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Abstract: 18 

The in vitro reconstruction of life-like self-reproducing systems is a major challenge in in vitro 19 

synthetic biology. Self-reproduction requires regeneration of all molecules involved in DNA 20 

replication, transcription, and translation. This study demonstrated the DNA replication and 21 

regeneration of major translation factors, 20 aminoacyl-tRNA synthetases (aaRS), in a 22 

reconstituted transcription/translation system (PURE system). First, we replicated each DNA 23 

that encode one of the 20 aaRSs through aaRS expression from the DNA (i.e., regeneration) by 24 

serial transfer experiments. Thereafter, we successively increased the number of aaRS genes 25 

and achieved simultaneous DNA replication and regeneration of all 20 aaRSs, which comprised 26 

approximately half the number of protein factors in the PURE system, except for ribosomes, 27 

by employing dialyzed reaction and sequence optimization. This study provides a step-by-step 28 

methodology for increasing the number of self-regenerative genes in self-reproducing artificial 29 

systems. 30 
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Introduction 37 

Self-reproduction is a unique ability in living organisms. To date, various abilities of living 38 

organisms have been reconstituted in vitro to understand the design principles of living systems 39 

and the development of new biotechnologies1–14. However, the self-reproduction ability has not 40 

been implemented in an artificial system and remains a large challenge6,15–19. In living 41 

organisms, self-reproduction is achieved by synthesizing all macromolecules, such as DNA, 42 

RNA, and proteins, from low-molecular-weight compounds through DNA replication, 43 

transcription, and translation. 44 

 45 

To construct an autonomous self-reproducing artificial system, the reconstituted translation 46 

system of Escherichia coli (PURE system) is a reasonable starting point because it is composed 47 

of the minimum elements for transcription and translation20. PURE systems consist of 48 

ribosomes, tRNAs, 36 translation proteins (TPs), including 20 aminoacyl-tRNA synthetases 49 

(aaRSs), and T7 RNA polymerase, as macromolecules. If all these RNA and proteins are 50 

regenerated from DNA that self-replicates in a PURE system, the whole system can self-51 

reproduce. 52 

 53 

Several studies have reported the synthesis of TPs in PURE systems. Awai et al. expressed 20 54 

aaRSs in a PURE system and detected activities other than PheRS21. Wei and Endy expressed 55 

36 TPs in a PURE system and detected the activities of 19 of 23 testable TFs after purification. 56 

Li et al. coexpressed most of the ribosomal proteins in one pot and detected the reconstitution 57 

of the 30S subunit22. Libicher et al. and Doerr et al. performed co-expression of multiple TPs 58 

in a PURE system from three large plasmids that encode most TPs23; however, the expression 59 

amounts were not sufficient to regenerate the original amount of TPs, and the activities of the 60 

expressed TFs were not verified24,25. Doerr et al. also reported that a substantial fraction of the 61 

co-expressed proteins is truncated due to inefficient ribosome processibity25. These studies did 62 

not directly demonstrate regeneration because the expressed TFs were not utilized for further 63 

translation. As studies that demonstrate the regeneration of TFs during transcription/translation 64 

reaction, Libicher performed regeneration of T7 RNA polymerase and adenylate kinase, and 12 65 

aaRSs and RF1 up to second generations by a serial dilution experiment with the target proteins-66 

depleted PURE system26. Lavickova et al. demonstrated the self-regeneration of T7 RNA 67 

polymerase or up to seven aaRSs using microfluidic reactors, which allows continuous 68 

expression of GFP for more than 24 h27. However, in these studies, the number of regenerative 69 

proteins was still limited, and DNA was continuously supplied by researchers (i.e., not 70 

replicated). The next important challenge is to increase the number of regenerative TFs and 71 

coupling with DNA replication. 72 

 73 

This study constructed an in vitro system in which artificial genomic DNAs that encodes all 20 74 

aaRSs replicates continuously for at least several generations in all aaRSs-depleted PURE 75 

systems by regenerating aaRSs from the DNA. First, we verified that each aaRS was expressed 76 

in the functional form in a PURE system, and the activity was sufficient for the replication of 77 

the DNA encoding itself. Thereafter, we performed continuous DNA replication through the 78 

expression of each aaRS using the serial dilution method in each aaRS-depleted PURE system. 79 

We further increased the regenerative aaRS numbers by adding circular DNAs that encode each 80 

aaRS and removing the corresponding aaRSs from the PURE system. We succeeded in DNA 81 

replication-coupled regeneration of up to five aaRSs under conventional conditions and all 20 82 

aaRSs by employing dialyzed conditions after sequence and copy number optimization.  83 

 84 

 85 

Results 86 
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The activity of aaRSs synthesized in a PURE system 87 

First, we examined the activity of 20 aaRSs expressed in a PURE system. The assay scheme is 88 

illustrated in Fig. 1a. First, DNA encoding aaRS (aaRS-DNA) was incubated in a PURE system 89 

to express aaRS. Thereafter, an aliquot of each reaction solution was diluted at a certain rate, as 90 

shown in Table S2, and added to the second PURE system, which lacks the aaRS of interest 91 

and contains a circular DNA that encodes phi29 DNA polymerase. If the synthesized aaRS in 92 

the first reaction is sufficiently active, it rescues the lack of aaRS in the second PURE system 93 

to express phi29 DNA polymerase, which catalyzes rolling-circle DNA replication using 94 

circular DNA as a template. DNA replication with aaRS DNA should be higher than that 95 

without aaRS-DNA. We observed significantly higher DNA replication with each aaRS-DNA 96 

than without aaRS-DNA for all 20 aaRSs (Fig. 1b). These results indicate that 20 aaRSs 97 

synthesized in the PURE system were sufficiently active to induce DNA replication. 98 

 99 

In this experiment, the first reaction contained all aaRSs; thus, the first reaction was sufficiently 100 

diluted to decrease DNA replication without aaRS-DNA in the second reaction. The dilution 101 

rates were expected to reflect the requirements of each aaRS for DNA replication. For example, 102 

HisRS needs to be diluted by as much as 105-fold because only a small amount of activity is 103 

sufficient to support DNA replication, whereas AlaRS needs to be diluted 10-fold because much 104 

activity is required. This information (Table S2) was used to classify 20 aaRSs based on their 105 

requirements in a subsequent experiment. 106 

 107 

 108 

DNA replication coupled with one of the 20 aaRS regeneration 109 

Furthermore, we tested whether DNA encoding one of the 20 aaRSs continuously replicated 110 

through the expression of aaRS from the DNA. The experimental scheme is illustrated in Fig. 111 

2a. In the first reaction (round 1), a circular plasmid DNA encoding each of the 20 aaRSs (pET-112 

aaRS) and the linear DNA encoding phi29 DNA polymerase (DNAP-DNA) were incubated in 113 

the customized PURE system, the composition of which was optimized for DNA replication 114 

(Table S1), containing all 20 aaRSs. During the incubation, phi29 DNA polymerase (DNAP) 115 

and each aaRS were expressed, and the DNAP catalyze rolling-circle replication of the circular 116 

DNA produced long DNA that encoded repetitive aaRS genes. Thereafter, the reaction solution 117 

was diluted 5-fold with another customized PURE system (PURE ∆aaRS) that lacks each target 118 

aaRS and contains DNAP-DNA, and incubated again. In this second reaction (round 2), both 119 

DNAP and the target aaRSs are expressed if the lacking aaRS protein is supplied (i.e., rescued) 120 

from the previous round of reaction. The expressed DNAP further replicates the long repetitive 121 

DNA through a repetitive DNA replication scheme that allows continuous DNA replication28. 122 

This serial dilution process was repeated for 8-10 rounds and aaRS gene concentration was 123 

measured by quantitative PCR (qPCR). If each target aaRS is continuously regenerated from 124 

replicating DNA, DNA replication should be sustained in later rounds. For the control, we 125 

conducted the same serial dilution experiment with a plasmid encoding GFP instead of aaRS 126 

(pET-GFP). 127 

 128 

We conducted this serial dilution experiment with each of the 20 aaRSs. We observed that DNA 129 

was continuously replicated, and the concentrations were higher than those with pET-GFP 130 

control in the later rounds for all aaRSs except for GluRS, HisRS, and TrpRS (Fig. 2b). These 131 

results indicate that the DNA that encodes each of these 17 aaRSs can continuously replicate 132 

by regenerating self-encoded aaRS to complement the lack of aaRS activity. It should be noted 133 

that for GlnRS, we needed to reduce the initial pET-GlnRS concentration to 0.1 nM, one-tenth 134 

of the other pET-aaRSs, possibly because overexpression of GlnRS is harmful for translation, 135 

consistent with a previous study29. 136 
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 137 

For aaRS, GluRS, HisRS, and TrpRS, DNA replication continued even in the control 138 

experiment with pET-GFP, possibly because a small amount of aaRS activity, which would 139 

remain even after omitting each aaRS, is sufficient for DNA replication. To test this possibility, 140 

we performed a single-round gene expression-coupled DNA replication assay in the PURE 141 

systems lacking each of the three aaRSs (Fig. 3a). The DNA replicated even without aaRSs in 142 

comparable amounts to that with all 20 aaRSs (Fig. 3b), confirming that the remaining activities 143 

of these aaRSs are sufficient for DNA replication. To circumvent this problem, we attempted to 144 

enhance the requirement of aaRS activity for DNA replication by adding unrelated DNAs as a 145 

translation load. For this translation load, linear DNAs encoding the other 19 aaRSs were used. 146 

This choice was reasonable because we eventually added similar DNAs in later experiments. 147 

In the presence of the unrelated DNAs (0.3 nM each), the DNA replication in the PURE system 148 

that omitted each aaRS (∆GluRS, ∆HisRS, and ∆TrpRS) became significantly lower than that 149 

with all 20 aaRSs (Fig. 3c), indicating that the remaining activities are insufficient for DNA 150 

replication with the translation load. Thereafter, we performed a serial dilution experiment 151 

using pET-GluRS, pET-HisRS, and pET-TrpRS in the presence of the translational load and 152 

found that DNA replication with pET-aaRS continued and the concentration was higher than 153 

that with pET-GFP control in the later rounds (Fig. 3d). Taken together with the previous results 154 

in Fig. 2b, these results indicate that each of the 20 aaRS DNAs can continuously replicate by 155 

regenerating self-encoded aaRS to complement the lack of aaRS activity. 156 

 157 

DNA replication coupled with multiple aaRSs regeneration 158 

Thereafter, we simultaneously performed aaRS expression and DNA replication with multiple 159 

aaRSs. First, 20 types of aaRS were divided into four groups, from the most required Group 1 160 

to the least required Group 4 (Fig. 4a), based on the dilution rates of the experiment in Fig. 1 161 

(Table S2), which reflects the requirement of each aaRS for DNA replication. Thereafter, we 162 

conducted a serial dilution experiment for each group using the same serial dilution method, as 163 

shown in Fig. 2a. For Group 1, DNA replication was nearly stopped at round 3, and the DNA 164 

concentration of the five aaRS genes was similar to that of the pET-GFP control (Fig. 4b), 165 

indicating that the aaRSs in Group 1 were not sufficiently expressed to support their DNA 166 

replication. In contrast, for Groups 2 to 4, DNA replication was maintained until at least six 167 

rounds, and the DNA concentration of aaRS genes was higher than that of the pET-GFP control, 168 

indicating that these five aaRSs in Groups 2 – 4 were sufficiently expressed.  169 

 170 

We performed simultaneous serial dilution experiments with 10 or 15 aaRSs using aaRS in 171 

Groups 2 to 4 (Fig. 4c). In all experiments, the DNA replication of pET-aaRS was maintained 172 

at round 4, where pET-GFP replication was almost stopped, whereas the difference in DNA 173 

concentration between pET-aaRS and pET-GFP was smaller than that shown in Fig. 4b. These 174 

results suggest that the expression levels were not sufficient to sustaining 10-15 aaRS 175 

regeneration. 176 

 177 

 178 

Dialyzed reaction 179 

To increase the expression of aaRSs, we employed a dialyzed reaction, in which low-molecular-180 

weight compounds, such as amino acids, NTP, and dNTP, were supplied from the outer solution 181 

into the reaction mixture using a micro-dialyzer. First, we compared gene expression-coupled 182 

DNA replication and GFP expression in the dialyzed reaction with that in the nondialyzed 183 

reaction. Both DNA replication (Fig. 5a) and GFP expression (Fig. 5b) increased by 184 

approximately 3-folds in the dialyzed reaction. Thereafter, we employed the dialyzed reaction 185 

for the serial dilution experiment of the 15 aaRSs in Groups 2 to 4. We measured the DNA 186 
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concentration of one aaRS gene in each group during each round. We found that these aaRS 187 

DNA continued to replicate until round 4, and their concentrations were higher than those in 188 

the control experiment with pET-GFP (Fig. 5c). Next, we performed serial dilution experiments 189 

using all 20 pET-aaRSs. We found that DNA replication was almost stopped at round 3, and the 190 

DNA concentrations of four pET-aaRSs (AlaRS, SerRS, GlyRS, and TrpRS) were similar to 191 

those in the control experiment with pET-GFP. These results suggest that aaRS expression in 192 

the dialyzed reaction was still insufficient for all 20 aaRSs, including Group 1 aaRSs. 193 

 194 

 195 

Sequence modification to increase aaRS expression 196 

To investigate the reason for insufficient aaRS activity, particularly in Group 1, we measured 197 

the expression levels of 20 aaRS proteins. We performed the expression of each aaRS in the 198 

customized PURE system, which includes fluorescent-labeled lysin, and subjected it to SDS-199 

PAGE analysis, followed by fluorescent imaging. The band intensities were significantly 200 

different among aaRSs, independent of their size (Fig. 6a). The quantified band intensities are 201 

presented in Fig. S6a. Thereafter, we evaluated the insufficiency of each aaRS expression for 202 

regeneration, which depends on the expression level and also the requirement of each aaRS for 203 

translation. To compare insufficiency, we divided the expression level of each aaRS (i.e., the 204 

band intensity) by each protein concentration in the PURE system, which represents the 205 

requirement for translation. The resultant values, named “satisfaction values,” are shown in Fig. 206 

S6b. The aaRSs that represented lower satisfaction values were AlaRS, PheRS, IleRS, LeuRS, 207 

MetRS, ThrRS, and AsnRS, including all members in Group 1 and two aaRSs in Group 2. 208 

 209 

To increase the expression of these aaRSs (AlaRS, PheRS, IleRS, LeuRS, MetRS, ThrRS, and 210 

AsnRS), we modified their sequences. Previously, a high GC ratio around the 1st codon has 211 

been reported to decrease translation efficiency30. Thereafter, we decreased the GC ratio of 212 

these seven aaRSs, which exceeded 50% in the 1st to 6th codons, without affecting the protein 213 

sequences. All modified aaRS-DNA (M) exhibited higher expression than the original aaRS 214 

DNA (O) (Fig. 6b), indicating that the GC ratio is one of the determining factors for expression. 215 

The quantified band intensities and satisfaction values are shown in Fig. S7a and S7b, 216 

respectively). 217 

 218 

 219 

DNA replication coupled with all 20 aaRSs regeneration 220 

Using the modified sequences, we performed a serial dilution experiment with 20 aaRSs in the 221 

dialysis reaction. In addition, we adjusted the initial concentrations (i.e., copy numbers) of each 222 

pET-aaRS with the range from 0.02 to 1.0 nM (Table. S4), based on the satisfaction values 223 

calculated from the expression data with a modified sequence (Fig. S7). The reaction scheme 224 

is shown in Fig. 7a, the same as in Fig. 2a, except that the reaction initiated with all 20 pET-225 

aaRS and the PURE system used for dilution did not contain any aaRS proteins. With this 226 

experimental setup, the DNA replication of 20 aaRSs was maintained until round 5, and the 227 

DNA concentration of 20 aaRS genes was higher than that of the pET-GFP control (Fig. 7b). 228 

Similar results were obtained in a reproducible manner (Fig. S8b). These results demonstrate 229 

that 20 aaRSs are regenerated sufficiently to support continuous DNA replication in the PURE 230 

system, which lacks all 20 aaRSs. To directly examine aaRS regeneration, we performed the 231 

same dialyzed serial dilution experiment with fluorescent-labeled lysyl-tRNA to label newly 232 

synthesized proteins. After SDS-PAGE and fluorescence imaging, we continuously detected 233 

several bands corresponding to aaRSs until round 4 (Fig. S10), although it tended to diminish 234 

as the rounds proceeded. 235 

 236 
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We also evaluated translational activity during the serial dilution experiment. Aliquots of the 237 

reaction mixture at each round were diluted with the PURE system that lacked all aaRSs and 238 

contained linear DNA encoding GFP. The diluted mixture was then incubated for GFP 239 

expression. We measured the rate of increase in GFP fluorescence as a translation activity (Fig. 240 

7c). For the control experiment, in which the serial dilution experiment was conducted with 241 

pET-GFP, GFP translation activity rapidly decreased to 25% at Round 2 and below the detection 242 

limit at Round 3-5, whereas for the serial dilution experiment with 20 pET-aaRSs, GFP 243 

translation activity decreased relatively slowly while maintaining 25% activity at Round 4, 244 

confirming that the translation activity was maintained to a certain extent even after dilution 245 

with the PURE system that lacked 20 aaRSs due to the regeneration of aaRSs. 246 

 247 

 248 

Discussion 249 

To realize self-reproductive artificial systems, the regeneration of translation proteins in an in 250 

vitro translation system is necessary. To date, two pioneering studies have tackled this challenge 251 

and successfully regenerate 7-13 aaRSs in their functional form26,27. In this study, we advanced 252 

this challenge toward the simultaneous regeneration of all 20 aaRSs, which comprises 253 

approximately half of the protein components in the PURE system, except for ribosomes, and 254 

succeeded in coupling the regeneration with the replication of DNAs that encode 20 aaRS by 255 

employing a dialysis reaction, modifying the DNA sequence, and adjusting the aaRS gene copy 256 

number. Although there is still room for improvement, these results provide a large step toward 257 

the development of self-reproducing artificial cells. 258 

 259 

One of the new aspects of the system developed here is the coupling of aaRS expression with 260 

DNA replication, a prerequisite for a self-reproductive artificial system. Here, we employed a 261 

simple DNA replication scheme, repetitive DNA replication, which we found in our previous 262 

study28. This scheme requires only one protein, phi29 DNA polymerase, for continuous 263 

replication, which is simpler than other DNA replication schemes used in the cells or viruses. 264 

In the repetitive DNA replication scheme, the polymerase synthesizes a long repetitive DNA 265 

from the initial circular DNA through rolling-circle replication and further replicates the long 266 

repetitive DNA while maintaining the DNA size within a certain range, possibly through 267 

repeating polymerization from random sites and hybridization of the produced single-stranded 268 

DNAs. An advantage of this replication scheme is the small number of required proteins, which 269 

saves the translational capacity of the PURE system and allows simultaneous expression of 270 

multiple aaRSs, as demonstrated in this study. Another advantage is the ease of increasing the 271 

number of genes for simultaneous expression and replication. In this scheme, multiple DNA 272 

fragments can be replicated simultaneously, and thus, genes can be increased by simply adding 273 

a circular DNA that encodes a new gene in the initial mixture. In addition, the copy number of 274 

each gene can be adjusted by simply changing the initial DNA concentration. Such flexible 275 

adjustment is difficult when using large polycistronic DNA. The use of this simple DNA 276 

replication scheme enhances the feasibility of realizing a self-regenerative artificial system.  277 

  278 

One of the largest hurdles in achieving self-regenerative artificial systems is the insufficient 279 

translation activity of the reconstituted translation system. This study used PURE systems, 280 

reconstituted translation systems of E. coli, and found that up to 10 aaRSs expression was 281 

highest in the nondialyzed condition (Fig. 4c). Similar limitations were reported by Libicher et 282 

al. and Lavickova et al., who succeeded in regenerating up to 7 and 13 aaRSs26,27. To overcome 283 

this limitation, we employed two methods: dialysis and sequence modification. As reported 284 

previously22,31 and also in this study (Fig. 5b), the dialyzed reaction enhanced translation, which 285 

means that the maximum translation is limited, at least partially, by the depletion of low-286 
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molecular-weight compounds, such as amino acids and NTPs. Dialysis, which may mimic 287 

nutrient transportation in natural cells, is useful for achieving a self-regenerative system. 288 

Sequence modification is another effective method. As demonstrated in this study, the low GC 289 

ratio around the 1st codon enhanced gene expression for all aaRSs tested (Fig. 6b). We also 290 

found that the gene expression level varied significantly among aaRSs, consistent with previous 291 

expression studies24,25. Some aaRS expression was lower than the others even after sequence 292 

modification, implying that further improvement in the sequences is possible. However, it is 293 

not known how these sequences can be improved. To obtain this knowledge, we may need an 294 

evolutionary experiment to enhance the expression of TFs in the PURE system. 295 

 296 

Several challenges remain in the development of self-regenerative artificial systems. Although 297 

we have demonstrated 20 aaRS regenerations, there remain other proteins and RNAs to be 298 

regenerated, such as translation initiation, elongation, releasing factors, tRNAs, and ribosomes. 299 

Recently, several studies have reported substantial progress in this direction, such as translation 300 

with in vitro-synthesized tRNAs32–36 and other translation factors37, and ribosome 301 

reconstitution of purified ribosomal proteins22,38,39; however, the translation factors in these 302 

studies were synthesized and purified in advance, except for our recent tRNA study40, to 303 

disregard the expression level. To regenerate these RNA and proteins in the PURE system, 304 

further improvement of gene expression levels and activity of translation factors is required. 305 

This improvement may be possible using the evolutionary method as described above. In a 306 

previous study, we succeeded in the evolution of artificial genomic DNA that encodes phi29 307 

DNA polymerase and a recombinase through a serial dilution cycle in a compartmentalized 308 

reaction41. The continuous DNA replication coupled with aaRS replication constructed in this 309 

study will be a basis for evolutionary experiments on translation factors. 310 

 311 

 312 

Methods 313 

DNA preparation 314 

The circular DNA encoding the phi29 DNA polymerase used in the aaRS activity assay (Fig. 315 

1) was prepared as follows. First, we PCR-amplified DNA fragments encoding phi29 DNA 316 

polymerase using primers 1 and 2 and the plasmid (pUC-phi29DNAPevo56_loxP_cre42) as a 317 

template. The PCR product was purified using the QIAquick PCR Purification Kit (QIAGEN), 318 

which was used for all DNA purification procedures in this study. The purified DNA fragment 319 

was digested with 0.6 U/μL SphI (TaKaRa, Japan) according to the manufacturer’s instructions 320 

for 1 h at 37 °C and then self-ligated with 17.5 U/μL T4 DNA ligase (TaKaRa) at 16 °C 321 

overnight, followed by purification. The PCR product before SphI digestion was used as the 322 

linear DNA encoding phi29 DNA polymerase (DNAP-DNA). 323 

 324 

The circular DNAs encoding each aaRS (pET-aaRS) were the expression plasmids that are used 325 

to prepare the PURE system20,43 except for four aaRSs (AlaRS, AsnRS, PheRS, and ThrRS), 326 

which were originally encoded in the pQE vector. For these aaRSs, we moved the gene regions 327 

to the pET vector. Each aaRS gene region was PCR-amplified using pQE-aaRS plasmid and 328 

primers 3-7 and then ligated with vector fragment PCR-amplified using pET-GFP and primers 329 

8 and 9 using the In-Fusion Cloning Kit (TaKaRa). The linear DNA encoding each aaRS used 330 

in Figs. 1 and 6 was amplified by PCR, using each pET-aaRS as a template and primers 10 and 331 

11. The seven sequence-modified pET-aaRSs were prepared by PCR amplification followed by 332 

self-ligation using mutated primers 12-18 and the In-Fusion cloning Kit (TaKaRa). 333 

 334 

The plasmid that encodes GFP under the T7 promoter (pET-GFP) was previously constructed 335 

as pETG5tag44. The linear DNA fragment encoding GFP used in Fig. 7b was prepared by PCR 336 
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using pET-GFP as a template and primers 10 and 11. 337 

 338 

Activity assay of the aaRSs synthesized in the PURE system (Fig. 1) 339 

First, the linear DNA encoding of each aaRS (2 nM) was incubated at 30 °C for 16 h using a 340 

commercially available PURE system (PUREfrex 2.0, GeneFrontier) to express aaRS. 341 

Thereafter, an aliquot of the reaction solution was diluted with a dilution buffer (50 mM 342 

HEPES-KOH (pH7.6), 100 mM KCl, 10 mM MgCl2, 7 mM 2-mercaptoethanol, and 30% 343 

glycerol) at different rates (Table S2) and added to the second customized PURE system for 344 

DNA replication. The second customized PURE system lacks each aaRS of interest and 345 

contains a circular DNA that encodes phi29 DNA polymerase and all other factors required for 346 

DNA replication, transcription, and translation, as described previously41 except that the 347 

concentration of magnesium acetate was 10.8 mM. The composition was optimized for DNA 348 

replication (Table S1). After incubation at 30 °C for 16 h, the reaction solution was diluted 349 

10000-fold with 1 mM EDTA (pH 8.0), and the DNA concentration was measured by qPCR 350 

using primer 19-20. 351 

 352 

Serial dilution experiment 353 

In round 1, a single or multiple circular plasmid DNA encoding each aaRS (pET-aaRS) and the 354 

linear DNA encoding phi29 DNA polymerase (DNAP-DNA) were incubated in the customized 355 

PURE system containing all 20 aaRSs (the complete composition is shown in Table S1) at 30 °C 356 

for 16 h. The initial pET-aaRS concentrations were 1.0, 0.2, and 0.1 nM for single (Fig. 2), five 357 

(Fig. 4b), and more (Figs. 4c and 5cd) aaRSs regeneration, respectively. The DNAP-DNA 358 

concentration was set to one-tenth of the total initial pET-aaRS concentration and was kept 359 

constant in the later rounds. For the single regeneration experiments with GlnRS, the initial 360 

pET-GlnRS concentration was decreased to 0.1 nM, whereas the DNAP-DNA concentration 361 

was the same (0.1 nM). For the experiment with the translation load (Fig. 3), the initial 362 

concentration of each pET-aaRS was 0.1 nM, the DNAP-DNA was 0.1 nM, and 19 linear DNAs 363 

encoding the other aaRSs were added at 0.3 nM each. For the 20 aaRS regeneration shown in 364 

Fig. 7, the initial total concentration of pET-aaRSs was 3 nM, and each aaRS concentration was 365 

varied from 0.02 to 1 nM (Table S4). In the subsequent rounds, the reaction solution after 366 

incubation in the previous round was diluted 5-fold with another customized PURE system 367 

(PURE ∆aaRS) that lacks aaRSs of interest and contains DNAP-DNA and incubated again at 368 

30 °C for 16 h. This serial dilution process was repeated for the indicated rounds, and aaRS 369 

gene concentration was measured by qPCR. For the control experiments, pET-GFP was used 370 

instead of pET-aaRSs. 371 

 372 

Dialyzed reaction 373 

For the dialyzed reaction, 20 µL of the reaction solution of the serial dilution experiment, which 374 

additionally contained 1/20 volume of DnaK mix and 1/40 volume of GroEL mix (Gene 375 

Frontier), was placed in a microdialyzer (Scienova) and dialyzed against 200 µL of dialysis 376 

buffer (Table S3) with shaking at 500 rpm at 30 °C overnight. The dialysis buffer contained all 377 

components except for all proteins and tRNAs in the customized PURE system, and the 378 

concentration of magnesium acetate and dNTPs were changed to 6.36 mM and 0.06 mM, 379 

respectively. The dNTP and magnesium acetate concentrations in the customized PURE system 380 

used for dilution were also decreased to 0.06 mM and 8.39 mM, respectively. The dialysis buffer 381 

also contained 100  µg/mL fosfomycin (Wako Chemical) and 50  µg/mL ampicillin to prevent 382 

bacterial growth. In the serial dilution experiment (Fig. 7), the dialysis started at round 2. 383 

 384 

Analysis of aaRS expression amount 385 

Linear DNA (5 nM) encoding each aaRS was incubated at 30 °C for 8 h in the customized 386 
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PURE system containing fluorescent-labeled lysyl-tRNA (FluoroTect GreenLys, Promega). 387 

After expression, an aliquot (5 µL) was treated with 0.5 µL of 5 mg/ml RNase A (QIAGEN, 388 

Hilden, Germany) at 37 °C for 30 min, incubated at 95 °C for 5 min in SDS sample buffer (50 389 

mM Tris-HCl (pH 7.4), 2% SDS, 0.86 M 2-mercaptoethanol, and 10% glycerol) and subjected 390 

to 10% SDS-PAGE. The synthesized fluorescent-labeled proteins were detected using 391 

FUSION-SL4 (Vilber-Lourmat) and band intensities were analyzed. 392 

 393 

Translation activity assay in Fig. 7c 394 

Aliquots of the reaction mixtures during the serial transfer experiment were diluted 5-fold with 395 

the customized PURE system that lacks all 20 aaRSs and contains linear DNA (10 nM) that 396 

encodes GFP. The mixture was incubated at 30 °C for 12 h. GFP fluorescence was measured 397 

every 30 min (Mx3005P, Agilent Technologies) (Fig. S9). From the time-course data, the slope 398 

of the five measured points, where the fluorescence increased linearly, was defined as the 399 

translation activity. Translation activity was set to zero when the slope became negative. 400 

 401 
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 518 
Figure 1. The activity assay of each aaRS expressed in a PURE system.  519 

a) Scheme of the assay method. In the first reaction, each aaRS was expressed in a PURE system 520 

(PUREfrex 2.0) at 30˚C for 8 h. An aliquot of each reaction solution was diluted at a difference 521 

rate shown in Table S2 and added to the customized PURE system that lacks the aaRS of interest 522 

and contains a circular DNA that encodes phi29 DNA polymerase. The second reaction mixture 523 

was incubated at 30˚C for 16 h, during which phi29 DNA polymerase is expressed depending 524 

on the aaRS expressed in the first reaction and performs rolling-circle DNA replication using 525 

the circular DNA as a template. The DNA concentration was measured by quantitative PCR 526 

(qPCR), and the DNA replication rate was calculated by dividing the concentration at 16 h by 527 

that at 0 h. b) Replication rate of the circular DNAP-DNA with or without aaRS-DNA. Error 528 

bars represent standard deviations of three independent experiments. Significance test was 529 

performed by student’s t-test (*: p-value < 0.05, **: p-value <0.01, ***: p-value < 0.001).  530 
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 531 
Figure 2. DNA replication coupled with one of the 20 aaRS regeneration.  532 

a) Scheme of the serial dilution experiment. The first reaction mixture contains 1 nM pET-aaRS 533 

(0.1 nM for GlnRS) or 1 nM pET-GFP and 0.1 nM linear DNA encoding phi29 DNA 534 

polymerase (DNAP-DNA) in the customized PURE system that contains all 20 aaRSs. In the 535 

first reaction (Round 1), each aaRS and phi29 DNA polymerase are expressed, and pET-aaRS 536 

(or pET-GFP) are replicated through rolling-circle replication to synthesize long repetitive 537 

sequence DNA at 30˚C for 16 h. In Round 2, the reaction solution of the previous round is 538 

diluted 5-fold with the customized PURE system that lacks each one of 20 aaRSs (PURE 539 

aaRS) and contains DNAP-DNA. If the aaRS is sufficiently synthesized in the previous round, 540 

the lack of each of 20 aaRSs is rescued, and thus DNAP and aaRS are expressed again. The 541 

DNAP further replicates the long repetitive sequence DNA. Thereafter, the reaction mixture is 542 

diluted again with PURE aaRS for the next round of reaction, where DNA replication 543 

continues if a sufficient amount of active aaRS is expressed from the repetitive sequence DNA. 544 

b) Trajectories of DNA concentration in the serial dilution experiments. DNA concentrations of 545 

each aaRS gene or gfp gene before and after the dilution step was measured by qPCR and 546 

normalized based on the concentration after Round 1. The raw data before the normalization 547 

are shown in Fig. S1.  548 
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 549 
Figure 3. Gene expression-coupled DNA replication assay in the PURE systems that lacks 550 

AlaRS, GluRS, HisRS and TrpRS. 551 

a) Scheme of the single-round DNA replication coupled with the expression of phi29 DNA 552 

polymerase in the PURE systems, one of the three aaRSs is omitted. If the omitted aaRS is 553 

remained in other components, pET-GFP is replicated through the expression of phi29 DNAP. 554 

b) Replication of pET-GFP DNA (initially 1 nM) in the PURE systems that lack each aaRS 555 

(AlaRS, GluRS, HisRS, and TrpRS). The DNA concentration was measured by qPCR. Error 556 

bars represents standard deviations of three independent experiments. The result of AlaRS is 557 

shown for comparison. c) Replication of pET-GFP DNA (initially 1 nM) in the PURE systems, 558 

which lacks each aaRS (GluRS, HisRS, or TrpRS) and contains the other 19 aaRS DNA (0.3 559 

nM each) as a translation load. Error bars represent standard deviations of three independent 560 

experiments. Significance test was performed by student’s t-test (**: p-value <0.01, ***: p-561 

value < 0.001). d) Trajectory of aaRS or GFP gene concentration in the serial dilution 562 

experiment as shown in Fig. 2a for GluRS, HisRS, and TrpRS in the presence of the translation 563 

load. DNA concentrations of each aaRS gene before the dilution step was measured by qPCR 564 

and normalized based on the concentration after Round 1. The raw data before the 565 

normalization are shown in Fig. S2.  566 
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 567 
Figure 4. DNA replication coupled with multiple aaRS regeneration.  568 

a) Twenty aaRSs are divided into four groups according to the requirement for DNA replication. 569 

b-c) Trajectories of DNA concentrations in the serial dilution experiment for the simultaneous 570 

regeneration of five (b) or 10-15 (c) aaRSs. Each customized PURE system that lacks multiple 571 

aaRSs of interest were used for dilution. DNA concentrations of each aaRS gene after the 572 

dilution step was measured by qPCR and normalized based on the concentration after Round 1. 573 

For 10-15 simultaneous experiments (c), only one aaRS gene in each group was measured. 574 

DNA concentrations of each aaRS gene before and after the dilution step was measured by 575 

qPCR and normalized based on the concentration after Round 1. The raw data before the 576 

normalization are shown in Figs. S3 and S4.  577 
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 578 
Figure 5. Dialyzed reaction.  579 

a, b) The effect of dialysis on the single-round translation-coupled DNA replication assay.  (a) 580 

The GFP gene concentration measured by qPCR. (b) GFP fluorescence. The assay was 581 

performed as shown in Fig. 3a. The reaction mixture contains DNAP-DNA (0.1 nM) and pET-582 

GFP (1 nM) in the customized PURE system that contains all 20 aaRSs and was incubated at 583 

30˚C for 16 h. Error bars represent standard deviations of three independent experiments. The 584 

significance test was performed by student’s t-test. c, d) Trajectories of pET-aaRSs and pET-585 

GFP in the dialyzed serial dilution experiment with 15 (c) and 20 (d) aaRSs. DNA 586 

concentrations of each aaRS gene before and after the dilution step was measured by qPCR and 587 

normalized based on the concentration after Round 1. The raw data before the normalization 588 

are shown in Fig. S5.   589 
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 590 
Figure 6. Expression amounts of aaRS proteins.  591 

a) Expression amounts of the original 20 aaRSs. Each aaRS was expressed from each linear 592 

aaRS DNA (5 nM) at 30˚C for 8 h in the customized PURE system that contains all 20 aaRSs 593 

and a fluorescent labeled lysyl-tRNA. The mixture was subjected to SDS-PAGE and the 594 

fluorescence was detected. The expected bands of each aaRS are indicated by the red 595 

arrowheads. b) Effect of sequence modification of the seven aaRSs, which exhibit lower 596 

satisfactory values. The results of the original (O) and modified (M) are shown. The sequences 597 

before and after modifications are shown in Table S5.   598 
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 599 
Figure 7. DNA replication coupled with all 20 aaRS regeneration.  600 

a) Scheme of the serial dilution experiment. The first reaction mixture contains 20 pET-aaRSs 601 

(0.02-1.0 nM, the initial concentration of each pET-aaRS is shown in Table. S4) or pET-GFP (1 602 

nM) as a control, and 0.1 nM linear DNA encoding phi29 DNA polymerase (DNAP-DNA) in 603 

the customized PURE system that contains all 20 aaRSs. In the first reaction (Round 1), each 604 

aaRS and phi29 DNA polymerase are expressed, and pET-aaRSs (or pET-GFP) are replicated 605 

through rolling-circle replication to synthesize long repetitive sequence DNA at 30˚C for 16 h. 606 

In Round 2, the reaction solution of the previous round is diluted 5-fold with the customized 607 

PURE system that lacks all 20 aaRSs and contains DNAP-DNA (0.1 nM). If the aaRSs are 608 

sufficiently synthesized in the previous round, the lack of 20 aaRSs is rescued, and thus DNAP 609 

and aaRSs are expressed again. The DNAP further replicates the long repetitive sequence DNA. 610 

The reaction mixture is then diluted again with PUREaaRSs for the next round of reaction, 611 

where DNA replication continues if sufficient amount of active aaRSs are expressed from the 612 

repetitive sequence DNA. The reaction mixture was dialyzed from round 2. b) Trajectories of 613 

DNA concentrations in the dialyzed serial dilution experiment. DNA concentrations of each 614 

aaRS gene before and after the dilution step were measured by qPCR and normalized based on 615 

the concentration after Round 1. The raw data before the normalization is shown in Fig. S8a. c) 616 

Translational activity of the reaction mixture during the serial dilution experiment conducted in 617 

b. Aliquots of the reaction mixture at each round was mixed with the PURE system that lacks 618 

all aaRSs and contains linear DNA that contains GFP gene (10 nM) and incubated at 30˚C for 619 

12 h. The increase rate of GFP fluorescent was evaluated as translation activity. The time-course 620 

data are shown in Fig. S9. Error bars represents standard deviations of three independent 621 

experiments.  622 


