3.3. 342 
 343 
2.28. Aliquot the protein solution into 50 µL aliquots after verifying the expression and 344 
adjusting the concentration. Store the OnePot PURE protein solution at -80 °C until further 345 
use. 346 
 347 
NOTE: If a protein component is suspected not to be present, or is present in a lower-than-348 
expected concentration in the OnePot PURE, perform the following steps. 349 



 350 
2.29. Check whether the overnight culture of the respective strain has grown at a 351 
comparable rate to the other cultures by performing optical density measurements (OD600) 352 
of all cultures. 353 

 354 
2.30. Perform an additional expression test of the specific strain to verify the expression of 355 
the suspect protein. 356 

 357 
3. Ribosome solution 358 
 359 
NOTE: Two different ribosome purification strategies are introduced, one for hexahistidine-360 
tagged and one for non-tagged ribosomes. The major advantage of the purification method 361 
using His-purification on a standard affinity Ni-NTA gravity flow column is that the purification 362 
is easy, fast, and does not require additional laboratory equipment, such as a FPLC system 363 
and an ultracentrifuge. However, the protein production capacity in OnePot PURE reactions 364 
is around one-third compared to tag-free ribosomes. Therefore, choose the method for 365 
ribosome production based on whether a high yield is important for the given application. 366 
 367 
3.1. His-tagged ribosome purification 368 
 369 
NOTE: This protocol utilizes the E. coli RB1 strain, a gift from Professor Wang (Columbia 370 
University, USA)18. This strain has a genomic insertion of a hexa-histidine tag on the C 371 
terminus of 50S ribosomal protein (L7/L12), allowing for purification using a Ni-NTA gravity-372 
flow column. The usual yield is around 0.5 mL of 3.45 µM ribosomes, which is sufficient for 373 
more than five hundred 10 µL PURE reactions. 374 
 375 
Day 1: 376 
 377 
3.1.1. Prepare bacterial culture media and media supplements as described in 378 
Supplementary Table 1. 379 
 380 
3.1.2. Prepare and sterilize the required materials, including pipette tips, one 5 L Erlenmeyer 381 
flask, and one 100 mL Erlenmeyer flask. 382 
 383 
3.1.3. Prepare buffers and supplements as described in Supplementary Table 2. Filter 384 
sterilize all the buffers using bottle top filters (0.45 µm) and store them at 4 °C. 385 
 386 
Day 2: 387 
 388 
3.1.4. Pipette 5 mL of resin to a column and prepare the column as specified in section 1.4. 389 
 390 
NOTE: Due to the higher volume of the resin, the restoration and purification take significantly 391 
longer. Use a different column for ribosome purification to avoid cross-contamination and 392 
thoroughly clean it before the purification. 393 
 394 
3.1.5. Prepare an overnight culture of E. coli RB1 strain by inoculating 35 mL of LB media in 395 



a 100 mL Erlenmeyer flask. Incubate at 37 °C while shaking at 260 rpm. 396 
 397 
Day 3: 398 
 399 
NOTE: Perform all the steps at room temperature unless indicated otherwise. 400 
 401 
3.1.6. Add 2 L of LB media into a 5 L sterile flask, inoculate with 12 mL of the overnight 402 
culture, and then incubate for 3–4 h at 37 °C while shaking at 260 rpm. 403 
 404 
NOTE: Alternatively, perform bacterial culturing in 4 x 500 mL of cultures in 1 L baffled flasks. 405 
 406 
3.1.7. Pellet the cells by centrifugation for 10 min at 3220 x g and 4 °C. Store at -80 °C until 407 
further use. 408 
 409 
Day 4: 410 
 411 
3.1.8. Equilibrate the column prepared in step 3.1.4. with 30 mL of lysis buffer. 412 
 413 
3.1.9. Resuspend the pellet in 20 mL of lysis buffer using a serological pipette. 414 
 415 
3.1.10. Lyse the cells with a 130-watt probe sonicator (see Table of Materials, probe tip 416 
diameter: 6 mm) on ice with the following parameters: 11 x 20 s pulse on; 20 s pulse off, 70% 417 
amplitude (see step 2.16 for procedure details). 418 
 419 
3.1.11. Immediately after sonication, remove the cell debris by centrifugation for 20 min at 420 
21130 x g at 4 °C. Keep the lysate on ice. 421 
 422 
3.1.12. Load the supernatant to the columns and let it pass through. 423 
 424 
3.1.13. Wash the column with the following mixtures of lysis and elution buffers. 425 
 426 
3.1.13.1. Wash 0: use 30 mL of lysis buffer. 427 
 428 
3.1.13.2. Wash 1: use 30 mL of 5 mM imidazole (29 mL of lysis buffer, 1 mL of elution 429 
buffer). 430 
 431 
3.1.13.3. Wash 2: use 60 mL of 25 mM imidazole (50 mL of lysis buffer, 10 mL of elution 432 
buffer). 433 
 434 
3.1.13.4. Wash 3: use 30 mL of 40 mM imidazole (22 mL of lysis buffer, 8 mL of elution 435 
buffer). 436 
 437 
3.1.13.5. Wash 4: use 30 mL of 60 mM imidazole (18 mL of lysis buffer, 12 mL of elution 438 
buffer). 439 
 440 
3.1.14. Elute the ribosomes with 7.5 mL of the elution buffer. Keep the eluted proteins on ice 441 



at all times. 442 
 443 
3.1.15. Add 22 µL of pure β-mercaptoethanol to 45 mL of ribosome buffer. 444 

 445 

CAUTION: β-mercaptoethanol is toxic. Take safety precautions and work in a fume hood. 446 
 447 
3.1.16. Add the eluate to a 15 mL centrifugal filter and concentrate to 1 mL. 448 
 449 
3.1.17. Add 15 mL of ribosome buffer to the concentrated sample and concentrate again to 1 450 
mL. 451 
 452 
3.1.18. Repeat the previous step twice. 453 
 454 
3.1.19. Store at -80 °C until further use. 455 
 456 
NOTE: One round of exchange/concentration takes about 60 min of centrifugation at 3220 x 457 
g at 4 °C. 458 
 459 
3.1.20. During the buffer exchange, restore the column as specified in section 1.4. 460 
 461 
Day 5: 462 
 463 
3.1.21. Determine the ribosome concentration by measuring the absorbance at 260 nm of a 464 
sample diluted 1:100 in ribosome buffer. An absorbance value of 10 of the diluted solution 465 
corresponds to 23 µM of undiluted solution as previously described16. 466 
 467 
3.1.22. Implement a final stock concentration of 3.45 µM. To adjust the concentration, dilute 468 
the ribosomes with ribosome buffer or concentrate them further by centrifugation at 14000 469 
x g in a 3 kDa 0.5 mL centrifugal filter at 4 °C. 470 
 471 
NOTE: To achieve optimal system expression, perform a ribosome concentration titration 472 
(section 5.2, Supplementary Table 7). 473 
 474 
3.1.23. Verify the ribosome composition using SDS-PAGE (Figure 3A) as specified in section 475 
1.3.3. Dilute 2.5 µL of the sample with 7.5 µL of water, mix with 10 µL of 2x Laemmli buffer, 476 
and then load 5 µL and 2.5 µL of the samples onto the gel. 477 
 478 
3.2. Tag-free ribosome purification 479 
 480 
NOTE: Tag-free ribosome purification is performed using a FPLC system (Table of Materials) 481 
and is based on hydrophobic interaction chromatography using 2 x 5 mL Butyl columns (Table 482 
of Materials). Although ribosomes may be purified from any strain, using the E. coli A19 (E. 483 
coli Genetic Resources at Yale CGSC) strain is advantageous due to its RNase I deletion22. 484 
Perform the purification at 4 °C in either a cold room or a cooling cabinet. The usual yield is 485 
around 0.5 mL of 10 µM ribosomes, which corresponds to more than five hundred 10 µL PURE 486 
reactions. 487 



 488 
Day 1: 489 
 490 
3.2.1. Prepare bacterial culture media and media supplements as described in 491 
Supplementary Table 1. 492 
 493 
3.2.2. Prepare and sterilize the required materials, including pipette tips, 5 L Erlenmeyer 494 
flask, and 100 mL Erlenmeyer flask. 495 
 496 
3.2.3. Prepare buffers and supplements as described in Supplementary Table 2. Filter 497 
sterilize all the buffers using bottle top filters (0.45 µm) and store them at 4 °C. 498 
 499 
Day 2: 500 
 501 
3.2.4. To prepare an overnight culture of the E. coli A19 strain, inoculate 35 mL of LB media 502 
in a 100 mL Erlenmeyer flask. Incubate at 37 °C while shaking at 260 rpm. 503 
 504 
Day 3: 505 
 506 
3.2.5. Transfer 2 L of LB media into the 5 L sterile baffled flask, inoculate with 30 mL of the 507 
overnight culture, and then incubate for 3–4 h at 37 °C while shaking at 200 rpm. 508 
 509 
3.2.6. Pellet the cells by centrifugation at 4000 x g for 15 min at 4 °C. Resuspend the pellet 510 
in 25 mL of suspension buffer and store at -80 °C until further use. 511 
 512 
Day 4: 513 
 514 
3.2.7. Perform steps 3.2.8–3.2.12 in parallel with steps 3.2.13–3.2.19. 515 
 516 
3.2.8. Thaw and lyse the cells using a 130-watt probe sonicator (see Table of Materials and 517 
probe tip diameter: 6 mm) on ice with the following parameters: 12 x 20 s pulse on; 20 s pulse 518 
off, 70% amplitude (see step 2.16 procedure details). 519 
 520 
3.2.9. Immediately remove the cell debris by centrifugation at 20000 x g for 20 min at 4 °C. 521 
 522 
3.2.10. Aspirate the supernatant and measure the volume. Add an equal volume of 523 
suspension buffer (high salt) to adjust the final concentration of ammonium sulfate to 1.5 M 524 
and mix well. 525 
 526 
3.2.11. Remove the precipitate by centrifugation at 20000 x g for 20 min at 4 °C. 527 
 528 
3.2.12. Filter the supernatant using a 0.45 µm polyethersulfone membrane syringe filter 529 
before FPLC purification and collect the filtrate in a 100 mL glass bottle. Keep the supernatant 530 
at 4 °C at all times. 531 
 532 
3.2.13. Set up the FPLC system for hydrophobic-interaction chromatography purification 533 



using a double Butyl column (2 x 5 mL) as follows. For this setup, one column volume (CV) 534 
refers to a volume of 10 mL. 535 
 536 
3.2.14. Three inlets will be needed: two as buffer lines and one as the sample line. Due to the 537 
default settings of the purifier, it is convenient to choose lines A1 and B1 for buffer C and 538 
buffer D, respectively, and line A2 as the sample line. Apply a default flow rate of 4 mL/min, 539 
except for pump washes (10 mL/min) or unless indicated otherwise. 540 
 541 
NOTE: As TCEP is a costly reagent, add the corresponding amount to buffers C and D only after 542 
the equilibration step. 543 
 544 
3.2.15. Perform a system pump wash in 20% (v/v) ethanol to clean the system and remove 545 
potential contamination from previous purifications. Manually set a flow rate of 0.2 mL/min 546 
and mount the column. Stop the flow. 547 
 548 
3.2.16. Execute a system pump wash with water. Wash the column with 3 CV of water. 549 
 550 
3.2.17. Equilibration: place inlets A1 and A2 in buffer C and inlet B1 in buffer D without TCEP. 551 
Execute a pump wash and equilibrate the column with 4 CV of buffer C. 552 
 553 
3.2.18. Add TCEP to buffers C and D. 554 
 555 
3.2.19. Prepare 15 mL tubes or clear round fraction collector tubes to the fraction collector to 556 
collect 4–5 mL elution fractions. 557 
 558 
3.2.20. Loading: Place the inlet A2 into the bottle with the filtered sample. Load approximately 559 
90% of the sample volume onto the column. Dilute the sample with 20 mL of TCEP-containing 560 
buffer C, and load 10 mL of the sample onto the column. Repeat the dilution step at least 561 
twice and load as much sample onto the column as possible. It is critical to ensure that no air 562 
is sucked into the machine. 563 
 564 
3.2.21. Washing step 1: wash with 3 CV of buffer C to remove the unbound components. 565 
 566 
3.2.22. Washing step 2: wash with 5 CV of 80% buffer C and 20% buffer D. 567 
 568 
3.2.23. Elution: elute the product by applying 50% of buffer C and 50% of buffer D, with a total 569 
elution volume of 5 CV. Collect this fraction in the collector tubes. 570 
 571 
3.2.24. Washing step 3: Elute all strongly interacting contaminants using 100% buffer D with 572 
a total volume of 5 CV. 573 

 574 

3.2.25. Analyze the absorption spectrum of the sample fraction at 260 or 280 nm (Figure 4). 575 
The first peak shows the non-absorbed proteins eluted during loading and the first washing 576 
step; the second peak shows contaminants that have been eluted during the second washing 577 
step. The third peak monitors the final product, and the last peak shows the strongly 578 
interacting contaminants. Pool all sample fractions corresponding to the third peak for further 579 



processing. Keep the eluted proteins on ice at all times. 580 
 581 
3.2.26. Gently overlay the recovered fraction onto 15 mL of the cushion buffer in four 582 
polycarbonate ultracentrifugation tubes. Add a maximum of 15 mL of the sample to 15 mL of 583 
the cushion buffer. Make sure to balance the weight of the tube well. Pellet the ribosomes by 584 
ultracentrifugation at 100000 x g at 4 °C for 16 h. 585 
 586 
NOTE: Ensure that no cracks are present in the ultracentrifugation tubes. 587 
 588 
3.2.27. Clean and reset the column as follows. A flow rate of 5 mL/min works well. Place all 589 
the inlets into the water and execute a pump wash. Wash the column with 2 CV of water. 590 
 591 
3.2.27.1. Place the inlet into a 0.5 M NaOH solution, perform a pump wash, and 592 
subsequently wash the column with 3 CV of NaOH. 593 
 594 
3.2.27.2. Place the inlet into water, perform a pump wash, and then wash the column 595 
in 2 CV of water. 596 
 597 
3.2.27.3. Place the inlet to a 0.1 M acetic acid solution, perform a pump wash, and 598 
subsequently wash the column with 3 CV of acetic acid solution. 599 
 600 
3.2.27.4. Pump wash and wash the column with 2 CV of water. 601 
 602 
3.2.27.5. Place all inlets into 20% (v/v) ethanol, execute a pump wash step, and store 603 
the column in 20% (v/v) ethanol by washing it with 3 CV of a 20% (v/v) ethanol solution. 604 
 605 
NOTE: Ensure that the system never runs dry or sucks in air. Never apply buffer directly to 606 
ethanol, or ethanol to buffer. Always add a water washing step in between, as otherwise there 607 
is a risk of precipitates clogging the column. Make sure to add enough sample collection tubes. 608 
 609 
Day 5: 610 
 611 
3.2.28. Discard the supernatant and carefully, without disturbing the translucent pellet, wash 612 
each pellet with 0.5 mL of ice-cold ribosome buffer. Repeat this step twice. 613 
 614 
3.2.29. Resuspend each of the clear pellets in 100 µL of ribosome buffer on ice using a 615 
magnetic stir bar (3 mm diameter, 10 mm length) on a magnetic stirrer using the lowest 616 
possible speed. Collect the resuspended ribosomes and wash the tubes with an additional 50 617 
µL of ribosome buffer. 618 
 619 
NOTE: The translucent pellet is difficult to see. Therefore, carefully wash the pellet from the 620 
sides of the tube. 621 
 622 
3.2.30. Determine the ribosome concentration by measuring the absorbance at 260 nm of the 623 
sample diluted at a ratio of 1:100 in ribosome buffer. An absorbance of 10 of the diluted 624 



solution corresponds to 23 µM of undiluted solution as previously described16. 625 
 626 
3.2.31. Implement a final stock concentration of 10 µM. To adjust the concentration, dilute 627 
the ribosomes with ribosome buffer or concentrate them further by centrifugation at 14000 628 
x g in a 3 kDa centrifugal filter at 4 °C. 629 
 630 
NOTE: To achieve optimal system expression, perform ribosome titration (section 5.2, 631 
Supplementary Table 7). 632 
 633 
3.2.32. Verify the ribosome composition with SDS-PAGE (Figure 3A) as specified in section 634 
1.3.3. Dilute 2.5 µL of the sample with 7.5 µL of water, mix with 10 µL of 2x Laemmli buffer, 635 
and then load 5 µL and 2.5 µL of the samples to the gel. 636 
 637 
4. Energy solution 638 
 639 
NOTE: The composition for the 2.5x energy solution introduced here is an example of a 640 
solution that worked well for a standard TX-TL reaction. To optimize the timing, prepare the 641 
energy solution during day 2. The preparation of the amino acid solution is explained in detail, 642 
followed by the final preparation procedure. 643 
 644 
4.1. Amino acid solution 645 
 646 
NOTE: Prepare the amino acid solution in bulk. Preparing the amount of amino acid stock 647 
solutions required for a final volume of at least 2000 µL will reduce the weighing error for the 648 
otherwise very small amounts. The overall concentration of the amino acid solution is limited 649 
by the solubility of the amino acids and the respective stock solution concentrations. For the 650 
standard PURE system, prepare a solution with a final concentration of 3.25 mM. Use the 651 
amino acid solution calculation table (Supplementary Table 3) as a template. Use cysteine in 652 
the salt form to ensure sufficient solubility. Avoid using KOH-based amino acid preparation 653 
methods. It is possible to directly weigh the exact amounts of amino acids into the final amino 654 
acid solution without preparing stock solution for all the amino acids. However, this is more 655 
challenging and less precise. 656 
 657 
4.1.1. Prepare stock solutions for each amino acid as described in Supplementary Table 3, 658 
except for Tyrosine. 659 
 660 
NOTE: Due to the different solubilities of the amino acids in water, the respective suggested 661 
concentrations of the stock solution differ. 662 
 663 
4.1.2. Minimal mass [mg] provides the approximate minimum mass required to obtain a 664 
sufficient amount of stock solution for the target overall volume, as a reference. 665 
 666 
NOTE: The minimal mass is calculated with a surplus of 10%. 667 
  668 
4.1.3. For an easier preparation of the solutions, do not weigh the exact amount of amino 669 
acid, but instead, for the mass at hand, adjust the amount of water to achieve the desired 670 



concentration. Calculate the amount of deionized water (Water to add [µL]) needed, based 671 
on the actual mass filled in (light yellow cells) and the desired concentration using the 672 
spreadsheet in Supplementary Table 3. 673 
 674 
4.1.4. Solubilize the amino acid stock solutions by vortexing until all precipitate has 675 
dissolved. The individual amino acid stock solutions can be stored at -20 °C for several weeks. 676 
 677 
NOTE: Some amino acids are difficult to dissolve in water; the process may take some time. 678 
 679 
4.1.5. Weigh the exact amount of tyrosine required to obtain a final concentration of 3.25 680 
mM directly into the tube for the amino acid solution. 681 
 682 
NOTE: Tyrosine is very difficult to dissolve in water. Add it directly instead of preparing a stock 683 
solution. 684 
 685 
4.1.6. Add the corresponding amounts of amino acid stock solutions and water as indicated 686 
in the Final volume to add [µL] column (light blue cells) and vortex the solution well. Store the 687 
completed amino acid solution at -80 °C until further use. 688 
 689 
4.2. Preparation of the energy solution 690 
 691 
NOTE: In total, the 2.5x energy solution contains 0.75 mM of each amino acid, 29.5 mM of 692 
magnesium acetate, 250 mM of potassium glutamate, 5 mM of ATP and GTP each, 2.5 mM of 693 
CTP, UTP, and TCEP, respectively, 8.75 mg/mL of tRNA from E. coli MRE 600, 50 mM of 694 
creatine phosphate, 0.05 mM of folinic acid, 5 mM of spermidine, and 125 mM of HEPES. 695 
First-time users prepare the energy solution in small batches of 200 µL. Store the individual 696 
solutions prepared according to Supplementary Table 4 at -20 °C or -80 °C for later use. 697 
 698 
4.2.1. Thaw all aqueous solutions mentioned in the Supplementary Table 5 on ice. 699 
 700 
4.2.2. Meanwhile, prepare the stock solutions for the remaining components listed in 701 
Supplementary Table 4. Keep all the solutions on ice after preparation. 702 
 703 
NOTE: Add 500 µL of RNase and DNase-free water directly to the vial to dissolve the 704 
lyophilized tRNAs. Mix well by gentle vortexing; limit pipetting to avoid introducing RNases. 705 
 706 
4.2.3. Add the calculated volumes (Supplementary Table 5) of stock solutions and water and 707 
mix well using a vortex. Keep the solution on ice at all times. 708 
 709 
4.2.4. Measure the pH of the solution by pipetting 1 µL onto a pH strip, to ensure that the 710 
pH of the solution is neutral. 711 
 712 
4.2.5. Aliquot the energy solution at 50–100 µL per tube on ice and store at -80 °C until 713 
further use. While aliquoting, vortex the main stock frequently to prevent the components 714 
from precipitating. 715 
 716 



NOTE: Optionally, conduct an activity assay of the newly made energy solution against 717 
commercial energy solutions, e.g., Solution A in PURExpress. If a significantly lower 718 
performance of the system with the energy solution is observed, optimizing the ion 719 
concentrations, especially magnesium ions, by titration (5–20 mM) may be advantageous. 720 
 721 
5. OnePot PURE reaction 722 
 723 
5.1. DNA template 724 
 725 
NOTE: Proteins encoded downstream of the T7 promoter can be expressed in PURE from 726 
either linear or circular DNA. By generating a linear DNA template using extension PCR, 727 
tedious cloning steps can be omitted. The linear templates for this study were generated by 728 
PCR as described below, using a high-fidelity DNA polymerase (Table of Materials). Primer 729 
sequences, melting temperatures, and the thermocycler settings used in this study are 730 
specified in Supplementary Table 6. The preparation of the DNA template is not included in 731 
the daily schedule. 732 
 733 
5.1.1. Set up a PCR reaction as recommended by the polymerase supplier. 734 
 735 
NOTE: Optimized parameters for a high-fidelity DNA polymerase (Table of Materials) are 736 
given in Supplementary Table 6. 737 
 738 
5.1.2. Amplify the target gene (e.g., eGFP) as a linear template from a plasmid or genome 739 
using gene-specific primers (500 nM) (for the parameters, see Supplementary Table 6). 740 
 741 
5.1.3. The amplification generates short extensions to provide annealing sequences for the 742 
following extension PCR steps. 743 
 744 
5.1.4. Check the amplicon on an agarose gel for correct size and purity. 745 
 746 
5.1.5. Use the amplified DNA as a template for the subsequent extension steps. Set up a 747 
reaction of at least 50 µL. 748 
 749 
5.1.6. Run 10 PCR amplification cycles with the extension primers (2.5 nM). After completing 750 
the amplification cycles, immediately add the final primers (500 nM) to the same reaction and 751 
run 30 cycles to amplify the extended PCR product. Find the melting temperatures and primer 752 
sequences in Supplementary Table 6. 753 
 754 
5.1.7. Purify the DNA fragments using a DNA purification kit and elute the DNA in nuclease-755 
free water instead of EDTA containing elution buffer. 756 
 757 
5.1.8. Check the linear template on an agarose gel for correct size and purity. 758 
 759 
5.1.9. Measure the DNA concentration in ng/µL using an UV-Vis spectrophotometer. 760 
 761 



5.2. Setting up the PURE reaction 762 
 763 
NOTE: The final reaction composition is 1x energy solution, tag-free ribosomes or His-tag 764 
ribosomes, OnePot PURE proteins, and DNA template. The reaction volume ratio comprises 765 
40% energy solution, 30% protein and ribosome solution, and 30% DNA and water. Typical 766 
reaction volumes vary between 5 µL and 25 µL. Quantify the expression of a fluorescent 767 
protein continuously on a plate-reader. Use a Green Lys in vitro Translation Labeling System, 768 
which incorporates fluorescently labeled Lysine residue into newly synthesized proteins, to 769 
verify the expression of non-fluorescent proteins on a SDS-PAGE gel. An example reaction 770 
template is given in Supplementary Table 7 to help establish a PURE cell-free expression 771 
reaction. Cells in yellow indicate user-input values, and cells in orange indicate additional 772 
reagents to be optionally added to the reaction. Keep the volume ratios of the components 773 
precise to ensure the correct ion balance. For instance, to achieve a higher protein 774 
concentration, increase the OnePot protein solution concentration; however, do not increase 775 
the volume of protein solution added to the reaction. 776 
 777 
5.2.1. Fill in the concentration [ng/µL] and length [base pairs] of the DNA in the 778 
corresponding yellow cells in the spreadsheet. Use 2–10 nM of DNA for the reaction. 779 
 780 
5.2.2. Fill in the desired total reaction volume in µL. 781 
 782 
5.2.3. Remove the required reagents from the freezer and thaw them on ice. 783 
 784 
NOTE: Refreezing of the components is possible without a decrease in functionality. However, 785 
minimize the number of freeze-thaw cycles and the time samples are stored on ice as much 786 
as possible. 787 
 788 
5.2.4. Pipette the calculated amounts of water, DNA, and energy solution to one side of the 789 
PCR tube or one corner of a well on the 384-well plate. Add the required amount of any 790 
additional reagent on the same side. Minimize the number of samples per experiment to 791 
avoid sample evaporation and experimental start time bias. 792 
 793 
NOTE: It is crucial to keep the energy component physically separated from the protein 794 
components to avoid premature consumption of the energy sources and lower yields. 795 
 796 
5.2.5. Pipette the calculated amounts of protein and ribosome solution to the other side of 797 
a PCR tube or the opposite corner of the 384-well plate. 798 
 799 
NOTE: Use master mixes whenever possible to reduce the impact of pipetting errors. After 800 
initial testing, the ribosome and protein solutions can be mixed and stored as one solution. 801 
 802 
5.2.6. Spin for a short time (30 s) to merge the reaction components. To prevent evaporation 803 
during plate-reader experiments, add 35 µL of liquid wax and seal the plate with a transparent 804 



sealant (see Table of Materials). 805 
 806 
5.2.7. Incubate for a minimum of 3 h at 37 °C. 807 
 808 
5.2.8. For readout on a plate-reader, measure the fluorescence intensity at the required 809 
wavelength every 2 min (representative results are shown in Figure 3B). 810 
 811 
5.2.9. Perform the following steps for Green Lys labeled samples. 812 
 813 
5.2.10. After the cell-free expression, incubate the sample with 0.16 µg/µL of RNase A for 30 814 
min at 37 °C to remove the fluorescent background of the Green Lys labeling kit. 815 
 816 
NOTE: Use RNase A, as other types of RNases do not remove the background sufficiently well. 817 
 818 
5.2.11. Visualize the protein expression by running SDS-PAGE as specified in section 1.3.3. 819 
Wash the unstained gel gently in deionized water, and image it on a fluorescent imager using 820 
an excitation wavelength of 488 nm. 821 
 822 
5.2.12. Subsequently, stain the gel using conventional Coomassie staining methods. For the 823 
suitable parameters see section 1.3.3. 824 
 825 
NOTE: Perform a titration of the protein solution with the recommended ribosome 826 
concentration and, if required, titrate ribosomes with the optimal OnePot protein 827 
concentration afterward. Use the commercial PURExpress ΔRibosome kit as a positive control. 828 
Solution A, Factor Mix, and the ribosome solution correspond to the prepared energy, the 829 
OnePot protein solution, and the purified ribosomes, respectively. 830 
 831 
REPRESENTATIVE RESULTS: 832 
The above protocol is designed to facilitate establishing the PURE cell-free TX-TL system in 833 
any laboratory. The protocol includes a detailed description of the preparation of the three 834 
distinct parts of the PURE system: the OnePot protein, ribosome, and energy solution. A 835 
detailed daily schedule, which optimizes the workflow, is shown in Table 1. The workflow is 836 
optimized for the purification of His-tagged ribosomes, and time frames may differ slightly if 837 
tag-free ribosome purification is performed. One preparation provides a sufficient amount of 838 
PURE for a minimum of five hundred 10 µL reactions. Moreover, the prepared solutions are 839 
stable for more than a year at -80 °C and can withstand multiple freeze-thaw cycles. 840 
 841 
Adequate overexpression levels for all strains are crucial for the functionality of the final 842 
protein solution. Figure 1 shows successful overexpression in all 36 individual strains used 843 
subsequently for the OnePot protein preparation. Variation in the over-expressed proteins' 844 
band intensities occurred most probably due to a bias in loading volumes onto the SDS-PAGE 845 
gel. The expected protein sizes are summarized in Table 2. GlyRS and PheRS consist of two 846 
subunits of various molecular weights; the remaining 34 proteins consist of a single subunit. 847 
Key to this protocol's simplicity and time-effectiveness is the coculturing and co-purification 848 
step (Figure 2). The OnePot protein solution was prepared by increasing the ratio of EF-Tu 849 
strain with respect to all the other expression strains. The overall composition of the final 850 



proteins was analyzed by SDS-PAGE (Figure 3A). From the gels (lanes 2, 3), it is noticeable that 851 
EF-Tu (43.3 kDa) is present in a higher concentration compared to the other proteins, as 852 
expected. While the gel provides a good first indication of protein expression ratios, it is 853 
difficult to determine whether and at which level each individual protein was expressed. 854 
Therefore, it is highly recommended to confirm the overexpression in each strain before 855 
coculturing, as shown above. 856 
 857 
The E. coli ribosome is a complex molecular machine composed of over 50 individual protein 858 
subunits23. A representative absorption spectrum at 260 nm for tag-free ribosome 859 
purification is shown in Figure 4; the third peak is characteristic of successful ribosome 860 
elution. For both ribosome purification methods, the expected running pattern on the SDS-861 
PAGE gel (Figure 3A)18 was observed. We did observe contaminations for both purifications, 862 
albeit in small quantities (<10%). Notably, different contaminants were present in the tag-863 
free (lanes 5, 6) and His-tagged (lanes 11, 12) ribosomes due to the variation in the method. 864 
For user reference, the SDS-PAGE gels for the combined systems are also included (lanes 8, 9, 865 
and 14, 15). 866 
 867 
Lastly, the performance of the prepared systems (Figure 3) using the different ribosome 868 
variants are compared. The time courses of in vitro eGFP expression show that both PURE 869 
systems are functional and produce fluorescent eGFP. However, the OnePot protein solution 870 
combined with the His-tagged ribosomes, using the ribosome concentration optimized by 871 
titration, yielded only one-third of the expression level of the non-tagged ribosome version 872 
(Figure 3B). Similar results were observed when three proteins of different sizes were 873 
expressed and labeled using the Green Lys tRNA in vitro labeling system (Figure 3C). As seen 874 
on the fluorescent gel, full-length products were successfully expressed in both systems; 875 
however, only around half of the expression level was achieved with the His-tag ribosome 876 
system. In addition to the fluorescence labeling, the expected bands for all three proteins are 877 
distinguishable on a Coomassie-stained gel (Figure 3D). The results show that the introduced 878 
expression system, which can be prepared within a week in a laboratory with standard 879 
equipment, can be used for the in vitro expression of proteins encoded downstream of the 880 
T7 promoter from linear templates. 881 
 882 
FIGURE AND TABLE LEGENDS: 883 
Figure 1: Representative results for the overexpression test for all expression strains of the 884 
PURE system. PURE protein numbers and sizes are summarized in Table 2. Protein numbers 885 
21, 24, and 27 are marked with a star for better visualization. 886 
 887 
Figure 2: OnePot protein purification. The schematic depiction and corresponding 888 
photographs of all steps involved in the production of the OnePot protein solution. 889 
 890 
Figure 3: Performance of the prepared systems using the different ribosome variants. (A) 891 
Coomassie blue stained SDS-PAGE gels of the OnePot protein solution (lanes 2, 3), tag-free 892 
ribosomes without protein solution (lanes 5, 6) and with protein solution (lanes 8, 9), His-893 
tagged ribosomes without protein solution (lanes 11, 12) and with protein solution (lanes 14, 894 
15). Two different concentrations were loaded per sample. (B) Comparison of eGFP 895 
expression of His-tagged ribosomes and tag-free ribosomes. The fluorescence intensity of in 896 



vitro eGFP expression is monitored over time for a PURE reaction using tag-free ribosomes 897 
(1.8 µM, blue) and His-tagged ribosomes (0.62 µM, red). The concentrations of the linear 898 
template and the OnePot protein solution were 4 nM and 2 mg/mL, respectively. Panels (C) 899 
and (D) show the SDS-PAGE gel of proteins synthesized in OnePot with tag-free (1.8 µM, blue, 900 
lanes 3, 4, 5) and His-tag ribosomes (0.62 µM, red, lanes 6, 7, 8) labeled with a GreenLys in 901 
vitro labeling kit (C) and stained with Coomassie blue (D), respectively. The black arrows 902 
indicate the expected bands of synthesized proteins: eGFP (26.9 kDa), ArgRS (64.7 kDa), T7 903 
RNAP (98.9 kDa). The linear template and OnePot protein solution concentrations were 4 nM 904 
and 1.6 mg/mL, respectively. 905 
 906 
Figure 4: Absorbance spectra at 260 nm. Representative results of absorbance spectra at 260 907 
nm during hydrophobic interaction purification of tag-free ribosomes. 908 
 909 
Table 1: A daily time-optimized schedule for the preparation of all the OnePot PURE 910 
solutions. 911 
 912 
Table 2: PURE protein list 913 
 914 
Supplementary Table 1: Reagents. The table lists concentrations, volumes, and other specific 915 
details of the reagents and components used during this study. 916 
 917 
Supplementary Table 2: Buffers. The spreadsheet lists the exact buffer compositions for 918 
protein, tag-free ribosome, and His-tag ribosome purifications, as well as the concentrations 919 
of the stock solutions used for their preparation. In addition, it calculates the required 920 
amounts of components based on the buffer volume. 921 
 922 
Supplementary Table 3: Amino acid calculations. The spreadsheet lists the amino acids and 923 
their recommended stock solution concentrations required for the energy solution. It 924 
calculates the amount of water to be added to each amino acid based on the actual weighed 925 
mass, and also calculates the volume of the amino acid solution to be added to the final amino 926 
acids’ mixture. 927 
 928 
Supplementary Table 4: Stock solutions for the energy solution. The table lists the 929 
concentrations and volumes of stock solutions needed for the energy solution and indicates 930 
further details, including storage conditions. 931 
 932 
Supplementary Table 5: Energy solution. The table lists the energy solution components and 933 
their recommended concentrations. In addition, it calculates their required volumes to be 934 
added to the final solution based on their stock solution concentrations and the volume of 935 
the energy solution. 936 
 937 
Supplementary Table 6: Primers. The table lists sequences and concentrations of the primers 938 
used for the extension PCR and indicates melting temperatures and thermocycler steps 939 
optimized for a high-fidelity DNA polymerase. 940 
 941 
Supplementary Table 7: PURE reaction. The spreadsheet shows an example setup of a PURE 942 



reaction. It lists the used concentrations and volumes of the components for a PURE reaction 943 
using tag-free ribosomes or His-tag ribosomes. Moreover, it calculates the volume ratios for 944 
protein and ribosome titrations. 945 
 946 
DISCUSSION: 947 
The protocol presented here describes a simple, time- and cost-effective method to prepare 948 
a versatile PURE expression system20 based on the standard composition15. By utilizing the 949 
protocol together with the supplied daily schedules (Table 1), all components can be prepared 950 
in 1 week and yield amounts sufficient for up to five hundred 10 µL PURE reactions. Since the 951 
proteins used in this protocol are overexpressed from high copy plasmids and have low 952 
toxicity to E. coli, good expression levels are observed for all the required proteins (Figure 1). 953 
This allows for the easy adjustment of strains, and therefore also protein composition in 954 
cocultures, simply by modifying the ratios of the inoculation strains20. Besides the ribosomal 955 
proteins, the concentration of EF-Tu showed to be of fundamental importance for expression 956 
yields6. In contrast, changes in the concentration of the other protein components had a 957 
relatively low impact on the robustness of the PURE system7,24. Therefore, by adjusting the 958 
inoculation ratio of EF-Tu with regard to all the other components, a comparable composition 959 
to the standard PURE composition can be achieved, and a PURE system with a similar yield20 960 
can be attained. In preparing the protein solution, it is crucial to ensure that all strains grow 961 
well and overexpress the encoded protein after induction (Figure 1). 962 
 963 
Ribosome function is key for the overall performance of the PURE system24. In this protocol, 964 
two different methods for preparing the ribosome solution are demonstrated, i.e., tag-free 965 
and His-tagged ribosome purification. The tag-free ribosome purification is based on 966 
hydrophobic interaction chromatography followed by centrifugation with a sucrose cushion, 967 
which requires access to a FPLC purification system and an ultracentrifuge15. In contrast, the 968 
method utilizing His-tagged ribosomes18 and gravity flow affinity chromatography purification 969 
does not require specialized equipment and can be performed in most laboratories. The latter 970 
method, therefore, brings advantages such as simplicity and accessibility. However, we 971 
observed a significantly lower synthesis yield when using the His-tagged ribosomes in the 972 
OnePot PURE compared to the tag-free variant (Figure 3). Based on the type of application, 973 
this lower yield may be acceptable. 974 
 975 
The energy solution provides the low molecular weight components and tRNAs required to 976 
fuel in vitro TX-TL reactions. This protocol provides a recipe for a typical energy solution, which 977 
can be easily adjusted based on user needs. Together with tRNA, NTP, and creatine 978 
phosphate, the abundance and concentration of Mg2+ ions have been crucial for the overall 979 
performance of the PURE system8, as they are critical cofactors for transcription and 980 
translation. In some cases, the titration of ions can, therefore, greatly enhance the overall 981 
PURE performance. DNA integrity is crucial for PURE performance. Thus, sequence verifying 982 
the promoter region, ribosome binding site, and target gene and ensuring that an adequate 983 
DNA concentration (<2 nM) will help troubleshoot issues that may arise while setting up a 984 
PURE reaction. 985 
 986 
The PURE system is a minimal TX-TL system, and specific applications may thus require 987 
additional adjustments25. These may include incorporating different RNA polymerases9,26, 988 



chaperones13, and protein factors such as EF-P or ArfA8. Although the expression strains for 989 
these proteins can be included in the cocultures, adding them separately to the prepared 990 
system may provide better control of the required protein levels. Furthermore, the inclusion 991 
of vesicles is essential to the production of membrane proteins10,11. Oxidizing rather than 992 
reducing environments and a disulfide bond isomerase facilitate proper disulfide bond 993 
formation, which are, for example, required for secretory proteins12. 994 
 995 
It is essential to ensure that any additional components do not interfere with the reaction. 996 
The most important factors to pay attention to when setting up a reaction or adding other 997 
components are listed below. Ensure that neither incompatible buffers are used nor the ion 998 
concentrations are disturbed. Avoid solutions containing glycerol, high concentrations of 999 
potassium, magnesium, calcium ions, osmolytes, pyrophosphate, antibiotics, or EDTA, as 1000 
much as possible. For example, replacing an elution buffer with water during DNA purification 1001 
can be beneficial as EDTA is a common additive in this buffer. Supplying the solutions with 1002 
additional negatively charged molecules such as NTP or dNTP requires adjusting the 1003 
magnesium concentration8, as the negatively charged molecules behave as chelating agents 1004 
and bind positively charged molecules. A neutral pH is ideal for the reaction. Accordingly, all 1005 
components should be buffered to the corresponding pH; this is especially important for 1006 
highly acidic or basic molecules such as NTPs. Lastly, temperature and volume are key 1007 
parameters for the reaction. To achieve a good yield, one should implement a temperature 1008 
around 37 °C, as temperatures below 34 °C will significantly reduce the yield27. 1009 
 1010 
It is relevant to note that before preparing the OnePot PURE, one should consider the target 1011 
application and the associated requirements, such as volume, purity, ease of modification, 1012 
and inclusion or omission of components. For many applications, the system will be an 1013 
excellent choice, but others may require yields, adjustability, and other factors, which the 1014 
OnePot system cannot provide. Irrespectively, the introduced protocol will be beneficial for 1015 
the preparation of any home-made system, as all critical steps for such preparation are 1016 
summarized here. 1017 
 1018 
One of the main advantages of the OnePot system is its compatibility with the commercially 1019 
available PURExpress system, which provides the possibility of testing the functionality and 1020 
integrity of all components separately by sequentially replacing each PURExpress component 1021 
with its OnePot equivalent. The advantages of the OnePot PURE system, such as tunability 1022 
and easy, fast, and cost-effective preparation, will make cell-free TX-TL accessible to more 1023 
laboratories worldwide and contribute to expanding the implementation of this powerful 1024 
platform in cell-free synthetic biology. 1025 
 1026 
ACKNOWLEDGMENTS: 1027 
This work was supported by the European Research Council under the European Union’s 1028 
Horizon 2020 Research and Innovation Program Grant 723106, a Swiss National Science 1029 
Foundation Grant (182019), and EPFL. 1030 
 1031 
DISCLOSURES: 1032 
The authors declare that they have no competing financial interests. 1033 
 1034 



REFERENCES: 1035 
1. Laohakunakorn, N.et al. Bottom-up construction of complex biomolecular systems with 1036 
cell-free synthetic biology. Frontiers in Bioengineering and Biotechnology. 8, 213 (2020). 1037 
2. Laohakunakorn, N. Cell-free systems: a proving ground for rational biodesign. Frontiers 1038 
in Bioengineering and Biotechnology. 8, 788 (2020). 1039 
3. Cho, E., Lu, Y. Compartmentalizing cell-free systems: toward creating life-like artificial 1040 
cells and beyond. ACS Synthetic Biology. 9 (11), 2881–2901 (2020). 1041 
4. Gaut, N. J., Adamala, K. P. Reconstituting natural cell elements in synthetic cells. 1042 
Advanced Biology (Weinh). 5 (3), e2000188 (2021). 1043 
5. Shimizu, Y. et al. Cell-free translation reconstituted with purified components. Nature 1044 
Biotechnology. 19 (8), 751–755 (2001) 1045 
6. Li, J., Gu, L.; Aach, J., Church, G. M. Improved cell-free RNA and protein synthesis system. 1046 
PLoS One. 9 (9), e106232 (2014) 1047 
7. Kazuta, Y., Matsuura, T., Ichihashi, N., Yomo, T. Synthesis of milligram quantities of 1048 
proteins using a reconstituted in vitro protein synthesis system. Journal of Bioscience and 1049 
Bioengineering. 118 (5), 554–557 (2014) 1050 
8. Li, J. et al. Dissecting limiting factors of the protein synthesis using recombinant elements 1051 
(PURE) system. Translation (Austin, Tex.). 5 (1), e1327006 (2017) 1052 
9. Maddalena, L. L. de. et al. GreA and GreB enhance expression of Escherichia coli RNA 1053 
polymerase promoters in a reconstituted transcription–translation system. ACS Synthethic 1054 
Biology. 5 (9), 929–935 (2016). 1055 
10. Kuruma, Y., Ueda, T. The PURE system for the cell-free synthesis of membrane proteins. 1056 
Nature Protocols. 10 (9), 1328–1344 (2015). 1057 
11. Jacobs, M. L., Boyd, M. A., Kamat, N. P. Diblock copolymers enhance folding of a 1058 
mechanosensitive membrane protein during cell-free expression. Proceedings of the National 1059 
Academy of Sciences of the Unites States of America. 116 (10), 4031–4036 (2019). 1060 
12. Shimizu, Y., Kanamori, T., Ueda, T. Protein synthesis by pure translation systems. 1061 
Methods (San Diego, Calif.). 36 (3), 299–304 (2005). 1062 
13. Niwa, T., Kanamori, T., Ueda, T., Taguchi, H. Global analysis of chaperone effects using a 1063 
reconstituted cell-free translation system. Proceedings of the National Academy of Sciences 1064 
of the Unites States of America. 109 (23), 8937–8942 (2012) 1065 
14. Niwa, T. et al. Large-scale analysis of macromolecular crowding effects on protein 1066 
aggregation using a reconstituted cell-free translation system. Frontiers in Microbiology. 6, 1067 
1113 (2015). 1068 
15. Shimizu, Y., Ueda, T. PURE technology. Methods in molecular biology (Clifton, N.J.). 607, 1069 
11–21 (2010). 1070 
16. Horiya, S., Bailey, J. K., Krauss, I. J. Directed evolution of glycopeptides using mRNA 1071 
display. In Methods in Enzymology. 597, 83–141 (2017). 1072 
17. Villarreal, F. et al. Synthetic microbial consortia enable rapid assembly of pure 1073 
translation machinery. Nature Chemical Biology. 14 (1), 29–35 (2018). 1074 
18. Wang, H. H. et al. Multiplexed in vivo His-tagging of enzyme pathways for in vitro single-1075 
pot multienzyme catalysis. ACS Synthetic Biology. 1 (2), 43–52 (2012). 1076 
19. Shepherd, T. et al. De Novo Design and synthesis of a 30-cistron translation-factor 1077 
module. Nucleic Acids Research. 45 (18), 10895–10905 (2017). 1078 
20. Lavickova, B., Maerkl, S. J. A Simple, robust, and low-cost method to produce the PURE 1079 
cell-free system. ACS Synthetic Biology. 8 (2), 455–462 (2019). 1080 



21. Ederth, J., Mandava, C. S., Dasgupta, S., Sanyal, S. A single-step method for purification 1081 
of active his-tagged ribosomes from a genetically engineered Escherichia coli. Nucleic Acids 1082 
Research. 37 (2), e15 (2009) 1083 
22. Gesteland, R. F. Isolation and characterization of ribonuclease I mutants of Escherichia 1084 
coli. Journal of Molecular Biology. 16 (1), 67–84 (1996). 1085 
23. Li, J. et al. Cogenerating synthetic parts toward a self-replicating system. ACS Synthetic 1086 
Biology. 6 (7), 1327–1336 (2017). 1087 
24. Matsuura, T., Kazuta, Y., Aita, T., Adachi, J., Yomo, T. Quantifying epistatic interactions 1088 
among the components constituting the protein translation system. Molecular Systems 1089 
Biology. 5, 297 (2009). 1090 
25. Libicher, K., Hornberger, R., Heymann, M., Mutschler, H. In vitro self-replication and 1091 
multicistronic expression of large synthetic genomes. Nature Communications. 11 (1), 904 1092 
(2020). 1093 
26. Niederholtmeyer, H., Stepanova, V., Maerkl, S. J. Implementation of cell-free biological 1094 
networks at steady state. Proceedings of the National Academy of Sciences of the United 1095 
States of America. 110 (40), 15985–15990 (2013). 1096 
27. Lavickova, B., Laohakunakorn, N., Maerkl, S. J. A partially self-regenerating synthetic cell. 1097 
Nature Communications. 11 (1), 6340 (2020). 1098 

 1099 



1   2   3   4   5   6  7   8  9 10 21 22 23 24 26 27 28 29 30      32 33 34 35 36 31 25 25 11 12 13 17 15 16 14  18 19  20

Expression Test

250

100
75
50
37
25
20
15

150

10

[kDa]
La

dd
er

La
dd

er

La
dd

er

La
dd

er

*
*

*

Click here to access/download;Figure;Fig1.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1330107&guid=d6570ba8-6566-4e7b-9972-6b162aa4a2f6&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1330107&guid=d6570ba8-6566-4e7b-9972-6b162aa4a2f6&scheme=1


1000 ML

500 ML

250 ML

1000 ML

500 ML

250 ML

1000 ML

500 ML

250 ML

Day 1 Day 2 Day 3

overnight
37 ºC, 260 RPM

Inoculation Cell harvesting Induction
Resuspension 
& Sonication

Buffer 
exchange Concentration Inoculation

2 h
37 ºC, 260 RPM

3 h
37 ºC, 260 RPM

10 min 
3220 × g

Incubation 
& Purification 

ProteinsPulse:
4 × 20 s

Amp.70%

20 min 
21k × g

3 × 1 h
3220 × g

30 min
14k × g

Concentration 
adjustment

3 h
4 ºC

Ni-NTA

~1.5 mL of proteins (13.5 mg/mL)
~ 15 mL of OnePot PURE

OnePot Protein Purification
One culture

35 x 0.3 mL 
culture

 3 mL 
culture
(EF-Tu)

Inoculation
Induction

Resuspended 
cells

Lyse cells Sonication Lysate

Purification
Buffer 

exchange

Click here to access/download;Figure;Fig2.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1330108&guid=27306287-00b6-47d7-b507-1fccd00bdd16&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1330108&guid=27306287-00b6-47d7-b507-1fccd00bdd16&scheme=1


B

250

100
75
50
37
25
20
15

150

10

[kDa]

5

His-tag Tag-free  
––

ribosomes
OnePot proteins + + +

–A

155 

100 
65 

41 
33 
23 

12 

[kDa] eG
FP

His-tag Tag-free  

Ar
gR

S

T7
 R

N
AP

eG
FP

Ar
gR

S

T7
 R

N
AP

His-tag Tag-free  

La
dd

er

La
dd

er

La
dd

er
 n

on
-F

lu
o.

La
dd

er
 n

on
-F

lu
o.

Tag-free ribosomes
His-tag ribosomes

eG
FP

 [1
0 

 R
FU

]
3 

0

10

20

30

40

Time [h]
0 0.5 1 1.5 2 2.5 3

eG
FP

Ar
gR

S

T7
 R

N
AP

eG
FP

Ar
gR

S

T7
 R

N
AP

La
dd

er

La
dd

er

250

100
75
50
37
25
20
15

150

10

[kDa]

5

C D
Lane:   1   2  3   4   5   6   7   8  9  10 11 12 13 14 15

Lane: 1    2      3      4     5      6      7     8      9   10 Lane: 1    2      3      4     5      6      7     8      9   10 

Click here to access/download;Figure;Fig3.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1330109&guid=1233168d-67bb-4b10-837b-51f93fdd0380&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1330109&guid=1233168d-67bb-4b10-837b-51f93fdd0380&scheme=1


Bu�er D
 [%

]A
bs

or
ba

nc
e 26

0 

Volume [mL]

Equilibration Load Wash1 Wash 2
Elution

Wash 3

50%

100%

Fractions 
to be collected

Bu�er D [%]
Absorbance at 260 nm 

Click here to access/download;Figure;Fig4.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1330110&guid=0a73da39-552a-49ce-a9f4-ca7275368db8&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1330110&guid=0a73da39-552a-49ce-a9f4-ca7275368db8&scheme=1


DAILY SCHEDULE

Time Mon Tue Wed Thu Fri
8:00 AM Preparation 

LB media/ 
autoclave

Inoculation Inoculation

Column 
preparation

8:30 AM

Cell growth
Amino acid 

solution 
preparation 

Cell  
resuspension, 

lysis, 
centrifugation

Column 
preparation 

Cell growth

Cell  
resuspension, 

lysis, 
centrifugation Concentration 

adjustment  (or 
ribosome 

resuspension)

Active time Energy solution 

9:00 AM

Buffer 
preparation 

Active time
Protein solution 

9:30 AM Passive time

10:00 AM

Incubation on 
column

Purification 

Active time 
Ribosome solution

10:30 AM Induction 
Cell harvest

Passive time

11:00 AM

Protein 
expression

Other 
components 

SDS-PAGE gel SDS-PAGE gel
11:30 AM

Buffer 
preparation 

12:00 PM
Components 

mixing
12:30 PM

1:00 PM
Purification 

1:30 PM
Cell harvest

Expression 
test

2:00 PM

Column 
preparation & 

resin 
cleaning

Column 
preparation & 

Resin 
cleaning 

(only for Ni-
NTA 

purification) 

Buffer 
exchange and 
concentration

Column 
regeneration 

Buffer 
exchange and 
concentration 

(or 
ultracentrifuga

tion)

2:30 PM

Column 
regeneration 

3:00 PM

3:30 PM

4:00 PM

4:30 PM

Concentration 
adjustment

5:00 PM
Starter 
culture

Starter 
culture

5:30 PM

6:00 PM

Click here to access/download;Figure;Table1.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1330111&guid=ae5a9fe6-7a87-46f4-91d9-f6048322b8da&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1330111&guid=ae5a9fe6-7a87-46f4-91d9-f6048322b8da&scheme=1


#Addgene Number Protein Protein name Size [kDa] Vector Strain Induction 
volume [ L] Note

#124103 1 AlaRS Alanyl-tRNA synthetase 96.0 pQE30 M15 55

#124104 2 ArgRS Arginyl-tRNA synthetase 64.7 pET16b BL21(DE3) 55

#124105 3 AsnRS Asparaginyl-tRNA synthetase 52.6 pQE30 M15 55

#124106 4 AspRS Aspartate-tRNA synthetase 65.9 pET21a BL21(DE3) 55

#124107 5 CysRS Cysteinyl-tRNA synthetase 52.2 pET21a BL21(DE3) 55

#124108 6 GlnRS Glutaminyl-tRNA synthetase 63.5 pET21a BL21(DE3) 55

#124109 7 GluRS Glutamyl-tRNA synthetase 53.8 pET21a BL21(DE3) 55

#124110 8 GlyRS Glycyl-tRNA synthetase 34.8 & 76.8 pET21a BL21(DE3) 55 2 subunits

#124111 9 HisRS Histidyl-tRNA synthetase 47.0 pET21a BL21(DE3) 55

#124112 10 IleRS Isoleucyl-tRNA synthetase 104.3 pET21a BL21(DE3) 55

#124113 11 LeuRS Leucyl-tRNA synthetase 97.2 pET21a BL21(DE3) 55

#124114 12 LysRS Lysyl-tRNA synthetase 57.8 pET21a BL21(DE3) 55

#124115 13 MetRS Methionine--tRNA ligase 76.3 pET21a BL21(DE3) 55

#124116 14 PheRS Phenylalanyl-tRNA synthetase 36.8 & 87.4 pQE30 M15 55 2 subunits

#124117 15 ProRS Prolyl-tRNA synthetase 63.7 pET21a BL21(DE3) 55

#124118 16 SerRS Seryl-tRNA synthetase 48.4 pET21a BL21(DE3) 55

#124119 17 ThrRS Threonyl-tRNA synthetase 74.0 pQE30 M15 55

#124120 18 TrpRS Tryptophanyl-tRNA synthetase 37.4 pET21a BL21(DE3) 55

#124121 19 TyrRS Tyrosyl-tRNA synthetase 47.5 pET21a BL21(DE3) 55

#124122 20 ValRS Valyl-tRNA synthetase 108.2 pET21a BL21(DE3) 55

#124123 21 IF1 Initiation factor 1 8.3 pQE30 M15 55

#124124 22 IF2 Initiation factor 2 97.4 pQE30 M15 55

#124125 23 IF3 Initiation factor 3 20.6 pQE30 M15 55

#124126 24 EF-G Elongation factor G 77.6 pQE60 M15 55

#124127 25 EF-Tu Elongation factor Tu 43.3 pQE60 M15 1675

#124128 26 EF-Ts Elongation factor Ts 30.4 pQE60 M15 55

#124129 27 RF1 Release factor 1 40.5 pQE30 M15 55

#124130 28 RF2 Release factor 2 41.2 pET15b BL21(DE3) 55

#124131 29 RF3 Release factor 3 59.6 pQE30 M15 55

#124132 30 RRF Ribosome recycling factor 20.6 pQE60 M15 55

#124133 31 MTF Methionyl-tRNA formyltransferase 34.2 pET21a BL21(DE3) 55

#124134 32 CK Creatine kinase 37.1 pQE30 M15 55

#118977 33 MK Adenylate kinase (Myokinase) 21.7 pET21a BL21(DE3) 55

#124136 34 NDK Nucleotide diphosphate kinase 15.5 pQE30 M15 55

#118978 35 PPiase Inorganic pyrophosphatase 32.3 pET21a BL21(DE3) 55

#124138 36 T7 RNAP T7 RNA polymerase 98.9 pQE30 M15 55
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Name of Material/ Equipment Company Catalog Number

10x Tris/Glycine/SDS buffer Bio-Rad Laboratories 1610732

15 mL centrifuge tubes VWR International 525-0309

384-well Black Assay Plates Corning 3544

4-20% Mini-PROTEANRTM TGXTM Precast Protein Gels Bio-Rad Laboratories 4561096

50 mL centrifuge tubes VWR International 525-0304

96-Well Polypropylene DeepWell plate Nunc 260252

Acetic acid, 99.8 % Acros 222140010

Äkta purifier GE Healthcare

AMICON ULTRA 0.5 mL - 3 KDa Merck Millipore  UFC500324

AMICON ULTRA 15 mL - 3 KDa Merck Millipore  UFC900324

Amino acids Sigma-Aldrich  LAA21-1KT

Ammonium chloride  Sigma-Aldrich  09718-250G

Ammonium sulfate Sigma-Aldrich  A4418

Ampicillin Condalab 6801

BenchMark Fluorescent Protein Standard ThermoFisher LC5928

Breathe-Easy sealing membrane Diversified Biotech Z380059-1PAK

Centrifuge tubes polycarbonate Beckman 355631

Chill-out Liquid Wax  Bio-Rad Laboratories CHO1411

Creatine phosphate  Sigma-Aldrich  27920

DNA Clean & Concentrator-25 (Capped) Zymo ZYM-D4034-200TS

DTT SantaCruz Biotech sc-29089B

Econo-Pac Chromatography Columns Bio-Rad Laboratories 7321010

EDTA (Ethylenediaminetetraacetic acid) Sigma-Aldrich  03609-250G

Eppendorf Protein LoBind microcentrifuge tubes VWR International / Eppendorf 525-0133

Falcon 14 mL Round Bottom Polystyrene Test Tube, with Snap 

Cap
Falcon 352051

Flasks, baffled 1000 mL 4 baffles, borosilicate glass Scilabware 9141173

FluoroTect Green Lys in vitro Translation Labeling System Promega L5001

Folinic acid Sigma-Aldrich  PHR1541

Glycerol  Sigma-Aldrich  G7757-1L

HEPES Gibco 15630-056
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HiTrap Butyl HP Column  GE Healthcare 28411005

IMAC Sepharose 6 Fast Flow GE Healthcare 17-0921-07

Imidazole Sigma-Aldrich  I2399

InstantBlue Expedeon ISB1L-1L

IPTG (Isopropyl-beta-D-thiogalactoside) Alfa Aesar B21149.03

Laemmli buffer (2x), sample buffer Sigma-Aldrich  S3401-1VL

Lysogeny broth (LB) media AppliChem A0954

Magnesium acetate Sigma-Aldrich  M0631

Magnesium chloride  Honeywell Fluka 63020-1L

Nickel Sulfate  Alfa Aesar 15414469

NTP ThermoFisher R0481

Phusion High-Fidelity DNA Polymerase (2 U/µL) ThermoFisher F530S

Potassium chloride  Sigma-Aldrich  P5405-1KG

Potassium glutamate Sigma-Aldrich  49601

PURExpress In Vitro Protein Synthesis Kit NEB E6800S

PURExpress Δ Ribosome Kit NEB E3313S

Quick Start Bradford 1x Dye Reagent Bio-Rad Laboratories 5000205

Rapid-Flow Sterile Single Use Vacuum Filter Units ThermoFisher 564-0020

RNaseA solution Promega A7973

SealPlate film Excel Scientific Z369659-100EA

Sodium hydroxide Sigma-Aldrich  6203

Spermidine Sigma-Aldrich  S2626

Sucrose Sigma-Aldrich  84097

TCEP (Tris(2-carboxyethyl)phosphin -hydrochlorid) Sigma-Aldrich  646547-10X1mL

Thickwall Polycarbonate Tube Beckman 355631

Trichloroacetic acid Sigma-Aldrich  T0699

Tris base ThermoFisher BP152-500

tRNA Roche 10109541001

Ultracentrifuge Optima L-80 Beckman

Whatman GD/X syringe filters GE Whatman WHA68722504

β-mercaptoethanol Sigma-Aldrich  M6250-100mL
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Compound  Concentration Volume
Lysogeny broth (LB) media 25 g/L 3 L

Ampicilin (AMP) 100 mg/mL in 50% (v/v) ethanol 2 mL

50 % Glycerol 50% (v/v) 100 mL

Isopropyl β-D-1-

thiogalactopyranoside (IPTG)
100 mM (23.8 mg/mL) 2 mL

Nickel sulfate 0.1 M 0.5 L

EDTA buffer 0.2 M EDTA, 0.5 M NaCl 1 L

NaCl 0.5 M 1 L

Acetic acid 0.1 M 1 L

NaOH 0.5 M 1 L

20% Ethanol 20% (v/v) 1 L

70% Ethanol 70% (v/v) 1 L
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Sterilization 
Autoclave

Filter sterilize (0.22 µM)

Autoclave

Filter sterilize (0.22 µM)

 



Note 
2 L for ribosome solution preparation, 0.5 L for OnePot PURE, 0.5 L surplus

Can be made in larger volumes and stored at -20 °C for later use.

Can be made in larger volumes and stored at -20 °C for later use.

Dilute 100 mL of 0.5 M nickel sulfate in 400 mL water .

Weigh 29.22 g of NaCl, 58.4 g of EDTA and add 700 mL water. EDTA will not dissolve completely at this 

pH. Adjust to pH =7 with NaOH to dissolve EDTA, then add water to 1 L.

Prepare 29.22 g of NaCl and add water to 1 L.

Add 5.72 mL of glacial acetic acid to 994.3 mL of water. Caution: Add acid to water, not in the opposite order.

Dissolve 20 g of NaOH in 800 mL water on ice and add water to 1 L



Add 5.72 mL of glacial acetic acid to 994.3 mL of water. Caution: Add acid to water, not in the opposite order.



Mw [g/mol] Concentration [M]
Volume 

[L]
Magnesium acetate 214.45 1 0.25

Potassium chloride  74.55 2 1

Ammonium chloride  53.49 1 1

Imidazole (pH=7) 68.08 1 1

TrisHCl (pH=7.6) (TrisBase, HCl) 121.136 1 0.5

MW [g/mol] Concentration [M]

HEPES** 1 50

Ammonium chloride* 53.49 1 1000

Magnesium chloride  1 10

Potassium chloride  74.55 2

Imidazole (pH=7) 68.08 1

Glycerol 

TCEP** 0.5 1

total buffer volume

MW [g/mol] Concentration [M]

HEPES** 1 10

Magnesium acetate 214.45 1 10

Potassium chloride  74.55 2 50

Ammonium chloride  53.49 1

Ammonium sulfate* 132.14

Sucrose* 342.30

TCEP** 0.5 1

total buffer volume

MW [g/mol] Concentration [M]
HEPES** 1

TrisHCl (pH=7.6) 1 20

Stock solutions

Stock solution 

Protein solution purification 

components

Stock solution Buffer A

concentration

Ribosome purification 

components

Stock solution Suspension buffer 

concentration

His-ribosome purification 

components

Stock solution Lysis buffer

concentration
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Ammonium chloride  53.49 1 30

Magnesium acetate 214.45 1

Magnesium chloride  1 10

Potassium chloride  74.55 2 150

Imidazole (pH=7) 68.08 1

Glycerol 

β-mercaptoethanol** 14.3

total buffer volume

* weighed directly to the buffer without preparing a prior stock solution

**add just before use



Mass [g]

53.6

149.1

53.5

68.1

60.6

mM 25 mL 50 mM 25 mL 50 mM

mM 26.7 g

mM 5 mL 10 mM 5 mL 10 mM

100 mM 25 mL 100 mM

500 mM 250 mL

mM 1 mL 1 mM 1 mL 1 mM

500 mL 500 mL

mM 2.5 mL 10 mM 1 mL 20 mM

mM 2.5 mL 10 mM 1 mL 10 mM

mM 1.25 mL 50 mM 2.5 mL

3000 mM 39.6 g 1500 mM

mM 0.50 mL 1 mM 0.20 mL 1 mM

250 mL 100 mL

20 mM

mM 20 mL 20 mM 20 mL

Add the required mass, fill with water to the required volume.

Stock solution 

Notes 

Add the required mass, fill with water to the required volume. Filter sterile and store at 4ºC 

Add the required mass, fill with water to the required volume.

Add the required mass, fill with water to 80%, adjust the pH to 7 with HCl, and fill with water to the required volume.

Add the required mass of TrisBase, fill with water to 80%, adjust the pH to 7.6 with HCl, and fill with water to the required 

volume.

Buffer A Buffer B Buffer HT

concentration volume concentration volume concentration

Suspension buffer  Suspension buffer (high salt) Buffer C

concentration volume concentration volume concentration

Lysis buffer Elution  buffer Ribosome buffer

concentration volume concentration volume concentration



mM 30 mL 30 mM 30 mL

6 mM

mM 10 mL 10 mM 10 mL

mM 75 150 mM 75 mL 30 mM

150 mM 150 mL

7 mM

1000 mL 1000 mL



10 mL 50 mM 5 mL 50 mM 5 mL

2 mL 10 mM 1 mL 10 mM 1 mL

10 mL 100 mM 5 mL 100 mM 5 mL

30% (v/v) 30 mL 60% (v/v) 60 mL

0.4 mL 1 mM 0.20 mL 1 mM 0.20 mL

200 mL 100 mL 100 mL

10 mL 10 mM 3 mL 20 mM 5 mL

5 mL 10 mM 3 mL 10 mM 2.5 mL

50 mM 7.5 mL 0 mL

30 mM 7.5

99.1 g

30% (w/v) 75 g

1.00 mL 1 mM 0.60 mL 1 mM 0.50 mL

500 mL 300 mL 250 mL

5 mL

Add the required mass, fill with water to the required volume.

Stock solution 

Notes 

Add the required mass, fill with water to the required volume. Filter sterile and store at 4ºC 

Add the required mass, fill with water to the required volume.

Add the required mass, fill with water to 80%, adjust the pH to 7 with HCl, and fill with water to the required volume.

Add the required mass of TrisBase, fill with water to 80%, adjust the pH to 7.6 with HCl, and fill with water to the required 

volume.

Buffer HT Stock buffer A Stock buffer B 

volume concentration volume concentration volume

Buffer C Buffer D Cushion buffer 

volumevolume concentration volume concentration

Ribosome buffer

volume



1.5 mL

3.75 mL

0.12 mL

250 mL



20 mM 5 mL

6 mM 1.5 mL

30 mM 3.75 mL

1 mM 0.50 mL

250 mL

Ribosome buffer

concentration volume



Amino acid Density [g/mL] MW [g/mol]
Stock concentration 

[mM]

Ala 1.42 89.1 168

Arg 1.42 210.66 500

Asn 1.54 132.1 100

Asp 1.7 133.1 12.5

Cys 1.54 157.62 200

Glu 1.46 147.1 25

Gln 1.47 146.2 100

Gly 1.61 75.1 500

His 1.49 209.63 500

Ile 1.23 131.2 100

Leu 1.17 131.2 150

Lys 1.1 182.65 500

Met 1.34 149.2 250

Phe 1.34 165.2 100

Pro 1.38 115.1 200

Ser 1.6 105.1 500

Thr 1.3 119.1 100

Trp 1.4 204.2 12.5

Tyr 1.46 181.2 3.25

Val 1.32 117.1 200

H2O

final concentration

3.25

Amino acid solution 

total
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Minimal 

required mass 

[mg]

Actual weighed 

mass [mg]

Water to add 

[µL]

Final volume to 

add [µL]

0.7 0 38.7

1.6 0 13.0

1 0 65.0

1 0 520.0

1.2 0 32.5

1.1 0 260.0

1.1 0 65.0

0.6 0 13.0

1.5 0 13.0

1 0 65.0

1 0 43.3

1.4 0 13.0

1.1 0 26.0

1.2 0 65.0

0.9 0 32.5

0.8 0 13.0

0.9 0 65.0

1.5 0 520.0

1.18

0.9 0 32.5

104.5

final volume

2000



Mw [mol/g]
Concentration 

[M]

Volume 

[mL]
Mass [g]

Magnesium acetate 214.45 2 50 21.4

Potassium glutamate 203.23 2 50 20.3

Creatine phosphate  327.14 1 1 0.327

Folinic acid 511.50 0.034 1 0.017

Spermidine 145.25 1 0.5 0.073

tRNA 0.5 0.050

Compound 

Stock solution 
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Note

Filter sterilize, Store at -20 °C

Filter sterilize, Store at -20 °C

Store at -20 °C

Store at -20 °C

Warm to 34 °C, pipette 79 µL of spermidine and fill to 500 µL with water. Store at -20 °C

Add water directly to the vial and vortex gently. Store at -20 °C

Stock solution 



Component

Stock 

concentration 

[mM]

Concentration of 

components in 

reaction [mM]

Concentration in 

Energy solution  

[mM]

HEPES 1000 50 125

Potassium glutamate 2000 100 250

Magnesium acetate 2000 11.8 29.5

ATP* 100 2 5

GTP* 100 2 5

CTP 100 1 2.5

UTP 100 1 2.5

tRNA [mg/mL] 200 3.5 8.75

Creatine phosphate 1000 20 50

TCEP 500 1 2.5

Folinic acid 34 0.02 0.05

Spermidine 500 2 5

Amino Acid solution 3.25 0.3 0.75

Water

*For energy solutions volumes above 5 mL order double the amount of these components

Energy solution total
Final concentration [fold]

2.5
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Final volume to 

add [µL]

625.0

625.0

73.8

250.0

250.0

125.0

125.0

218.8

250.0

25.0

7.4

50.0

1153.8

1221.3

Final volume

5000



Primer name

5'final

3'final

5'extension

3'extension

5' Gene specific

3' Gene specific

* determine by user
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Primer sequence

5' GATCTTAAGGCTAGAGTAC 3'

5' CAAAAAACCCCTCAAGAC 3'

5’ GATCTTAAGGCTAGAGTACTAATACGA CTCACTATAGGGAGACCACAACGGTTT CCCTCTAGAAATAATTTTGTTTAAC  3' 

5’ CAAAAAACCCCTCAAGACCCGTTTA GAGGCCCCAAGGGGTTATGCTAGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT GTAG CAGCCTGAGTCG  3' 

5’ CCTCTAGAAATAATTTTGTTTAAC  TTAAGAAGGAGGAAAAAAAA NNNNNNNNNNNNNNNNNNNNNNN 3'

5’ GTAGCAGCCTGAGTCG TTA TTANNNNNNNNNNNNNNNNNNNN 3' 



Primer working 

concentration 

Melting 

temperature 

500 nM 47 °C

500 nM 47 °C

2.5 nM 58 °C

2.5 nM 58 °C

500 nM Tm*

500 nM Tm*



Notes

Cylcle number

Temperature, Time

T7 promoter Cylcle number

T7 terminator Temperature, Time

RBS, Modify based on 5'-terminus of the target gene Cylcle number

Modify based on 3'-terminus of the target gene Temperature, Time



Step 1

1x

98 °C, 180 s 98 °C, 20 s 47 °C, 30 s 72 °C, 30 s per 1 kb

1x

98 °C, 30 s 98 °C, 8 s 58 °C, 20 s 72 °C, 30 s per 1 kb

1x

98 °C, 180 s 98 °C, 20 s Tm °C, 30 s 72 °C, 30 s per 1 kb

Thermocycler setting 

Step 2

30x

10x

30x



Step 3

1x

72 °C, 420 s

1x

72 °C, 420 s

1x

72 °C, 420 s

Thermocycler setting 



PURE reaction setup for Tag-free ribosomes

Component Input concentration Unit Final concentration 

Energy solution 2.5x 2.50 × 1

Protein solution** mg/mL

Ribosome solution *** 10 µM 1.8

DNA 1 100 ng/µL 4

DNA 2 100 ng/µL 0

 tRNA Lys* 25 ×

Additional components

Water

Total volume [µL]

10

Calculation for DNA concentration DNA length [bp] Unit Avg. MW of bp

eGFP 990 bp 650

bp 650

PURE reaction setup for His-Taged ribosomes

Component Input concentration Unit Final concentration 

Energy solution 2.5x 2.50 × 1

Protein solution** mg/mL

Ribosome solution (His-tag)*** 3.45 µM 0.6

DNA 1 100 ng/µL 4

DNA 2 100 ng/µL

 tRNA Lys* 25 ×

Additional components

 water

Total volume [µL]

10

Calculation for DNA concentration DNA length Unit Avg. MW of bp

eGFP 990 bp 650

bp 650
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Unit
Volume for one reaction 

[µL]

× 4.00

mg/mL 1.20 ** determine the optimal protein concentration by  titration 

µM 1.80 *** ribosome concentration can be optimised by titration 

nM 0.26

nM 0.00

× 0.00 * use at final concentration 1x

2.74

Unit

g/mol

g/mol

Unit
Volume for one reaction 

[µL]

× 4.00

mg/mL 1.20 ** determine the optimal protein concentration by  titration 

µM 1.80 *** ribosome concentration can be optimised by titration 

nM 0.26

nM 0.00

× 0.00 * use at final concentration 1x

2.74

Unit

g/mol

g/mol



Protein solution titration **

Input proteins concetration 

(determined by Bradfpord assay):
20 mg/mL

Final protein concentration [mg/mL] 2.4 2.1

Protein solution [µL] 1.20 1.05

Stock buffer B [µL] 0.00 0.15

Total concetration of protein solution and stock buffer B is kept constant 

Optional: Ribosome solution titration  (Tag-free)***

Input ribosome concetration: 15 µM

Final ribosome concentration [mg/mL] 2.7 2.25

Ribosome solution [µL] 1.80 1.50

Ribosom buffer [µL] 0.00 0.30

Optional: Ribosome solution titration  (His-tag)***

Input ribosome concetration: 10 µM

Final ribosome concentration [mg/mL] 1.8 1.4

Ribosome solution [µL] 1.80 1.40

Ribosom buffer [µL] 0.00 0.40



1.8 1.5 1.2

0.90 0.75 0.60

0.30 0.45 0.60

Total concetration of protein solution and stock buffer B is kept constant 

1.8 1.35 0.9

1.20 0.90 0.60

0.60 0.90 1.20

1 0.6 0.3

1.00 0.60 0.30

0.80 1.20 1.50


