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SUMMARY: 23 
Cell-free expression systems are powerful and cost-efficient tools for the high-throughput 24 
synthesis and screening of important proteins. Here, we describe the preparation of cell-free 25 
protein expression system using Vibrio natriegens for the rapid protein production using plasmid 26 
DNA, linear DNA, and mRNA template. 27 
  28 
ABSTRACT: 29 
The marine bacterium Vibrio natriegens has garnered considerable attention as an emerging 30 
microbial host for biotechnology due to its fast growth rate. A general protocol is described for 31 
the preparation of V. natriegens crude cell extracts using common laboratory equipment. This 32 
high yielding protocol has been specifically optimized for user accessibility and reduced cost. Cell-33 
free protein synthesis (CFPS) can be carried out in small scale 10 μL batch reactions in either a 34 
96- or 384-well format and reproducibly yields concentrations of > 260 μg/mL super folder GFP 35 
(sfGFP) within 3 hours. Overall, crude cell extract preparation and CFPS can be achieved in 1−2 36 
full days by a single user. This protocol can be easily integrated into existing protein synthesis 37 
pipelines to facilitate advances in bio-production and synthetic biology applications. 38 
 39 
INTRODUCTION: 40 
Cell-free protein synthesis is a versatile and cost-effective method for the expression of valuable 41 
proteins or peptides1–4. Historically, cell-free protein synthesis has been performed using 42 
Escherichia coli expression systems; however, there has been a recent surge in using alternative, 43 
non-model organisms with novel properties as chassis for cell-free expression5–12. Organisms 44 
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with unique metabolic profiles are prime candidates as alternatives to E. coli cell-free systems. 45 
For example, the marine bacterium Vibrio natriegens is the fastest growing of all known 46 
organisms with an observed doubling time of less than 10 minutes13. This has garnered V. 47 
natriegens considerable attention as an emerging microbial host for research and 48 
biotechnology14–18. Given that the rapid growth rate of V. natriegens has been linked to high rates 49 
of protein synthesis and metabolic efficiency19–21, harnessing its cellular machinery for cell-free 50 
synthesis may significantly expand the toolkit for rapid protein production and high-throughput 51 
screening. 52 
  53 
Recently, a cell-free V. natriegens expression system has been demonstrated which is capable of 54 
producing super folder GFP (sfGFP) at concentrations of > 260 μg/mL in 3 hours with a T7 55 
promoter9. The overall aim of developing this method was to provide users with a highly 56 
accessible, cost-efficient, reproducible, and high-yielding cell-free protein expression system that 57 
can be prepared using common lab equipment in a short amount of time. This protocol utilizes 1 58 
L cultures in shake flasks, cell lysis by pulse sonication, and small-scale batch reactions in a 96- or 59 
384-well format to maximize parallelization and screening throughput. A long, sustained protein 60 
expression is made possible by supplementation of 3-phosphoglyceric acid (3-PGA) as an energy 61 
source8,22,23. Upon successfully completing this protocol, a user will have the capability to express 62 
a desired protein or set of proteins in a cell-free format using V. natriegens crude cell extract.  63 
 64 
Starting from a glycerol stock, V. natriegens crude cell extracts are prepared from cells harvested 65 
at an optical density at 600 nm (OD600) of 1.0. A 1 L culture will yield approximately 2−3 mL of 66 
extract, which is sufficient for more than 800 cell-free reactions at 25% crude cell extract. Proteins 67 
can be expressed using plasmid DNA, linear DNA, or mRNA template; however, linear DNA 68 
template degradation by endogenous nucleases remains a major drawback when using wild type 69 
V. natriegens cell-free system9. Starting from V. natriegens cultures, protein useable for 70 
downstream applications can be achieved by a single user in 1−2 full days. 71 
 72 
PROTOCOL: 73 
 74 
1. Preparation of V. natriegens crude cell extracts – bacterial culture 75 
 76 
1.1. Prepare V. natriegens bacterial growth media LB-V2 as per Table 1. Sterilize the growth 77 
media by autoclaving. Allow media to reach to room temperature (RT). Store excess media at RT.  78 
 79 
CAUTION: Wear proper personal protection equipment (PPE) and consult lab specific instructions 80 
when operating an autoclave.  81 
  82 
1.2. Use a glycerol stock of wild type V. natriegens to inoculate 3 mL of LB-V2 media. Grow 83 
overnight at 30 °C while shaking at 225 rpm.  84 
  85 
1.3. Wash 1 mL of the overnight culture by centrifugation at 10,600 x g on a benchtop centrifuge 86 
for 1 min. Aspirate the supernatant without disturbing the resulting pellet and resuspend in 1 mL 87 
of fresh LB-V2 media. 88 
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  89 
1.4. In an autoclaved 4 L baffled Erlenmeyer flask with sterile cover, add 1 L of fresh LB-V2 growth 90 
media. Inoculate using 1 mL of washed overnight culture (1:1000 dilution ratio). Grow culture at 91 
30 °C while shaking at 225 rpm.  92 
 93 
NOTE: V. natriegens cultures can be scaled up or down while maintaining the 1:1000 dilution 94 
ratio. For example, add 250 μL of washed overnight culture to 250 mL of fresh LB-V2 growth 95 
media in a 2 L baffled Erlenmeyer flask with sterile cover. 96 
  97 
1.5. Monitor the culture’s OD600 using a spectrophotometer. When culture reaches OD600 = 1.0 ± 98 
0.2, harvest culture via centrifugation at 3500 x g for 20 min at 4 °C. Place pellet on ice.  99 
 100 
NOTE: V. natriegens grows rapidly, so close monitoring of the culture is necessary. Growth to 101 
OD600 = 1.0 should take approximately 1.5−2 h at the 1:1000 dilution ratio.  102 
  103 
1.6. Aspirate the supernatant and immediately store the resultant bacterial pellet at -80 °C or 104 
directly proceed to cell lysis described in section 2.  105 
 106 
NOTE: This step is a good stopping point; however, it is recommended that the pellet be 107 
processed immediately or within 1−2 days for best results. 108 
  109 
2. Preparation of V. natriegens crude cell extracts – cell lysis 110 
  111 
2.1. Prepare S30 lysis buffer as per Table 1 in sterile deionized (DI) water and adjust pH to 7.7 112 
using glacial acetic acid.  113 
 114 
CAUTION: Glacial acetic acid should be handled with proper PPE when adjusting the pH. 115 
  116 
2.2. Cool S30 lysis buffer to approximately 4 °C in a refrigerator or on ice before beginning the 117 
cell lysis procedure.  118 
 119 
NOTE: For a quick cool down, lysis buffer can be placed at -20 °C. Do not allow the buffer to 120 
freeze. 121 
  122 
2.3. Place cell pellets on ice for 10−20 min or until completely thawed. Resuspend all pellets 123 
resulting from the same 1 L culture using 10 mL of cold S30 lysis buffer, then transfer suspension 124 
to a 50 mL tube. If pellets are not frozen in the refrigerator at -80 °C in step 1.6, proceed directly 125 
to resuspension. 126 
 127 
NOTE: Increase the volume of S30 lysis buffer used to initially resuspend pellets as needed. 128 
  129 
2.4. Centrifuge suspension at 3500 x g for 10 min at 4 °C. Aspirate the supernatant without 130 
disturbing the pellet. Wash the pellet a second time using 10 mL of cold S30 lysis buffer. Place 131 
pellet on ice.  132 



   

  133 
2.5. In a cold room, add 500 μL of cold S30 lysis buffer to the pellet in the 50 mL tube. Using a 134 
wide-bore pipette tip, resuspend the pellet and carefully transfer the entire pellet suspension to 135 
a 2 mL tube.  136 
 137 
NOTE: If a wide bore pipette is not available, use a pair of scissors to cut the end of a 1 mL pipette 138 
tip to increase the bore for pellet transfer. 139 
 140 
2.5.1. Transfer as much pellet as possible without significantly increasing the volume; however, 141 
the pellet should be resuspended in enough liquid to be sonicated, as indicated by a homogenous 142 
suspension in the 2 mL tube. Do not overfill the 2 mL tube. The suspension should not exceed 1.5 143 
mL; split into multiple tubes if necessary.  144 
 145 
2.6. Keep the cell pellet on ice and work in a cold room. Fill a 600 mL beaker with ice and place a 146 
2 mL tube holder on top of the ice.  147 
 148 
NOTE: It is helpful to place the tube holder near the side of the beaker, so the pellet suspension 149 
will be visible in the ice to monitor sonication progress (see Figure 1). 150 
  151 
2.7. Vortex suspended pellet in 2 mL tube briefly to homogenize the cells, flick tubes to remove 152 
any cells on the bottom of the cap, and place into tube holder with cap open. Lower sonicator tip 153 
into the suspension so that it is just under the liquid surface. 154 
  155 
2.8. Prepare the sonication set-up as depicted in Figure 2 using a sonicator and probe with a ⅛-156 
inch tip diameter. Input the following settings into the sonicator control: 20 kHz frequency and 157 
50% amplitude, pulse ON time: 10 s, pulse OFF time: 60 s. 158 
  159 
2.9. Run the pulse sonication protocol for three cycles. If the total volume of the pellet suspension 160 
is > 500 μL, run the pulse sonication protocol six times.  161 
 162 
NOTE: Generally, 3−6 pulses are sufficient to lyse V. natriegens pellets; additional pulses may be 163 
required depending on sonicator. During sonication, use the adjustment knob platform to move 164 
the probe up and down to lyse any pellet that may have settled to the bottom of the tube. The 165 
tube can be removed from the holder and briefly vortexed to re-homogenize the suspension in 166 
between pulses. See discussion below for desired consistency of sonicated cells.  167 
 168 
CAUTION: Wear appropriate hearing protection when sonicator is active. 169 
  170 
2.10. Following sonication, centrifuge crude cell extract at 16,000 x g for 30−45 min at 4 °C or 171 
until lysate is free of any cellular debris as depicted in Figure 3.  172 
 173 
2.11. In a cold room, aliquot 50 μL of the resulting supernatants to new 2 mL tubes without 174 
disturbing the pellet.  175 
 176 



   

NOTE: Any debris that is transferred accidently into the new 2 mL tubes will drastically reduce 177 
extract’s capacity for high yielding protein synthesis. 178 
 179 
2.11.1. Optionally, set aside 10 μL of cell extract for post-lysis protein quantification in a separate 180 
2 mL tube (see step 2.13 below).  181 
 182 
2.12. Flash freeze crude cell extracts by placing tubes into a tube holder with a dipping string 183 
attached as depicted in Figure 4. Submerge tubes into a Dewar containing liquid nitrogen and 184 
immediately place in a refrigerator at -80 °C until use.  185 
 186 
CAUTION: Use appropriate PPE for handling liquid nitrogen including lab coat, safety glasses, face 187 
shield, cryogen apron, and gloves. 188 
  189 
2.13. Optionally, quantify the total protein of the cell lysate using 10 μL set aside from step 2.11.1 190 
by diluting sample 1:100 in 1x phosphate-buffered saline (PBS) and using any standard total 191 
protein quantification assay such as Bradford assay, benzethonium chloride assay (BCA), etc.  192 
  193 
3. Preparation of cell-free reaction components 194 
  195 
3.1. General reaction components 196 
  197 
3.1.1. Prepare working stocks of Mg-glutamate and K-glutamate in 50 mL tubes with sterile DI 198 
water at concentrations of 100 mM and 2000 mM, respectively.  199 
  200 
3.1.2. Prepare a working stock of 50% (w/v) polyethylene glycol (PEG)-8000 by adding 100 mL of 201 
sterile DI water to a 250 mL beaker. Place a small magnetic stirrer into the beaker. Weigh out 50 202 
g of PEG-8000 and add to the 100 mL of water in the beaker. 203 
  204 
3.1.3. Place the beaker on a heated stir plate set to 100 °C and stir at 250 rpm until PEG-8000 is 205 
in solution. Allow PEG-8000 liquid mixture to cool before transferring to 50 mL tubes.  206 
  207 
3.2. Energy solution master mix 208 
  209 
3.2.1. Prepare a 5 M solution of KOH by adding 140 g of KOH pellets to 500 mL of sterile DI water.  210 
 211 
CAUTION: Prepare this solution in a chemical hood and wear PPE when handling strong bases. 212 
The solution will become hot so the bottle cap must be loose to prevent pressure build-up. Allow 213 
the KOH solution to reach RT before using.  214 
 215 
3.2.2. Prepare a 1750 mM HEPES-KOH buffer by adding 20.85 g of HEPES to a 100 mL bottle. 216 
Slowly add sterile DI water until the volume reaches 40 mL. Vortex bottle to dissolve the HEPES. 217 
Use the 5 M KOH solution to adjust the pH to 8.0 and then bring the solution volume to 50 mL.  218 
 219 
CAUTION: KOH should be handled with proper PPE when adjusting the pH. 220 



   

  221 
3.2.3. Prepare the remaining 10x energy master mix stock components at the concentrations 222 
indicated in Table 2 in sterile DI water and place each stock on ice. Thaw the 100 mM ATP, GTP, 223 
CTP, and UTP stocks at RT and place on ice.  224 
 225 
NOTE: A thermomixer set to 37 °C and 350 rpm can be used to dissolve reagents into solution if 226 
necessary. Do not overheat or leave reagents on the thermomixer for an extended period of time. 227 
 228 
3.2.4. In a 15 mL tube, add each energy solution master mix component in accordance to the 229 
order and volume specified in Table 2. Vortex the solution after each component is added. This 230 
will make 5 mL of 10x energy solution master mix. 231 
  232 
3.2.5. Divide the 10x energy solution master mix into 200 μL aliquots in 2 mL tubes. Flash freeze 233 
each aliquot as performed in step 2.12. Immediately place them into the -80 °C refrigerator until 234 
use.  235 
  236 
3.3. Amino acid master mix 237 
  238 
3.3.1. To prepare fresh 4x amino acid master mix, begin by thawing each amino acid stock at RT 239 
and then placing on ice. Use a vortex and/or thermomixer set at 37 °C and 350 rpm to ensure all 240 
amino acid stocks are fully dissolved.  241 
 242 
NOTE: Cysteine may not fully dissolve; it can be added to the amino acid master mix as a 243 
suspension. Do not overheat or leave reagents on the thermomixer for an extended period of 244 
time. 245 
 246 
3.3.2. In a 15 mL tube, add the appropriate volume amino acids to sterile DI water so that final 247 
concentration of each is 8 mM in the following order: ALA, ARG, ASN, ASP, GLN, GLU, GLY, HIS, 248 
IIE, LYS, MET, PHE, PRO, SER, THR, VAL, TRP, TYR, LEU, and CYS. After adding each amino acid, 249 
vortex the master mix solution. The volumes listed in Table 2 will make up 2.4 mL of amino acid 250 
master mix. 251 
  252 
3.3.3. Divide the 4x amino acid master mix into 200 μL aliquots in 2 mL tubes. Flash freeze each 253 
aliquot as performed in step 2.12. Immediately place into a refrigerator at -80°C until use.  254 
  255 
3.4. Production of reaction-ready plasmid DNA template 256 
  257 
NOTE: Cell-free protein expression in this system has been optimized using the super folder green 258 
fluorescent protein (GFP) expression vector T7-pJL1-sfGFP (Table of Materials). It is 259 
recommended to use this plasmid as a control for cell-free reaction efficiency and the pJL1 260 
backbone for the cloning and expression of other protein sequences. Other plasmid DNA 261 
templates can be used; however, it is important to note that transcription is controlled by a T7 262 
promoter sequence and the presence of T7 RNA polymerase. A simple protocol for the large-263 
scale production of any plasmid DNA template from transformed E. coli is described below. 264 



   

  265 
3.4.1. Purify desired vector using a plasmid purification kit as per manufacturer’s instruction 266 
(Table of Materials).  267 
 268 
NOTE: Concentrating the plasmid DNA template as much as possible is recommended to meet 269 
the tight volume constraints of the cell-free reaction. In general, aim for a 750−1500 ng/μL 270 
working stock. 271 
  272 
3.5. Production of reaction-ready mRNA template 273 
  274 
NOTE: This section is optional. Protein expression has been tested using mRNA template 275 
generated from the in vitro transcription of the plasmid T7-pJL1-sfGFP by the listed T7 RNA 276 
polymerase (Table of Materials). 277 
  278 
3.5.1. Prepare mRNA template from plasmid DNA encoding the protein of interest using the in 279 
vitro transcription reaction components in Table 3. Incubate reactions for 1 h at 37 °C in a 280 
thermocycler. 281 
 282 
NOTE: It is recommended to perform 8−10x of these reactions in parallel to generate enough 283 
material. 284 
  285 
3.5.2. Pool all transcription reactions. Purify using an mRNA purification and concentrator kit as 286 
per manufacturer’s instruction (Table of Materials). Elute mRNA template into sterile DI water. 287 
Store mRNA template at -80 °C until use. 288 
  289 
4. Performing cell-free protein expression reactions using V. natriegens crude extract 290 
  291 
4.1. Cell-free protein expression using plasmid or linear DNA template 292 
  293 
4.1.2. Remove 10x energy solution master mix and 4x amino acid master mix aliquots from the -294 
80 °C refrigerator, thaw at RT, and place on ice. Remove the T7 RNA polymerase and RNase 295 
inhibitor stocks from the -20 °C refrigerator and place on ice. Thaw DNA template at RT and place 296 
on ice.  297 
  298 
4.1.2. Prepare a cell-free reaction master mix as per Table 4 by adding each component in the 299 
following order to a 2 mL tube on ice: amino acid master mix, energy solution master mix, Mg-300 
glutamate, K-glutamate, DNA template, PEG-8000, T7 RNA polymerase, and RNase inhibitor. 301 
Gently flick the tube after each addition to the master mix.  302 
 303 
NOTE: If linear template is to be used for cell-free protein expression, add 5−10x more material 304 
as compared to plasmid template to obtain appreciable yields of protein. 305 
  306 
4.1.3. Remove V. natriegens crude cell lysate prepared in step 2.12 from the -80 °C refrigerator 307 
and place on ice for 10−20 min until thawed. Add the appropriate volume crude cell extract to 308 



   

the cell-free reaction master mix as per Table 4 and gently mix by flicking or pipetting up and 309 
down. 310 
  311 
4.1.4. End-point cell-free protein expression using thermocycler 312 
 313 
4.1.4.1. Pipette 10 μL of the cell-free reaction master mix to the bottom of a 96- or 384-well PCR 314 
plate. In between each transfer to the PCR plate, mix the master mix by flicking the tube gently. 315 
 316 
NOTE: Cell-free reaction master mix should be well mixed at all times to maximize reaction 317 
reproducibility and cell-free protein expression in all samples. 318 
  319 
4.1.5. Briefly centrifuge the plate at 1000 x g for 10 s to pool any master mix that may have 320 
become stuck on the sides of the wells. Seal the wells with a plate adhesive to prevent 321 
evaporation and then place the PCR plate into a thermocycler set at 26 °C with a heated lid set 322 
at 105 °C.  323 
 324 
NOTE: The even heat distribution and heated lid of a thermocycler greatly improves protein 325 
expression yields. 326 
 327 
4.1.6. Incubate the cell-free reactions for a minimum of 3 h. After incubation, expressed proteins 328 
can be purified, quantified, and used for downstream processes.  329 
 330 
NOTE: Expressed proteins can be directly quantified in the cell-free reaction using a method of 331 
the user’s choice. For example, fluorescent proteins can be quantified using an external standard 332 
curve or radioactivity can be measured if using a radiolabeled amino acid in the cell-free reaction. 333 
UV-visible spectroscopy or total protein assays are generally not recommended for directly 334 
measuring protein production in cell-free reactions without an initial purification. 335 
  336 
4.1.7. Alternatively, monitor cell-free protein expression kinetics using a plate reader. Pipette 10 337 
μL of the cell-free reaction master mix to the bottom of a black 384-well assay plate with clear 338 
glass bottoms. Keep the assay plate on ice or work in a cold room while adding the master mix to 339 
ensure that the full kinetic profile is obtained. Seal the wells with a clear plate adhesive to prevent 340 
evaporation and then place the assay plate into a plate reader set at 26 °C.  341 
 342 
4.1.8. Incubate the cell-free reactions for 3−6 h while monitoring the appropriate fluorescent 343 
excitation/emission wavelengths corresponding to the expressed protein. For example, monitor 344 
at Ex/Em = 485 nm/528 nm for sfGFP. 345 
  346 
4.2. Cell-free protein expression using mRNA template 347 
  348 
4.2.1. Thaw mRNA template prepared in step 3.5.2 at RT and place on ice. 349 
  350 
4.2.2. Perform step 4.1.1 through step 4.1.6 as previously specified for linear or plasmid DNA 351 
template using Table 4 to prepare an alternative cell-free reaction master mix for mRNA 352 



   

template.  353 
  354 
5. Calibration of V. natriegens cell-free reactions with sfGFP 355 
  356 
NOTE: This section is optional. The optimal cell-free reaction ion concentration can vary slightly 357 
for each crude extract preparation based on the conditions used for cell lysis. Consider 358 
performing the optional cell-free reaction ion calibration protocol described below using sfGFP if 359 
reaction yields are significantly lower than expected (concentrations < 1.0 μg/mL).  360 
  361 
5.1. Prepare the Mg2+ and K+ ion calibration solutions as specified in Table 5 in sterile DI water 362 
from the 100 mM Mg-glutamate and 2000 mM K-glutamate stocks prepared in step 3.1.1. Place 363 
calibration solutions on ice until needed. 364 
  365 
5.2. Following the calibration map in Table 6, pipette 1 μL of the Mg-glutamate and 2 μL of K-366 
glutamate ion calibration solutions into the appropriate wells in a 384-well PCR plate. 367 
 368 
5.2.1. The order of operations of this step is as follows: Pipette the Mg-glutamate ion calibration 369 
solution into the bottom of each well followed by the K-glutamate ion calibration solution onto 370 
the side of well without touching the liquid already present in the wells.  371 
 372 
5.2.2. Seal the wells by placing an adhesive on top of the plate to prevent evaporation while 373 
preparing the calibration cell-free reaction master mix. Gently tap the 384-well plate to mix the 374 
Mg- and K-glutamate calibration solutions. 375 
 376 
NOTE: A repeater pipette is highly recommended for completing this step reproducibly and 377 
quickly.  378 
  379 
5.3. Prepare the calibration cell-free reaction master mix as specified in Table 5 using T7-pJL1-380 
sfGFP plasmid DNA template in a 2 mL tube. Add each component in the following order to the 381 
master mix: amino acid master mix, energy solution master mix, T7-pJL1-sfGFP DNA template, 382 
PEG-8000, T7 RNA polymerase, and RNase inhibitor. Gently flick the tube to mix after each 383 
component addition. 384 
 385 
NOTE: Do not add Mg2+ or K+ to the calibration cell-free master mix. 386 
  387 
5.4. Remove the adhesive from the plate. Carefully pipette 7 μL of the calibration cell-free 388 
reaction master mix on to the sides of the wells without touching the mixed ion calibration 389 
solution already present in the wells. Reseal the wells with the adhesive and gently tap the 384-390 
well PCR plate to mix the cell-free master mix with the ion calibration solution. 391 
 392 
NOTE: A repeater pipette is highly recommended for completing this step reproducibly and 393 
quickly. 394 
  395 
5.5. Briefly centrifuge the plate 1000 x g for 10 s to pool any unmixed liquid that may have 396 



   

become stuck on the sides of the wells. Place the 384-well plate into a thermocycler set at 26 °C 397 
with a heated lid set at 105 °C.  398 
 399 
5.6. Incubate the cell-free reactions for 3 h. After incubation, transfer the contents of each well 400 
to a black 384-well assay plate with glass bottoms with a multi-channel pipette and read the 401 
fluorescence of sfGFP at Ex/Em = 485 nm/528 nm using a plate reader to determine the ion 402 
concentration combination that yields the highest amount of protein. 403 
  404 
REPRESENTATIVE RESULTS: 405 
The described protocol for protein production using V. natriegens cell-free expression system can 406 
be executed in 1−2 days by a single user, starting from inoculation of culture to protein available 407 
for downstream applications. Preparation of crude cell extracts and master mix stocks comprise 408 
a significant portion of this time; however, once prepared, most bulk reagents can be stored long 409 
term (Table 7) and used as needed, shortening the time needed to complete the protocol. 410 
 411 
The expression system described is best used with plasmid DNA template or mRNA generated by 412 
in vitro transcription reactions. While linear DNA can also be used as template for protein 413 
production, it yields significantly lower amount of protein. For example, at optimal reactions 414 
conditions at 26 °C, a single 10 μL cell-free reaction can produce > 260 μg/mL of sfGFP in 3 hours 415 
using 0.3 pmol of plasmid DNA template or a comparable > 125 μg/mL of sfGFP using 14 pmol of 416 
mRNA transcript (Figure 5A,B). However, 0.3 pmol of linear DNA will produce significantly less 417 
protein (< 20 μg/mL). For each template type, the majority of the protein will be produced within 418 
1−1.5 hours; however, it is recommended that reaction is run for a minimum of 3 hours. Cell-free 419 
reaction concentrations of sfGFP were determined via linear regression using a purified sfGFP 420 
standard curve measuring fluorescence at Ex/Em = 485 nm/528 nm. 421 
 422 
The yield of protein production is significantly affected by the concentration of potassium and 423 
magnesium ions (K+ and Mg2+, respectively). Under optimized conditions, it was found that the 424 
optimal Mg2+ and K+ ion concentrations will be 3.5 mM and 80 mM, respectively (Figure 6A,B). 425 
Deviations from the optimal ion concentrations may result in a decreased capacity for the cell-426 
free expression system to produce protein with appreciable yields. Additional calibration may be 427 
necessary if reaction yields are significantly lower than expected. An optional protocol for ion 428 
calibration is described in section 5. This allows for some flexibility in compensating for crude cell 429 
extract variability incurred from individual cell lysis equipment and conditions. 430 
 431 
FIGURE AND TABLE LEGENDS: 432 
 433 
Figure 1: A close-up view of the beaker and tube holder on the sonication platform. 434 
  435 
Figure 2: Sonication equipment setup for the preparation of crude cell extract. 436 
 437 
Figure 3: A view of the pellet after sonication and centrifugation. 438 
 439 
Figure 4: Flash freezing dip for extract storage. 440 



   

 441 
Figure 5: Representative results for V. natriegens cell-free protein synthesis using different 442 
template types. (A) endpoint assay of sfGFP production using equimolar concentrations of 443 
plasmid and linear DNA template (0.3 pmol) as well as increasing concentrations of mRNA 444 
template. Cell-free sfGFP concentration was determined using a standard curve of purified sfGFP 445 
measured at Ex/Em = 485 nm/528 nm after 180 minutes of incubation at 26 °C at optimal reaction 446 
conditions in 10 μL volumes. (B) Kinetic assay of sfGFP production using equimolar concentrations 447 
of plasmid and linear DNA template as well as increasing concentrations of mRNA template. 448 
sfGFP measurements were taken every 3 minutes at Ex/EM = 485 nm/528 nm over 180 minutes 449 
of total incubation time at optimal reaction conditions in 10 μL volumes. For both endpoint and 450 
kinetic assays, samples were blank corrected using cell-free reactions supplemented with all 451 
components except template. The mean and standard deviations are shown (n = 3). 452 
 453 
Figure 6: Representative results for ion concentration calibration. (A) V. natriegens cell-free 454 
reactions were supplemented with increasing concentrations of Mg2+ and incubated at 26 °C for 455 
180 minutes in 10 μL reactions. The total concentration of K+ was 160 mM for all Mg2+ 456 
concentrations. Cell-free sfGFP concentration was determined using a standard curve of purified 457 
sfGFP measured at Ex/Em = 485 nm/528 nm. (B) V. natriegens cell-free reactions were 458 
supplemented with increasing concentrations of K+ and incubated at 26 °C for 180 minutes in 10 459 
μL reactions. The total concentration of Mg2+ was 3.5 mM for all K+ concentrations. For both 460 
calibrations, samples were blank corrected using cell-free reactions supplemented with all 461 
components except template. The mean and standard deviations are shown (n = 3). This figure 462 
has been modified from Wiegand et al.9. Reprinted with permission from Wiegand, D.J., Lee, H.H., 463 
Ostrov, N., Church, G.M. Establishing a Cell-Free Vibrio natriegens Expression System. ACS 464 
Synthetic Biology. 7 (10), 2475−2479 (2018). Copyright 2018 American Chemical Society. 465 
 466 
Table 1: Reagents for the preparation of 1 L of LB-V2 bacterial growth media and 0.5 L of S30A 467 
cell lysis buffer. 468 
  469 
Table 2: Reagents for the preparation of 5 mL of 10x energy solution master mix and 2.4 mL of 470 
4x amino acid master mix. 471 
 472 
Table 3: In vitro transcription components for mRNA generation. 473 
 474 
Table 4: Components of optimized V. natriegens cell-free reaction master mix for DNA 475 
template and mRNA template. 476 
 477 
Table 5: Ion concentration calibration master mixes.  478 
 479 
Table 6: Ion calibration map. 480 
 481 
Table 7: Cell-free storage conditions and shelf lives. 482 
 483 
DISCUSSION: 484 



   

This protocol has been optimized for wild-type V. natriegens and bacterial growth media 485 
comprised of LB supplemented with V2 salts (Table of Materials). Other strains of V. natriegens 486 
can be similarly cultured to generate crude cell extracts for cell-free reactions; however, their use 487 
requires additional optimization of this protocol. Additionally, this cell-free protein expression 488 
system has been optimized using 3-phosphoglyceric acid (3-PGA) as the primary energy 489 
regeneration source. Other energy regeneration sources may be used; however, optimization of 490 
reagents and calibration will likely be required to obtain high yielding protein expression10, 11. 491 
 492 
Specific attention to several critical steps in this protocol will ensure maximal extract productivity 493 
for high-yielding cell-free protein production. First, crude cell extract must be prepared from V. 494 
natriegens cell cultures harvested in a mid-exponential phase of growth; protein yield is maximal 495 
when cultures reach an OD600 = 1.0 ± 0.2. While cell-free protein production is possible from cells 496 
harvested at a range of optical densities, we have previously found that cells harvested in an 497 
exponential state of growth yield significantly more protein9. The observed effects of optical 498 
density on crude cell extract performance are consistent with those reported for other cell-free 499 
expression systems derived from cells grown in batch culture conditions1. Because V. natriegens 500 
grows at a rapid rate, it is critical to closely monitor cultures’ optical densities. In general, it is 501 
expected that V. natriegens cultures should reproducibly reach an OD600 of 1.0 within 1−1.5 hours 502 
using this protocol; however, individual growth conditions such as the use of baffled versus non-503 
baffled flasks, which affects aeration, or air versus water incubation, which affects the rate and 504 
stability of incubation temperature, may alter growth time. Furthermore, it is generally 505 
recommended to culture at least 250 mL of V. natriegens in a 1 L baffled flask to ensure a large 506 
cell pellet at harvest for easy manipulation and transfer. This greatly improves the success of 507 
crude cell extract preparation as well as increases the total volume of extract produced from a 508 
pellet. When using smaller scale preparation, culture conditions and reagents can be adjusted 509 
appropriately. For large-scale fermentation, further optimization of culture conditions may be 510 
required. Finally, to ensure high protein yield, it is critical that cell pellets are processed 511 
immediately after harvesting, or within 1−2 days of storing at -80 °C. 512 
 513 
The proper lysis of the cell pellet by pulse sonication is critical to the success of cell-free protein 514 
expression and is often the most difficult aspect of this protocol for new users. Typically, a well 515 
lysed pellet will yield a significant volume of liquid extract that is free of debris. The extract should 516 
be slightly viscous but can be easily pipetted when aliquoting into storage tubes before flash 517 
freezing in liquid nitrogen. Figure 3 depicts a representation of a well lysed pellet (Figure 3A) in 518 
comparison to a poorly lysed pellet (Figure 3B) after the post lysis centrifugation step. A major 519 
indication of complete cell lysis is a crude cell extract total protein concentration > 20 mg/mL as 520 
determined by a total protein assay (step 2.13). Over-sonication or excessive heating of the crude 521 
cell extract will damage the cellular machinery, which cannot be determined without performing 522 
a cell-free reaction. Thus, it is highly beneficial to test extract efficiency with a control reaction 523 
before dedicating significant time and effort to downstream protein expression applications. 524 
While additional optimization may be necessary for different sonication equipment, the pulse 525 
sonication steps described have been highly reproducible in our hands.  526 
 527 
The use of linear DNA template derived from PCR amplification, restriction enzyme digest, or 528 

https://paperpile.com/c/ujPyJ5/hSnB+re0I
https://paperpile.com/c/ujPyJ5/jude
https://paperpile.com/c/ujPyJ5/VuH2


   

commercial gene synthesis can significantly increase the capacity for high-throughput and rapid 529 
protein production in cell-free expression systems24. While protein production from PCR 530 
amplified linear template has been demonstrated, the yield of these reactions are approximately 531 
13.5-fold lower compared to reactions using plasmid DNA template at equimolar ratios9. This is 532 
primarily due to the instability of the linear DNA template which is likely degraded by endogenous 533 
nucleases present in V. natriegens crude cell extract. While lambda phage protein GamS has been 534 
previously used to protect Linear DNA template24,25, it was found to be incompatible with V. 535 
natriegens extracts9. Additionally, while increasing the concentration of linear DNA template may 536 
allow for a higher protein yield, its fast degradation in crude cell extract will still be a major 537 
problem.  538 
 539 
A solution to overcoming linear DNA template degradation may be to supplement cell-free 540 
reactions with mRNA template generated from in vitro transcription of linear DNA. On the other 541 
hand, the use of an RNase inhibitor offers significant protection against mRNA transcript 542 
degradation and appreciable protein yields can be obtained in the 10 μL cell-free reaction format 543 
(Figure 5A,B). Cloning of linear DNA into a circular template through TA ligation, TOPO cloning, 544 
Golden Gate assembly, or other recombination methods may be used to circumvent template 545 
degradation. Nevertheless, further approaches for inhibition of nuclease activity will be 546 
necessary for efficient protein expression using linear DNA template. 547 
 548 
To date, several different approaches have been proposed for preparation of crude extract for 549 
cell-free protein expression9–11,26. In developing this protocol, we sought to maximize user 550 
accessibility, reduce overall cost, and minimize time-consuming steps. For example, a high 551 
protein yield is achieved using a simple two-step sonication-centrifugation process, and does not 552 
require cell homogenizers, lengthy dialysis steps or run-off reaction. It is simple to execute in a 553 
short period of time and does not require high level of laboratory expertise. Thus, it can help 554 
facilitate cell-free expression as a standard for translational academic research and industrial 555 
process design. 556 
 557 
This protocol expands the toolkit available for investigation and utility of V. natriegens, a non-558 
model organism with unique biological properties. Higher protein yield can be achieved by 559 
employing semi- or fully-continuous cell-free reactions, to allow for energy regeneration, 560 
resupplying of amino acids, and the removal of waste products3,5,27. Furthermore, the 561 
engineering of wild-type V. natriegens to produce DNAse- or RNAse-deficient strains, removal of 562 
deleterious and competing metabolic pathways, and expression of additional tRNAs could greatly 563 
enhance the production of proteins in this system28,29. As we unravel the biology underlying its 564 
rapid growth, further development of V. natriegens cell-free systems may accelerate 565 
bioproduction capabilities and enable robust expression of therapeutic peptides, small 566 
molecules, and synthetic materials. 567 
 568 
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Component Quantity (g) Final Concentration (mM)

LB Broth (Miller) 25

NaCl 11.69 200

MgCl2 0.00 23.1

KCl 0.00 4.2

Component Quantity (g) Final Concentration (mM)

Tris Solution (pH 8.0) - 1 M (mL)* 25 50

Mg-glutamate 0.00 14

K-glutamate 0.00 60

Dithiothreitol (DTT) - 1 M (mL)* 1 2

Preparation of LB-V2 Bacterial Growth Media

Preparation of S30A Lysis Buffer
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Final Volume (L)

Final Volume (L)

Preparation of LB-V2 Bacterial Growth Media

1

Preparation of S30A Lysis Buffer

0.5



Component Stock Concentration (mM)

HEPES-KOH pH 8 1750

ATP 100

GTP 100

CTP 100

UTP 100

tRNA from E. coli MRE 600 (mg/mL)* 100

Coenzyme A Hydrate 200

NAD 200

cAMP 650

Folinic Acid 100

Spermidine 1600

3-PGA 2000

Sterile Deionized Water

Component Stock Concentration (mM)

ALA 168

ARG 168

ASN 168

ASP 168

GLN 168

GLU 168

GLY 168

HIS 168

IIE 168

LYS 168

MET 168

PHE 168

PRO 168

SER 168

THR 168

VAL 168

TRP 168

TYR 168

LEU 140

CYS 168

Sterile Deionized Water

Preparation of 4x Amino Acid Master Mix

Preparation of 10x Energy Solution Master Mix
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Final Concentration (mM) Quantity (µL) Final Volume (µL)

500 1428.57

15 750.00

15 750.00

9 450.00

9 450.00

2 100.00

2.6 65.00

3.3 82.50

7.5 57.69

0.7 35.00

10 31.25

300 750.00

49.99

Final Concentration (mM) Quantity (µL) Final Volume (µL)

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 137.1

8 114.3

91.4

Preparation of 4x Amino Acid Master Mix

2400

Preparation of 10x Energy Solution Master Mix

5000



Component Stock (mM) Final Concentration (mM) 

10x RNAPol Reaction Buffer

ATP 100 0.5

GTP 100 0.5

CTP 100 0.5

UTP 100 0.5

DNA Template (ng/µL)* 1000 500

T7 RNA Polymerase 200 2.6

Rnase Inhibitor, Murine 200 3.3

Sterile Deionized Water

Reaction Volume (µL): 20

T7 RNA Polymerase In Vitro Transcription Reactions
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Quantity (µL) 1x Reaction Quantity (µL) 50x Reactions

1.00 50

0.10 5

0.10 5

0.10 5

0.10 5

0.50 25

2.00 100

0.50 25

15.60 780

T7 RNA Polymerase In Vitro Transcription Reactions



Component Stock Concentration (mM) Final Concentration (mM) 

Extract (%)* 25

Mg-glutamate 100 3.5

K-glutamate 2000 80

4x Amino Acid Master Mix 8.0 2

10x Energy Solution Master Mix

Plasmid DNA (ng/µL)* 1000 500

50% PEG-8000 (%)* 50 2

T7 RNA Polymerase

RNase Inhibitor, Murine

Sterile Deionized Water

Reaction Volume (µL): 10

Component Stock Concentration (mM) Final Concentration (mM)

Extract (%) * 25

Mg-glutamate 100 3.5

K-glutamate 2000 80

4x Amino Acid Master Mix 8.0 2

10x Energy Solution Master Mix

mRNA Template (ng/µL)* 2000 4000

50% PEG-8000 (%)* 50 2

RNase Inhibitor, Murine

Sterile Deionized Water

Reaction Volume (µL): 10

Alternative Cell-free Reaction Master Mix for mRNA Template

Cell-free Reaction Master Mix
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Quantity (µL) 1x Reaction Quantity (µL) 50x Reactions

2.50 125.00

0.35 17.50

0.40 20.00

2.50 125.00

1.00 50.00

0.50 25.00

0.40 20.00

1.00 50.00

0.10 5.00

1.25 62.50

Quantity (µL) 1x Reaction Quantity (µL) 50x Reactions

2.50 125.00

0.35 17.50

0.40 20.00

2.50 125.00

1.00 50.00

2.00 100.00

0.40 20.00

0.10 5.00

0.75 37.50

Alternative Cell-free Reaction Master Mix for mRNA Template

Cell-free Reaction Master Mix



Quantity (µL) 1x Reaction

Final (mM) Stock 100 mM Mg-Glu

2.5 0 0.00

3.5 1 0.10

4.5 2 0.20

5.5 3 0.30

Reaction Volume (µL): 10

Quantity (µL) 1x Reaction

Final (mM) Stock 2000 mM K-Glu

40 30 0.15

80 70 0.35

160 150 0.75

320 310 1.55

Reaction Volume (µL): 10

Component Stock Concentration (mM) Final Concentration (mM)

Extract (%)* 25

Mg-glutamate Variable Variable

K-glutamate Variable Variable

4x Amino Acid Master Mix 8.0 2

10x Energy Solution Master Mix

Plasmid DNA (ng/µL)* 1000 250

50% PEG-8000 (%)* 50 2

T7 RNA Polymerase

RNase Inhibitor, Murine

Sterile Deionized Water

Reaction Volume (µL): 10

Ion Calibration Cell-free Reaction Master Mix

Mg2+ Calibration 

K+ Calibration
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Quantity (µL) 1x Reaction Quantity (µL) 100x Reactions

diH20 100 mM Mg-Glu

1.00 0

0.90 10

0.80 20

0.70 30

Quantity (µL) 1x Reaction Quantity (µL) 100x Reactions

diH20 2000 mM K-Glu

1.85 12

1.65 28

1.25 60

0.45 124

Quantity (µL) 1x Reaction Quantity (µL) 50x Reactions

2.50 125.00

1.00 50.00

2.00 100.00

2.50 125.00

1.00 50.00

0.25 12.50

0.40 20.00

1.00 50.00

0.10 5.00

0.00 0.00

Ion Calibration Cell-free Reaction Master Mix



Quantity (µL) 100x Reactions

Deionized H2O

100

90

80

70

Quantity (µL) 100x Reactions

Deionized H2O

148

132

100

36



1 2 3 4 5

2.5 mM Mg2+
A

3.5 mM Mg2+
B

4.5 mM Mg2+
C

5.5 mM Mg2+
D

CF Ion Calibration Map
40 mM K+ 80 mM K+
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6 7 8 9 10 11 12

80 mM K+ 160 mM K+ 320 mM K+



Component Storage Location Shelf Life

Sterile LB-V2 Growth Media  4 °C 3-6 months

V. natriegens  Crude Cell Extract  -80 °C 1-3 weeks

100 mM Mg-Glutamate Room Temp 6 months

2000 mM K-Glutamate Room Temp 6 months

50% PEG-8000 Room Temp 6 months

10x Energy Solution Master Mix  -80 °C 3-6 months

4x Amino Acid Master Mix  -80 °C 3-6 months

Plasmid/Linear DNA Template  -20 °C 6-12 months

mRNA Template  -80 °C 3-4 weeks

Storage Conditions and Shelf Lives of CF Components
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Name of Material/Equipment Company Catalog Number Comments/Description

15 mL Tubes Corning 352196

2 mL Tubes Eppendorf 22363352

384-well Black Assay Plates Corning 3544

384-well PCR Plates Eppendorf 951020702

50 mL Tubes Corning 352070

96-well PCR Plates Eppendorf 30129300

Adenosine 3',5'-cyclic monophosphate sodium salt monohydrate Sigma A6885

Adenosine 5'-triphosphate - 100 mM NEB N0450L

Applied Biosystems Veriti 384-well Thermocycler ThermoFisher 4388444

Assay Plate Adhesives BioRad MSB1001

𝛃-Nicotinamide adenine dinucleotide hydrate (NAD) Sigma/Roche 10127965001

Coenzyme A hydrate Sigma C4283

Cytidine 5'-triphosphate - 100 mM NEB N0450L

D-(-)-3-Phosphoglyceric acid disodium salt (3-PGA) Sigma P8877

Dewar Flask - 4L ThermoScientific 10-194-100C

DL-Dithiothreitol solution - 1 M Sigma 42816

Folinic acid calcium salt hydrate Sigma 47612

Glacial Acetic Acid Sigma A6283

Guanosine 5'-triphosphate - 100 mM NEB N0450L

HEPES Sigma H3375

L-Glutamic acid hemimagnesium salt tetrahydrate Sigma 49605

L-Glutamic acid potassium salt monohydrate Sigma G1149

LB Broth (Miller) Sigma L3522
Magnesium chloride (MgCl2) Sigma M8266

Plasmid pJL1-sfGFP Addgene 69496

Plasmid Plus Maxi  kit Qiagen 12963

Poly(ethylene glycol) (PEG)-8000 Sigma 89510

Potassium chloride (KCl) Sigma P9333

Potassium hydroxide Pellets Sigma/Roche 1050121000

Q125 Sonicator and CL-18 probe with a ⅛-inch tip Qsonica 4422

RNA Clean and Concentrator Kit Zymo R1013

Table of Materials Click here to access/download;Table of Materials;JoVE_Materials_Vnat_DW_Rev.xls

https://www.editorialmanager.com/jove/download.aspx?id=961336&guid=bac5c202-4692-4406-8178-7d2710222de1&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=961336&guid=bac5c202-4692-4406-8178-7d2710222de1&scheme=1


RNase Inhibitor, Murine NEB M0314

RTS Amino Acid Sampler Biotechrabbit BR1401801

Sodium chloride (NaCl) Sigma S7653

Spermidine Sigma S0266

T7 RNA Polymerase NEB M0251

Tris Solution (pH 8.0) - 1 M Invitrogen AM9856

tRNA from E. coli MRE 600 Sigma/Roche 10109541001

Uridine 5'-triphosphate - 100 mM NEB N0450L

Vibrio natriegens (Wild-type) Lyophilized Stock ATCC 14048
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Response to Reviewers for Manuscript: 
 
A Protocol for Cell-Free Protein Expression Using the Rapidly Growing Bacterium Vibrio natriegens 
 
Daniel J. Wiegand, Henry H. Lee, Nili Ostrov, & George M. Church 
 
Editorial comments: 
Changes to be made by the author(s): 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling 
or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted 
revision may be present in the published version. 
 
2. Please revise lines 594-597 to avoid previously published text. 
 
The previously published text has been revised to the following: 
 
“To date, several different approaches have been proposed for preparation of crude extract for  cell-free 
protein expression. In developing this protocol, we sought to maximize user accessibility, reduce overall 
cost and minimizing time consuming steps.  ” 
 
3. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit 
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that 
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. 
The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from 
[citation].” 
 
A document indicating the copyright permission for Figure 6 has been obtained from ACS Synthetic Biology 
and has been uploaded to Editorial Manager. The following has been added to the legend of Figure 6: 
 
“This figure has been modified from Wiegand, D.J., Lee, H.H., Ostrov, N., Church, G.M. Establishing a Cell-
Free Vibrio natriegens Expression System. ACS Synthetic Biology. 7 (10), 2475-2479 (2018).” Reprinted with 
permission. Copyright 2018 American Chemical Society.” 
 
4. Please upload each Figure individually to your Editorial Manager account as a .png, .tiff, .pdf, .svg, .eps, 
.psd, or .ai file. 
 
Figures 1,2, 4-6 have been re-uploaded as high resolution .png.  
 
5. Figure 3 is missing from the submission. Please upload it to your Editorial Manager account as a .png, 
.tiff, .pdf, .svg, .eps, .psd, or .ai file. 
 
Figure 3 will be obtained during filming process. 
 
6. Figures 5 and 6: Please define error bars in the figure legend. 
 
Both Figure 5 and 6 have been updated with an additional sentence to define the error bars. In both 
Figures, the following sentence has been added: 
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“The mean and standard deviations are shown (N=3).” 
 
7. Table 1.1-Table 5.2: Please remove the manufacturer information from all tables. In these tables, please 
indicate the volume/mass of each component if relevant. Please renumber the tables as Table 1, Table 2, 
Table 3, Table 4, Table 5,… Table 9, and upload each Table individually to your Editorial Manager account 
as an .xls or .xlsx file. Please also consider merging some of the tables to reduce the total number of 
figures. 
 
Manufacturer information has been removed from all tables. Tables have been renumbered as requested 
and uploaded individually. The text has been appropriately updated to reflect this. 
 
8. Table 1.1: Please use subscripts in chemical formulae to indicate the number of atoms (MgCl2). 
 
The component MgCl2 has been updated to MgCl2 in Table 1.1. 
 
9. Table 4.1, 4.2, 5.1, etc.: Please use the micro symbol µ instead of u. Please abbreviate liters to L to avoid 
confusion. 
 
All instances of u have been updated to the micro symbol µ for all Tables. 
 
10. Table 5.2: Please use superscripts to indicate ion charge (Mg2+, K+). 
 
Ion charges in Tables 5.2A & 5.2B have been updated with superscripts. 
 
11. Table of Equipment and Materials: Please sort the items in alphabetical order according to the name 
of material/equipment. 
 
Table of Equipment and Materials has been updated with full chemical names and sorted alphabetically. 
 
12. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 
(™), registered symbols (®), and company names before an instrument or reagent. Please remove all 
commercial language from your manuscript and use generic terms instead. All commercial products 
should be sufficiently referenced in the Table of Materials and Reagents. You may use the generic term 
followed by “(see Table of Materials)” to draw the readers’ attention to specific commercial names. 
Examples of commercial sounding language in your manuscript are: Falcon, Eppendorf, Qsonica Q125, 
Biotechrabbit, etc. 
 
All instances of commercial language (Eppendorf, Falcon, Qsonica, Biotechrabbit, ATCC, NEB) have been 
removed from the manuscript and are listed in the Table of Materials. 
 
13. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our" 
etc.). 
 
All instances of personal pronouns have been removed from the protocol text. 
 
14. Lines 93-96, 132-136, 229-237, 265-269, 289-297, etc.: The Protocol should contain only action items 
that direct the reader to do something. Please write the text in the imperative tense. Any text that cannot 
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be written in the imperative tense may be added as a “NOTE”. Please move the discussion about the 
protocol to the Discussion. 
 
These text sections have been modified appropriately without removing critical information for protocol 
users. 
 
15. In the JoVE Protocol format, “Notes” should be concise and used sparingly. They should only be used 
to provide extraneous details, optional steps, or recommendations that are not critical to a step. Any text 
that provides details about how to perform a particular step should either be included in the step itself or 
added as a sub-step. Please consider moving some of the notes about the protocol to the discussion 
section. 
 
General notes have been moved to the discussion section.  
 
16. Please revise the Protocol steps so that individual steps contain only 2-3 actions per step and a 
maximum of 4 sentences per step. Use sub-steps as necessary. 
 
Protocol steps have been updated accordingly.  
 
17. After you have made all the recommended changes to your protocol (listed above), please highlight 
2.75 pages or less of the Protocol (including headings and spacing) that identifies the essential steps of 
the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the 
Protocol. 
 
18. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted part 
of the step includes at least one action that is written in imperative tense. Notes cannot usually be filmed 
and should be excluded from the highlighting. 
 
19. Please include all relevant details that are required to perform the step in the highlighting. For 
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given in steps 
2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted. 
 
Protocol steps have been highlighted accordingly.  
 
 
Reviewers' comments: 
 
Reviewer #1: 
Manuscript Summary: 
The authors describe a protocol for generation cell-free extracts derived from Vibrio natriegens for 
subsequent use in (standard) coupled in vitro transcription/translation routines. This manuscript is based 
on a previous contribution by the same authors, published recently in ASC Synthetic Biology, 7 (10), 2475-
2479, 2018. 
 
Major Concerns: 
This protocol might be a useful addition for the audience, motivated to step into the large and (ever since) 
ambitious field of cell free protein synthesis and therefore might be valid for distribution among the 
already exciting (numerous) protocols. However, I am sorry to state that for common cell-free ps 'experts' 
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this protocol is missing certain 'Vibrio-specific' topics, convincing this audience that this (novel) host is 
more attractive as namely systems from E. coli, yeasts, or wheat germ, just to name a few of these 
standard systems. As major topic the authors claimed that the protocol as 'rapid' (presumably to other) 
comparable protocols. I am surprised to notice, that the entire manuscript is more or less based on 
standard S30 extract formation routines, being well known from Zubay, Pratt, Swartz, Spirin, just name a 
few. In this respect it is a well-established standard to use (ultra) sonification, or high-pressure 
homogenization routines to gain cell-free extracts. As well it is a standard (optimization) routine to testify 
the K/Mg optimum beside providing other mixture of energy, or amino acids as such. Besides that, the 
authors are using the even well-established T7 Promotor to provide T7 polymerase for coupled TR/TL. 
Besides the use of linear DNA templates or 'Reaction ready mRNA Templates' which is the basis of cell 
free PS ever since. I can't see methods beyond the ever since applied routines from E. coli, that have been 
specifically (and exclusively) developed for Vibrio to justify this statement of having a novel and even more 
'rapid' protocol at hand. That's why I think that the chosen title is most misleading and should be simplified 
to the state of the manuscript: (An S30-based) Protocol for Protein Production using V. nat. for cfps. 
 
We appreciate the reviewer’s comments and suggestion. We will alter the title of the manuscript to be: 
“A Protocol for Cell-Free Protein Expression Using the Rapidly Growing Bacterium V. natriegens”. 
 
 
Minor Concerns: 
Sorry, but I don't like the term 'Yield' (g/g; mol/mol) in this respect, since the authors exclusively are 
arguing in 'concentration or titer' (g/L, M)' units. However, the authors stated on the 'high yield' of their 
provided Vibrio system and claimed a 'titer' of >260g/mL. Nonetheless I can't find hints of their applied 
quantification method: As this manuscript has to be organized as a protocol type, the routines for 
plausible product quantification are to included. This e.g. covers the quantification of GFP from external 
quantified GFP standards, molecular extinction/fluoresc. coefficient, and/or radioactive labels and the 
avcording statements of the obtained rates (g/h), productivities (g/L/h), and final titers (g/L). 
 
We thank the reviewer for this comment. We have changed ‘GFP yield’ to ‘GFP concentration’ where 
applicable to rectify this inconsistency. Our quantification method for determining sfGFP concentration in 
V. natriegens cell-free reactions were described in the legends of Figures 5 and 6. We have added 
additional text to make this clearer in the representative results section (Lines: 382-384). We have added 
note with suggestions and recommendations for performing protein quantification (Lines: 299-304).  
 
Reviewer #2:  
Manuscript Summary: 
Wiegand et. al. describe a useful protocol for the preparation of a cell-free extract based on vibrio 
natriegens. Based on the growing interest in using cell-free expression systems and the need for 
reproducible and low-cost procedures to prepare the reactions, this protocol will be of interest to a wide 
community. The protocol follows a recently published manuscript in ACS Synthetic Biology, where it was 
used and optimized. 
 
Major Concerns: None 
Minor Concerns: None 
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Table 1 A

Component Quantity (g)

LB Broth (Miller) 25

NaCl 11.69

MgCl2 2.20

KCl 0.31

Table 1 B

Component Quantity (g) 

Tris Solution (pH 8.0) - 1 M (mL)* 25

Mg-glutamate 2.72

K-glutamate 6.10

DTT - 1 M (mL)* 1

Table 2 A

Component Stock Concentration (mM)

HEPES-KOH pH 8 1750

ATP 100

GTP 100

CTP 100

UTP 100

tRNA from E. coli MRE 600 (mg/mL)* 100

Coenzyme A hydrate 200

NAD 200

cAMP 650

Folinic Acid 100

Spermidine 1600

3-PGA 2000

Sterile Deionized Water

Table 2 B

Component Stock Concentration (mM)

ALA 168

ARG 168

ASN 168

ASP 168

GLN 168

GLU 168

GLY 168

HIS 168

IIE 168

LYS 168

Preparation of LB-V2 Bacterial Growth Media

Preparation of S30A Lysis Buffer

Preparation of 10X Energy Solution Master Mix

Preparation of 4x Amino Acid Master Mix
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MET 168

PHE 168

PRO 168

SER 168

THR 168

VAL 168

TRP 168

TYR 168

LEU 140

CYS 168

Sterile Deionized Water

Table 3

Component Stock (mM)

10X RNAPol Reaction Buffer

ATP 100

GTP 100

CTP 100

UTP 100

DNA Template (ng/µL)* 1000

T7 RNA Polymerase 200

Rnase Inhibitor, Murine 200

Sterile Deionized Water

Reaction Volume (µL): 20

Table 4 A

Component Stock Concentration (mM)

Extract (%) *

Mg-glutamate 100

K-glutamate 2000

4X Amino Acid Master Mix 8.0

10X Energy Solution Master Mix

Plasmid DNA (ng/µL) * 1000

50% PEG-8000 (%)* 50

T7 RNA Polymerase

RNase Inhibitor, Murine

Sterile Deionized Water

Reaction Volume (µL): 10

Table 4 B

Component Stock Concentration (mM)

Cell-free Reaction Master Mix

Alternative Cell-free Reaction Master Mix for mRNA Template

T7 RNA Polymerase In vitro  Transcription Reactions



Extract (%) *

Mg-glutamate 100

K-glutamate 2000

4X Amino Acid Master Mix 8.0

10X Energy Solution Master Mix

mRNA Template (ng/µL)* 2000

50% PEG-8000 (%)* 50

RNase Inhibitor, Murine

Sterile Deionized Water

Reaction Volume (µL): 10

Final (mM) Stock

2.5 0

3.5 1

4.5 2

5.5 3

Reaction Volume (µL): 10

Final (mM) Stock

40 30

80 70

160 150

320 310

Reaction Volume (µL): 10

Table 5 C

Component Stock Concentration (mM)

Extract (%) *

Mg-glutamate Variable

K-glutamate Variable

4X Amino Acid Master Mix 8.0

10X Energy Solution Master Mix

Plasmid DNA (ng/µL) * 1000

50% PEG-8000 (%) * 50

T7 RNA Polymerase

RNase Inhibitor, Murine

Sterile Deionized Water

Reaction Volume (µL): 10

Table 5 A - Mg
2+

 Calibration 

Table 5 B - K+ Calibration

Ion Calibration Cell-free Reaction Master Mix



Table 7

Component Storage Location

Sterile LB-V2 Growth Media  4 °C

V. natriegens  Crude Cell Extract  -80 °C

100 mM Mg-Glutamate Room Temp

2000 mM K-Glutamate Room Temp

50% PEG-8000 Room Temp

10X Energy Solution Master Mix  -80 °C

4X Amino Acid Master Mix  -80 °C

Plasmid/Linear DNA Template  -20 °C

mRNA Template  -80 °C

Storage Conditions & Shelf Lives of CF Components



Final Concentration (mM) Final Volume (L)

200

23.1

4.2

Final Concentration (mM) Final Volume (L)

50

14

60

2

Final Concentration (mM) Quantity (µL) Final Volume (µL)

500 1428.57

15 750.00

15 750.00

9 450.00

9 450.00

2 100.00

2.6 65.00

3.3 82.50

7.5 57.69

0.7 35.00

10 31.25

300 750.00

49.99

Final Concentration (mM) Quantity (µL) Final Volume (µL)

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

1

0.5

Preparation of LB-V2 Bacterial Growth Media

Preparation of S30A Lysis Buffer

Preparation of 10X Energy Solution Master Mix

Preparation of 4x Amino Acid Master Mix

5000

2400



8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 114.3

8 137.1

8 114.3

91.4

Final Concentration (mM) Quantity (µL) 1x Reaction Quantity (µL) 50x Reaction

1.00 50

0.5 0.10 5

0.5 0.10 5

0.5 0.10 5

0.5 0.10 5

500 0.50 25

2.6 2.00 100

3.3 0.50 25

15.60 780

Final Concentration (mM) Quantity (µL) 1x Reaction Quantity (µL) 50x Reactions

25 2.50 125.00

3.5 0.35 17.50

80 0.40 20.00

2 2.50 125.00

1.00 50.00

500 0.50 25.00

2 0.40 20.00

1.00 50.00

0.10 5.00

1.25 62.50

Final Concentration (mM) Quantity (µL) 1x Reaction Quantity (µL) 50x Reactions

Cell-free Reaction Master Mix

Alternative Cell-free Reaction Master Mix for mRNA Template

T7 RNA Polymerase In vitro  Transcription Reactions

2400



25 2.50 125.00

3.5 0.35 17.50

80 0.40 20.00

2 2.50 125.00

1.00 50.00

4000 2.00 100.00

2 0.40 20.00

0.10 5.00

0.75 37.50

Quantity (µL) 1x Reaction Quantity (µL) 1x Reaction Quantity (µL) 100x Reactions

100 mM Mg-Glu diH20 100 mM Mg-Glu

0.00 1.00 0

0.10 0.90 10

0.20 0.80 20

0.30 0.70 30

Quantity (µL) 1x Reaction Quantity (µL) 1x Reaction Quantity (µL) 100x Reactions

2000 mM K-Glu diH20 2000 mM K-Glu

0.15 1.85 12

0.35 1.65 28

0.75 1.25 60

1.55 0.45 124

Final Concentration (mM) Quantity (µL) 1x Reaction Quantity (µL) 50x Reactions

25 2.50 125.00

Variable 1.00 50.00

Variable 2.00 100.00

2 2.50 125.00

1.00 50.00

250 0.25 12.50

2 0.40 20.00

1.00 50.00

0.10 5.00

0.00 0.00

Ion Calibration Cell-free Reaction Master Mix



Shelf Life

3-6 months

1-3 weeks

6 months

6 months

6 months

3-6 months

3-6 months

6-12 months

3-4 weeks

Storage Conditions & Shelf Lives of CF Components







Quantity (µL) 100x Reactions

diH20

100

90

80

70

Quantity (µL) 100x Reactions

diH20

148

132

100

36



1 2 3 4

2.5 mM Mg2+ A

3.5 mM Mg2+ B

4.5 mM Mg2+ C

5.5 mM Mg2+ D

Table 6:                           CF 

Ion Calibration Map

40 mM K+ 80 mM K+



5 6 7 8 9 10 11

80 mM K+ 160 mM K+ 320 mM K+



12

320 mM K+


