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ABSTRACT

The One-Pot PURE (Protein synthesis Using Recombinant Elements) system simplifies the
preparation of traditional PURE systems by co-culturing and purifying 36 essential proteins for
gene expression in a single step, thereby improving accessibility and affordability for widespread
laboratory adoption and customization. However, replicating this protocol to match the productivity
of traditional PURE systems can take considerable time and effort due to uncharacterized
variability in the system’s biochemical composition. In this work, we observed unstable PURE
protein expression in E. coli strains M15/pREP4 and BL21(DE3) and addressed this using
glucose-mediated catabolite repression to minimize burdensome background expression. We
also identified differences in optimal protein induction timing between these two strains, leading
to growth incompatibility in co-culture, and observed proteolysis of PURE proteins expressed in
M15/pREP4. We showed that consolidating all expression vectors into a protease-deficient
BL21(DES3) strain could minimize proteolysis. This single-strain system also led to more uniform
cell growth at the time of protein induction, improving the stoichiometry of critical translation
initiation factors in the PURE reaction for efficient protein production. In addition to optimizing
One-Pot PURE protein composition, we found that variations in commercial energy solution
formulations could compensate for suboptimal PURE protein stoichiometry. Moreover, our study
revealed significant differences in the expression capacity of commercially available E. colitRNAs,
suggesting the potential of optimizing tRNA codons to improve protein translation. Taken together,
this work highlights the complex biochemical interplay influencing protein expression capacity in
the One-Pot PURE system and presents strategies to improve its robustness and productivity.
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INTRODUCTION

Cell-free protein expression harnesses the core gene expression machinery in living cells to
enable transcription and translation in a test tube reaction. The open nature of these expression
platforms allows direct manipulation of the reaction environment. Applications of these platforms
span high-throughput screening,'-2 novel protein modifications,*® interfacing biomolecules with
synthetic materials,5° on-demand biosensing'®-'2 and biomanufacturing,'®'4 and understanding
the rules of life by building biological systems from scratch.15-18

Nearly all cell-free protein expression platforms can be categorized into two classes — crude
lysate-based and reconstituted systems. Crude lysate-based expression systems use extracts
from lysed cells, which retain most of the cell’s proteome and metabolic pathways.'92° They can
support gene expression from a wide range of promoters and enable higher protein expression
due to effective energy regeneration.?’ They can also be exceptionally affordable, costing
approximately $0.03 per microliter of reaction.22 However, the active endogenous metabolism and
partially intact proteome can divert critical energy sources and metabolites to side reactions,
interfering with the central reactions implemented in these systems.2°

In contrast, the PURE (Protein synthesis Using Recombinant Elements) system isolates the
necessary transcription, translation, and energy regeneration proteins to support gene expression
by protein purification and reconstitution. This approach creates a more biochemically defined
reaction environment, which enables the construction of predictive models for protein
expression,?324 allows facile removal and replacement of reaction enzymes for customization,®
and maintains a minimal reaction proteome toward a self-regenerating synthetic cell.'® However,
traditional PURE systems are expensive to purchase ($0.64 — 1.00 per microliter of reaction) and
laborious to prepare in-house, posing a significant bottleneck in the broad adoption of PURE
systems.

To address these limitations, Lavickova and Maerkl developed the One-Pot PURE system, which
offers a simplified alternative.?® Instead of growing and purifying each of the 36 PURE proteins,
they grew a co-culture of the 36 E. coli strains, each expressing one of the PURE proteins, and
purified the proteins in a single preparation. This approach significantly streamlines PURE system
preparation and delivers protein expression yields comparable to commercial PURE systems but
at a fraction of the cost ($0.10 per microliter of reaction).

Despite the promise of this method, replicating the One-Pot PURE protocol to achieve productivity
comparable to conventional PURE systems can still take considerable time and effort. In this work,
we identify sources of variability leading to reduced productivity in One-Pot PURE preparations,
including expression instability, suboptimal PURE protein stoichiometry for effective expression,
and uncharacterized protease activity during PURE protein purification. Moreover, we
demonstrate that variations in the reaction’s biochemical composition can also significantly impact
the protein production rate and the final protein yield, emphasizing the need for more precise
system optimization. Taken together, our findings enhance the current understanding of factors
influencing protein expression capacity in the One-Pot PURE system, providing strategies to
enable robust and routinized implementation across diverse laboratories and applications.
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75 RESULTS AND DISCUSSION

76  Enhancing protein expression stability for the One-Pot PURE system through glucose-
77  mediated catabolite repression

78  We began by replicating the One-Pot PURE system using plasmids deposited on Addgene and
79 transforming them into the respective E. coli expression strains M15/pREP4 and BL21(DES3).
80 Plasmids containing PURE proteins encoded by pQE30 and pQE60 expression vectors were
81 transformed into M15/pREP4 competent cells, with pREP4 plasmid coding for constitutive Lacl
82  expression. Plasmids containing PURE proteins encoded by pET21 and pET15 expression
83  vectors were transformed into BL21(DE3) competent cells (Figure 1A).

84  Our initial assessment of protein expression in monoculture assays revealed that several protein
85 expressions were unstable. Despite confirming plasmid sequences through whole plasmid
86  sequencing, we observed a loss of expression in ten proteins after growing and inducing protein
87  expression from saved glycerol stocks (Figure 1B, C). No growth defect was observed for these
88 non-expressing cell cultures (Figure SLIII.1). This phenomenon was also observed in several
89 expression strains directly obtained from our collaborator, with the loss of protein expression
90 appearing in other strains. This indicates that expression vector instability is a stochastic yet
91 frequent event in PURE protein expression (Figure SLIII.2).

92 The expression vector instability is problematic because previously validated PURE protein
93 expression strains can spontaneously lose protein expression after being saved to and grown
94  from glycerol stocks. Without addressing this issue, subsequent preparations of the One-Pot
95 PURE system may exhibit protein dropouts, leading to unproductive batches. Alternatively, each
96 One-Pot PURE preparation would require fresh transformations of the 36 protein expression
97  vectors, which could be labor-intensive and inefficient. Stabilizing the growth and expression of
98 PURE proteins from glycerol stocks could significantly simplify the preparation workflow and
99 facilitate the dissemination of these strains to other laboratories.

100 We hypothesize that leaky background protein expression from the Pr7..a.co promoter in BL21(DES3)
101 and Prs.acoaco promoters in M15/pREP4 strains can create growth burdens, leading to the loss
102  of protein expression. This phenomenon has been observed by others, in which background
103  protein expression burden led to promoter mutations, resulting in the loss of target protein
104  expression.® To reduce background protein expression, we investigated whether catabolite
105 repression — through the addition of a preferred carbon source (glucose) — could upregulate the
106 intracellular concentration of repressors (Lacl).26 This upregulation of Lacl repressor could reduce
107  background expression from Pr7.aco and Prs.aco-iaco promoters.

108 Indeed, our results showed that by supplementing with growth media with 1% w/v glucose, PURE
109 protein expression was stably maintained even after five serial passages from the seed glycerol
110  stock (Figure 1D). For strains grown in catabolite repression media, we also observed improved
111 cell growth and higher protein expression levels in ten PURE proteins previously found to lose
112  expression ability (Figure SLIII.3). Based on these findings, all subsequent One-Pot PURE
113  batches were grown with LB media supplemented with 1% w/v glucose.
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115 Figure 1: (A) Schematic of protein expression and regulation in E. coli strains M15/pREP4 and BL21(DE3) for Dual
116  Strain One-Pot PURE systems. Each gene of interest is expressed under the control of either the Prs or Pr7 promoter
117 followed by lacO operator site(s). In the M15/pREP4 expression strain, the pREP4 plasmid constitutively expresses the
118  Iac inhibitor, Lacl, which represses protein expression by binding to the lacO sites. In BL21(DES), endogenous Lacl
119 represses the production of T7 RNA polymerase (RNAP) and gene expression by binding to the lacO sites. Addition of
120 the IPTG inducer de-represses Lacl inhibition and activates gene expression. (B) Schematic of monoculture protein
121 expression workflow. Cells were grown in 96-well deep-well plates, and protein expression was activated by adding 0.1
122 mM IPTG inducer. Following cell growth, protein expression was assessed via SDS-PAGE. (C) Monoculture protein
123 expression assessment from cells grown in LB media. Ten strains (designated by *) were found to carry the protein
124 expression plasmid but lacked the protein expression capability. (D) Stable protein expression from cells grown in LB
125  with 1% w/v glucose after five serial passages, with all PURE proteins visibly expressed.
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126  Offsets in the Dual Strain One-Pot PURE protein composition contribute to low protein
127  production.

128  After resolving the instability in protein expression, we proceeded to replicate the original One-
129  Pot PURE system with BL21(DE3) and M15/pREP4 expression strains (referred to as Dual Strain
130 One-Pot PURE) following the established protocol.?” To assess the system’s transcription and
131  translation capacity, we used a reporter plasmid with a malachite green aptamer (MGA) to
132  approximate mRNA concentration and a green fluorescent protein (deGFP) to measure protein
133  yield (Figure 2A). Surprisingly, across two batches of the Dual Strain One-Pot PURE system,
134  while the system produced high mRNA transcripts up to 6 yM, protein expression was capped at
135  approximately 1.5 uM (Figure 2B). This protein yield is significantly lower than the yield we
136  observed from commercial PURE systems (4-6 uM, Figure 3B, Figure 5D). We also note that
137  the high initial malachite green mRNA concentration at the start of the reaction may have come
138  from rapid mRNA transcription that had begun before the microwell plate was placed into the plate
139  reader.

140  Given that we had confirmed all strains were expressing the One-Pot PURE proteins in mono-
141 culture expression assays, we hypothesized that there might be differences in cell growth or
142  protein expression in the co-culture conditions not captured by the monoculture expression
143  assays. However, using gel electrophoresis to resolve purified One-Pot PURE protein mixture, as
144  done in the monoculture assays, would be challenging due to the similarity in molecular weight of
145 many proteins. We, therefore, used a targeted proteomics approach to characterize the relative
146  abundance of these proteins.

147  Using liquid chromatography with tandem mass spectrometry (LC-MS/MS), we mapped the
148  detected peptides to protein abundances. After scaling for their concentrations in reactions, we
149  compared the relative abundance of individual proteins in the Dual Strain One-Pot PURE mixture
150  tothose in commercial PURE systems (Figure 2C). Our analysis revealed a consistent deficiency
151 in seven proteins in Dual Strain One-Pot PURE systems compared to the two commercial PURE
152  systems (PUREa and PUREg). These proteins are alanyl-tRNA synthetase (AlaRS), initiation
153  factor 2 (IF2), initiation factor 3 (IF3), elongation factor-G (EF-G), elongation factor-Tu (EF-Tu),
154  elongation factor-Ts (EF-Ts), and creatine kinase (CK).
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156 Figure 2: (A) Schematic of the reporter plasmid used to assess transcription and translation activity. The plasmid
157 contains an RNA malachite green aptamer (MGA) to assess mRNA transcription and a green fluorescent protein
158  reporter (deGFP) to measure protein expression. (B) Productivity of two batches of Dual Strain One-Pot PURE systems
159 (Dual Strain A and Dual Strain B) in transcription and translation, measured via MGA and deGFP, respectively. The
160 One-Pot PURE protein concentration in reactions was varied from 1.75 to 4 mg/mL to optimize protein yield. Plots
161 represent the averages of reaction triplicates, with error bars indicating the standard deviations of reaction triplicates.
162  (C) Comparison of protein abundances in Dual Strain One-Pot PURE systems to those in two commercial PURE
163  systems, after scaling by concentrations in the reaction.
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164  Bypassing Dual Strain One-Pot induction challenge in co-culture with 36-Pot PURE

165 Since all seven consistently deficient proteins were expressed in the E. coli M15/pREP4
166  expression strain, we investigated whether these cells had growth deficiencies. Monoculture
167  growth data revealed that M15/pREP4 cells exhibited slower growth rates than BL21(DES3) cells,
168 and most of them stopped growing after inducing protein expression (Figures SLIIl. 1 and 2).
169  This mismatch in growth rates created an incompatible induction window when co-culturing
170  BL21(DE3) and M15/pREP4 cells for protein expression. To address this induction incompatibility,
171 we explored growing the strains independently, followed by pooling them together at harvest for
172  purification in a single preparation. We note here that a similar approach has been pursued as
173  part of an open-source PURE protocol.28

174  This strategy, named the 36-Pot PURE, involved growing and expressing each of the 36 PURE
175  proteins separately while maintaining the original inoculum composition for One-Pot PURE co-
176  culture. For a 1-L scale preparation, the original One-Pot PURE method requires a 10-mL
177  inoculum consisting of 47% v/v for elongation factor-thermal unstable (EF-Tu) culture and 1.5%
178  v/v of each of the other proteins from saturated overnight cultures. In 36-Pot PURE, thirty-six
179  cultures were grown: one 470 mL for EF-Tu growth culture and thirty-five 15 mL cultures for all
180 other proteins (Figure 3A). Each culture was inoculated using a 1:100 dilution of a saturated
181  overnight culture, grown to an induction OD above 0.6, induced for protein expression, and
182  incubated for an additional 3 hours for protein expression.

183 Using this approach, the 36-Pot PURE system showed a twofold increase in deGFP yield
184  compared to the Dual Strain One-Pot PURE system (Figure 3B). The improvement may be
185  attributed to the mitigation of growth competition, as growing the strains separately prevented the
186  faster-growing BL21(DES3) strains from outcompeting the M15/pREP4 cells in co-culture. The 36-
187  Pot format also provided more flexibility in selecting optimal induction times for each protein, thus
188  improving the final PURE protein composition. However, despite these improvements, the gene
189  expression capacity still does not match the levels achieved by commercial PURE systems.
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191 Figure 3: (A) Schematic showing the differences in preparation between the Dual Strain One-Pot PURE and 36-Pot
192 PURE system. (B) PURESs is a commercial PURE reaction assembled according to the manufacturer’s protocol. Dual
193 Strain One-Pot PURE and 36-Pot PURE reactions were assembled with 5 mg/mL of PURE proteins. All reactions were
194 prepared using a commercial energy solution (supplier B) and contained 5 nM of Pt7-UTR1-deGFP plasmid. The bar
195 graphs represent the average terminal protein yield of reaction ftriplicates, with error bars indicating the standard
196  deviations of reaction triplicates.
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197  T7 RNAP proteolysis in M15/pREP4 expression strain

198 In a separate attempt to purify T7 RNAP from the M15/pREP4 strain, we discovered protease
199  activity in this expression strain that had not been reported previously. We found that, despite
200 adding a broad-spectrum protease inhibitor (COMPLETE™) in the lysis buffer, proteolysis of T7
201 RNAP into 80- and 20-kDa fragments was observed after protein purification, suggesting
202  proteolysis occurred during cell lysis (Figure 4). This protease activity was not detected in earlier
203 protein gel analyses, where cultures were heat-denatured immediately after protein expression
204  (Figure 1C, D).

205 Since M15/pREP4 is not a protease-deficient strain like BL21(DE3), we hypothesize that outer
206 membrane omptin family proteases present in M15/pREP4 were responsible for cleaving T7
207 RNAP into truncated fragments. This is consistent with literature reports that omptins recognize
208 and cleave T7 RNAP into 80- and 20-kDa fragments.?® Because omptins are aspartyl proteases
209 unaffected by common protease inhibitors,*® no inhibition of protease activity was observed when
210 lysis buffer was supplemented with Pepstatin A, an aspartyl protease inhibitor. This is consistent
211 with reports of weak inhibition of omptins.®' In contrast, no proteolysis was observed when T7
212  RNAP was expressed in the BL21/pREP4 strain, which lacks one variant of the omptin family
213  proteases, OmpT (Figure 4A, B).

214 |t is also possible for omptins to cleave other PURE proteins with similar recognition motifs.3?
215  Using established omptin cleavage motifs,3® we identified 12 possible omptin cleavage sites in
216  eight PURE proteins (Figure 4C). The susceptible peptides identified for T7 RNAP and creatine
217  kinase (CK) matched literature findings.®2%* We could not find published results confirming
218 omptin-mediated proteolysis for the other six PURE proteins: myokinase (MK), elongation factor
219  —thermal stable (EF-Ts), and threonyl- (ThrRS), valyl- (ValRS), glycyl- (GlyRS), isoleucyl-tRNA
220 synthetases (lleRS). Using AlphaFold 3 simulations,® we found that all but two peptides — one
221 for ValRS and one for 1leRS — are located on the external surface of the proteins and are
222  accessible for protease binding (Figure SLIIl. 4).

223  These simulations suggest that proteolysis of PURE proteins caused by omptins may contribute
224  to the lower gene expression capacity observed during our optimization of the Dual Strain One-
225 Pot PURE system. Since omptins can cleave full-length proteins into truncated fragments, even
226 if these fragments can reassemble and be recovered from affinity column purification, their
227  activities are likely to be reduced, as reported in the case of T7 RNAP.36

228 However, we expect the extent of proteolysis to be less significant in the One-Pot PURE and 36-
229 Pot PURE preparation compared to what was observed in this T7 RNAP purification. This
230 expectation arises from the high mRNA transcription activity observed with the Dual Strain One-
231 Pot PURE system in an earlier experiment (Figure 2A). We hypothesize that the apparent impact
232  of omptin proteolysis on the protein expression capacity of the Dual Strain One-Pot PURE and
233  36-Pot systems may be reduced by extra copies of T7 RNAP produced by BL21(DE3) cells and
234  alower abundance of omptins in the cell mixture with BL21(DES3) cells.

235  We also note that the M15/pREP4 strain was not used in the original development of the PURE
236  system. All proteins were expressed in BL21/pREP4 and BL21(DE3) strains lacking the OmpT
237  protease.’” As a result, we find it is critical to transfer all PURE protein expressions to a protease-
238  deficient strain to ensure the production of full-length, active PURE proteins.

Page 9 of 27


https://doi.org/10.1101/2024.06.19.599772
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599772; this version posted October 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A C
PURE protein susceptible Peptide Exp.
to omptin proteolysis Accessible Validated
MK EFEKKIAP, fos|
lysed lysed
‘g Yol ‘ @ Veals ‘ T7 RNAP HVYKKAFM, 179 O O
+cOMPLETE  +Pepstatin A +COMPLETE  +Pepstatin A ThrRS HAIKQLWP, 84 O
ValRS LVNRRIPI, 257 O
CKM ELYKRLRD, 40 O O
B . MISPREP4 0.  BL21/pREP4 T7 RNAP QLNKRVGH, 172 e e
198 198
e GlyRS EAARKIGG, 235 O
98 -
ValRS WIARMIMM, 517
62 62
” a0 - EF-Ts IAEKMVEG, 214 O
- . lleRS EVNKVIEQ, 821
et e lleRS DVGKVAEH, 913 e
17 Lw £« 7 . S S< —
L) o © 2 2 2e
Bace 21 8-'5; w8 24 2% lleRS DLAKREPG, 23 O
4 s T2 @ T= E‘é’. T T T T T
ole 25 S § 2 £9Q £9 - -4
> RO 10 6 = 5 o 5 [-% 10 10
= 5 T+ o+ S G + 4 + o )
239 Likelihood score (arb. unit)

240 Figure 4: (A) Schematic of T7 RNAP preparation to assess outer membrane omptin family protease activity present in
241 M15/pREP4 and BL21/pREP4 strains. A single culture of cells was grown, induced for T7 RNAP expression, and
242  harvested, following a procedure similar to One-Pot PURE co-culture preparations. An un-lysed aliquot of cells
243 expressing T7 RNAP was saved for SDS-PAGE analysis. The cultures were then split into two lysis and purification
244 groups, each treated with a different protease inhibitor (COMPLETE™ and Pepstatin A). (B) SDS-PAGE gel result
245 showed T7 RNAP proteolysis when grown and purified in M15/pREP4 strains. Omptin proteases cleaved full-length T7
246 RNAP into truncated 80- and 20-kDa fragments. Proteolysis of T7 RNAP is absent in the BL21/pREP4 strain, which is
247  deficient in the OmpT protease. (C) Simulated likelihood score of PURE proteins with peptide-subsequences
248 susceptible to omptin proteolysis. The identified peptide sequences were assessed for their accessibility for omptin
249 proteolysis (SI. lll. Figure 4) and compared with existing literature. Only peptides for T7 RNAP and creatine kinase
250  (CK) matched literature findings.32:34
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251  Enhancing One-Pot PURE protein composition and expression capacity with a Single-
252  Strain One-Pot PURE system

253 To prevent unwanted proteolysis and attain more uniform cell growth in the co-culture
254  environment, we transferred all PURE proteins encoded in the pQE30 and pQE60 vectors for
255  M15/pREP4 expression to pET21 vectors for BL21(DE3) expression. However, a caveat of this
256  Single Strain One-Pot PURE system is that the T7 RNAP needs to be removed from the One-Pot
257  PURE co-culture due to the genetic instability of having a Ptz promoter expressing T7 RNAP. As
258 a result, we opted to purify and add T7 RNAP into One-Pot PURE reactions separately (see
259 MATERIALS AND METHODS). Alternatively, T7 RNAP could be co-transformed with pREP4
260 plasmid carrying constitutive Lacl expression into BL21 cells and grown in the One-Pot PURE co-
261  culture.

262  Our results showed that five out of the 16 proteins previously expressed in M15/pREP4 cells
263  exhibited at least a 30% improvement in expression levels when grown in BL21(DES3) cells, as
264  determined by monoculture growth and SDS-PAGE analysis (Figure SLIIl. 5). This enhancement
265 isalso evidentin the Single Strain One-Pot PURE co-culture. Compared to the Dual Strain system,
266 the purified PURE protein mixture from the Single Strain system has a slightly higher composition
267  of translation factors (24% and 26% for Dual Strain and Single Strain, respectively, Figure 5B).
268  Using mass spectrometry to resolve individual protein composition, we found that translation
269 initiation factors 2 and 3 (IF2 and IF3) and creatine kinase (CK) involved in energy regeneration
270 (Figure 5A) are present at significantly higher concentrations in Single Strain One-Pot PURE. An
271  Individual protein composition comparison of Single Strain One-Pot PURE to commercial PURE
272  systems is also provided in Figure SLIII. 6.

273  We next compared the productivity of the Dual Strain and Single Strain versions of the One-Pot
274  PURE system. Using only the energy solution from commercial vendors and replacing commercial
275 PURE proteins with One-Pot PURE proteins, we observed consistently higher protein production
276  with the Single Strain One-Pot PURE system (Figure 5C, D). The robustness of the Single-Strain
277  system was further validated through a reproducibility study conducted in our collaborator’s lab.
278 A new batch of Single Strain One-Pot PURE system was prepared following the same protocol
279  (referred to as Singlec), and its productivity was compared to shipped aliquots of previous batches,
280 Singles and Duals. Even in a different laboratory setting, using separate equipment and reaction
281  consumables, the higher yield of the Single Strain system was reproduced on the first attempt.
282  This was observed both with commercial energy systems (Figure 5E) and with homemade energy
283  solutions (Figure SLIII. 7)

Page 11 of 27


https://doi.org/10.1101/2024.06.19.599772
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599772; this version posted October 26, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A —
=le 17 (O Single Strain A @ Single Strain B-- -+ - - - -
5|
4
o i
o]
R
—_ 1-/ O Single Strain A @ Single Strain B- -~ - -« ol
ol
HH
()}
o
-
B 100 C .
i Reporter plasmid:
T @ contam. Pz
= (O E. Regen.
S O T7 RNAP _l:-l. —SGED
Q () TL Factor
g @ aaRS
o
(6]
s D | _I_ (J PUREA Energy Mix
)
o . 4_ ...........................
=
3 4
i
i858 &8 g ool L
o o =] =] [S ) S ’—X—‘
S S5 a a g £ i
a o » ?
0
E 4

6 - - - - (J PUREg Energy Mix (O PUREg Energy Mix
.L

deGFP (uM)

deGFP (uM)
N
1 I 1
PUREg
Dualg 5 H -
T T
PURE
Singlea 2. 5 I
Singlea 5 E'—<
Singles 2.5 +
Singleg 5

Singleg 5
Singlec 5

284

285 Figure 5: (A) Comparison of the relative abundance of individual One-Pot PURE proteins in the Single Strain and Dual
286 Strain systems. Initiation factors 2 and 3 (IF2, IF3) show the most notable increase in composition in the Single Strain
287  One-Pot PURE system. Previously under-expressed aminoacyl-tRNA synthetases (AlaRS and PheRS) and creatine
288  kinase (CK) also increased in composition in the Single Strain One-Pot PURE system. (B) Composition of commercial
289 PURE proteins, Dual Strain One-Pot PURE proteins, and Single Strain One-Pot PURE proteins grouped by protein
290  classes: aminoacyl-tRNA synthetase (aaRS), translation factors (TL factors), T7 RNAP, energy regeneration (E
291 Regen.). Detected proteins not part of the PURE proteins are categorized as contaminants (Contam.). Ribosomal
292 proteins are excluded from the analysis. (C) Schematic of the reporter plasmid Pr7-UTR1-deGFP expressed in PURE
293  reactions to assess system productivity. (D) Productivity of Dual Strain and Single Strain One-Pot PURE reactions
294  assembled with two commercial energy solutions. PUREa and PUREE are control reactions with 5 nM Pr7-UTR1-deGFP
295 plasmids assembled according to the manufacturer’s protocol. “Dualn 2.5” and “Dualn 5” designate varying batches of
296  Dual Strain One-Pot PURE proteins added at 2.5 and 5 mg/mL. Likewise, “Singlen 2.5” and “Singlen 5” designate
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varying batches of Single Strain One-Pot PURE proteins added at 2.5 and 5 mg/mL. The bar graphs represent the
average terminal protein yield of reaction triplicates, with error bars indicating the standard deviations of reaction
triplicates. (E) Productivity comparison of the collaborator’s batch of Single Strain One-Pot PURE (Singlec). PUREs is
the control reaction assembled according to the manufacturer’s protocol. Single Strain and Dual Strain One-Pot PURE
reactions were assembled using 5 mg/mL of PURE protein, using the commercial energy solution from supplier B and
5 nM of Pr7-UTR1-deGFP plasmid. The bar graphs represent the average terminal protein yield of reaction triplicates,
with error bars indicating the standard deviations of reaction triplicates.
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304  High-yield protein expression from One-Pot PURE requires a balance between the protein
305 production rate and energy solution formulation.

306 The differences in productivity between the Dual Strain One-Pot PURE system when using two
307 commercial PURE energy solutions, referred to as PUREa and PUREE, are particularly interesting.
308 It appears that higher amounts of One-Pot PURE proteins can be added in reactions with PUREg
309 energy solution as a strategy to compensate for a sub-optimal stoichiometry of translation factors
310 in the purified protein mixture (Figure 5D). In reactions with the PUREa and homemade energy
311  solution, increasing the concentration of One-Pot PURE proteins from 2.5 mg/mL to 5 mg/mL
312  decreased protein production.

313  Although we do not know the exact formulation of these energy solutions, comparing the protein
314  production rates (coupled transcription-translation rates) of One-Pot PURE systems to
315 commercial PURE systems provides valuable insights (Figure 6 and Figure SLIII 8-9). In the
316  PUREAa energy solution, the protein production rates of the Dual Strain and Single Strain One-Pot
317 PURE systems reflected the anticipated PURE protein differences based on their translation
318 factor content (Figure 6). Deficiencies in translation factors in the Dual Strain One-Pot PURE
319  system contributed to a lower production rate over the course of the reaction. With more protein
320 translation machinery, the Single Strain One-Pot PURE system could match or even exceed the
321  production rate of commercial PUREA proteins. However, higher production rate peaks led to
322  steeper rate declines shortly after, as observed for the Single Strain One-Pot PURE system with
323 the PUREAa energy solution.

324 In the PUREg energy solution, when both the Dual Strain and Single Strain One-Pot PURE
325 proteins are added to 5 mg/mL, both systems exhibited comparable protein expression levels
326 despite the deficiency in translation factors found in the Dual Strain One-Pot PURE proteins
327 (Figure 6). It is important to note that the contribution to these differences in translation rate
328 comes from the energy solution alone (amino acids, NTPs, tRNA, creatine phosphate, and other
329 co-factors). All reactions were assembled with the same reporter plasmids and ribosomes. This
330 result suggests that an optimal preparation of the energy solution could compensate for an
331  otherwise sub-optimal One-Pot PURE protein stoichiometry in reactions.

332  We found it intriguing that when the production rate from the One-Pot PURE system exceeded
333 that of commercial PURE proteins, a steeper drop in production rate soon followed (Figure 6).
334  We first attempted to explain the phenomenon from the perspective of the system’s energy
335 regeneration capability. While fast protein production can occur, it can also significantly deplete
336 the available energy molecules (ATP and GTP) critical for powering translation initiation and
337  elongation reactions. A fast production rate surpassing the system’s energy regeneration capacity
338 can negatively impact the final protein yield by stalling protein translation, potentially resulting in
339 premature translation termination and lower apparent protein production. This corroborates the
340 finding that supplementing an additional energy regeneration system to the PURE reaction can
341 help attain a higher maximum protein production rate.38

342 However, the energy regeneration bottleneck can only explain the protein production behavior
343 observed in reaction with PUREA energy solution and Single Strain One-Pot PURE proteins. If
344  energy regeneration was the only bottleneck in protein production, then reactions with suboptimal
345 PURE protein stoichiometry (Dual Strain One-Pot PURE) should have a lower yet longer-lasting
346  maximal protein production rate in the PUREA energy solution. Similarly, energy regeneration
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347  alone cannot explain the discrepancy between the Dual Strain and Single Strain One-Pot PURE
348  expression behaviors in PUREa and PUREg energy solutions.

349 These observations lead us to consider additional factors contributing to differences in protein
350 expression rates. One component often overlooked in optimizing cell-free expression capacity is
351  the tRNA composition and codon usage. Because the exact tRNA composition for each codon in
352 the PURE reaction is not known, and protein translation is influenced by codon usage, it is often
353 challenging to optimize the expressed protein’s codon usage to the tRNA composition in the
354  reaction.

355  Since the same reporter plasmid was used for Dual Strain and Single Strain One-Pot PURE
356 reactions in different PURE energy solutions, the differences in final yield and maximal production
357 rate may be influenced by the tRNA codon composition in different energy formulations. We
358 hypothesize that a sub-optimal tRNA composition in the reaction, not matching well with the codon
359 usage of the reporter protein, may also contribute to ribosome stalling on the mRNA transcript
360  when encountering sub-optimal codons.3® This could be exacerbated by an mRNA transcript with
361 a high translation initiation rate, such as the one used in the reporter plasmid (UTR1 ribosomal
362  binding site),*® which increases the frequency of ribosomal collisions. Colliding ribosomes could
363 lead to ribosomal fall-off, resulting in a low apparent yield of protein translation. This also
364  corroborates with reports of C-terminal truncated protein produced in PURE reactions.*!
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366  Figure 6: (A) Schematic of One-Pot PURE reaction composition using Dual Strain and Single Strain One-Pot PURE
367 proteins with commercial energy solutions, assembled according to manufacturers’ protocols. All reactions used 5 nM
368  of Pr7-UTR1-deGFP reporter plasmid. In the case of Single Strain One-Pot PURE reactions, 0.5 uM of purified T7
369 RNAP was added. (B) Comparison of protein translation rate for various preparations of One-Pot PURE proteins (added
370 to the reaction at 2.5 or 5.0 mg/mL) using two commercial energy solutions. Plots represent the average of reaction
371 triplicates. Time traces of deGFP production are provided in the Supplementary Figures SL.III. 8-9.
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372 E. coli tRNA composition critically influences One-Pot PURE reaction productivity.

373  We further demonstrated the important influence of suboptimal tRNA composition on protein
374  production by preparing homemade energy solutions using two different sources of commercial
375  E. coli tRNA mixtures: one from E. coli strain MRE600 and one from E. coli strain W. In these
376  experiments, the same concentrations of the Single Strain One-Pot PURE proteins, reporter
377  plasmids, ribosomes, and T7 RNAP were used. The only difference between the reactions was
378 the source — and possibly the composition — of E. colitRNA in the energy solution.

379 It was observed that the energy solution prepared using E. coli MRE600 tRNA exhibited a high
380  protein production rate and final protein yield (Figure 7B). When we replaced tRNA in the energy
381  solution with E. coli Strain W tRNA, we observed a significant decrease in protein production rate
382 and yield (Figure 7C). Increasing the concentration of E. coli Strain W tRNA did not improve the
383 rate and yield of protein expression.

384  This finding is significant because the complexity and composition of tRNAs can be overlooked
385 when preparing the energy solution for PURE reactions. Differences in codon usage among
386 various E. coli strains can lead to unexpected deficiency in tRNAs associated with the codons
387  used. Without prior knowledge of these tRNA deficiencies, it can be difficult to codon-optimize the
388 protein for effective expression, resulting in low apparent protein yield despite an otherwise
389  productive system.
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391 Figure 7: (A) Schematic of One-Pot PURE reaction composition using in-house prepared energy solutions with
392  commercial tRNAs from E. coli MREG00 and E. coli Strain W. Each reaction contained 5 nM Pr7-UTR1-deGFP to
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assess protein production. (B) Comparison of deGFP yield and production rate for two batches of Single Strain One-
Pot PURE proteins (added to the reaction either at 2.5 or 5.0 mg/mL) in energy solution with 22 AzeU/mL E. coli
MREG600 tRNA. Error bars represent standard deviations of reaction triplicates. Protein production rate plots represent
the average of reaction triplicates. (C) Comparison of deGFP yield and production rate for two batches of Single Strain
One-Pot PURE proteins (added to the reaction at 2.5 mg/mL) in energy solution with increasing E. coli Strain W tRNA
activity units (30 — 80 A2eoU/mL). The plots represent the average of reaction triplicates, and the error bars represent
standard deviations of reaction triplicates. Protein production rate plots represent the average of reaction triplicates.
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400 CONCLUSION

401  In this work, we identified several important factors that affect the expression capacity of the One-
402 Pot PURE system. We improved the stability of One-Pot PURE protein expression through
403 glucose-mediated catabolite repression and mitigated potential protease degradation from
404 M15/pREP4 expression strains by consolidating all protein expression vectors to one E. coli
405 BL21(DES3) strain. This new single-strain approach also increased the expression levels of critical
406 translation initiation and energy regeneration proteins and, consequently, the productivity of the
407  One-Pot PURE reaction. Our characterizations of both dual and single-strain One-Pot PURE
408 proteins in two commercial PURE energy solutions revealed that optimizing biochemical
409 compositions could overcome deficiencies in translation capacity. Lastly, our in-house energy
410  solution preparation revealed the critical role of tRNA composition in determining the translation
411 capacity of PURE reactions.

412  These findings showcased that the gene expression capacity of the PURE system is influenced
413 by both PURE protein stoichiometry and biochemical factors. At the protein level, we found that
414  when translation initiation factors (initiation factors 2 and 3, IF2 and IF3) and energy regeneration
415  protein, creatine kinase (CK) are present at higher concentrations in the PURE protein mixture,
416  higher expression capacity is observed (Figure 5D, E).

417  Atthe biochemical level, we found that energy solution composition significantly impacts the One-
418 Pot PURE production rate and the final protein yield. Using the PUREA energy solution, the
419  reaction proceeded with a slower protein production rate and took over 6 hours to stabilize to the
420 final deGFP concentration (Figure SLIII 8). This suggests that there may be a reaction rate-
421  limiting step imposed by the PUREA energy solution, and this limitation can make One-Pot PURE
422  proteins with sub-optimal protein composition proceed even more slowly, resulting in lower protein
423 yield. On the other hand, the PUREg energy solution supports a faster protein production rate
424  overall, with reactions completed in under 3 hours (Figure SLIII 9). This suggests the rate-limiting
425  step observed in the PUREA energy solution may be removed in PUREER to deliver a high protein
426 yield with a shorter reaction lifetime. We hypothesize this rate-limiting step can be the reaction’s
427 tRNA composition. We also note that PUREA and PUREg energy solutions are proprietary
428 information from commercial vendors. The exact compositions of these energy solutions are not
429  known to us, which limits the conclusions we can draw.

430 Lastly, we show that commercial preparations of E. coli tRNA sourced from strain MRE600 and
431  strain W significantly impact effective protein translation (Figure 7). Although MREG0O is a highly
432  preferred source for E. coli tRNA due to the strain’s low RNase | activity,*? there is no apparent
433 reason behind tRNA obtained from strain W (a safe and fast-growing strain utilizing sucrose as
434  an industrially preferred carbon source)*® exhibiting sub-optimal translation capacity. This
435  highlights a critical limitation and source of variability in most cell-free systems (lysate-based and
436 PURE), which is that E. colitRNA is also a complex mixture and exhibits differential concentration
437  profiles across growth stages and host strains.*445 For robust control over both One-Pot PURE
438 reaction and potentially lysate-based cell-free expression systems, a promising approach can be
439  developing an optimal tRNA composition.46

440 Taken together, this work seeks to obtain a comprehensive understanding of the factors

441  influencing the gene expression capacity of the One-Pot PURE system. By addressing both
442  protein and biochemical composition, our findings offer valuable insights into optimizing not only
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443  One-Pot PURE systems but also extending to lysate-based cell-free protein synthesis, paving the
444  way for more efficient and reliable applications in synthetic biology and biotechnology.
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445 MATERIALS AND METHODS
446  Escherichia coli strains and plasmids

447  E. coli BL21(DE3) (Thermo Scientific) and M15/pREP4 (Qiagen) strains were used for protein
448  expression. Supplementary Information | contains the Addgene catalog numbers and plasmid
449  sequences for Dual-Strain One-Pot. To establish the Single Strain One-Pot, all proteins were
450 amplified via Gibson Assembly and placed onto the pET21a backbone. All sequences of cloned
451 proteins transplanted onto pET21a are provided in Supplementary Information I.

452  Sequence-verified plasmids (Primordium Labs, now Plasmidsaurus) were transformed into their
453  respective BL21(DE3) and M15/pREP4 expression strains and plated on Luria Broth (LB) Agar
454  plates with 100 pg/mL carbenicillin and 1% glucose. An inoculation loop was used to scrape
455  multiple colonies to inoculate overnight culture in LB with 100 pg/mL carbenicillin and 1% glucose
456  to obtain the population expression average. To facilitate inoculation of subsequent final cultures,
457 250 uL of overnight cultures were saved into frozen glycerol stocks with 250 L of 50% glycerol
458 in 1.3 mL 96 well plates (NEST Biotech). The glycerol stock plate was sealed with an aluminum
459  film and stored at -80 °C.

460  Sequences of plasmid DNA used for reporter protein expression are provided in Supplementary
461 Information I. All plasmid DNA was prepared using the NucleoBond Xtra Midi kit (Macherey-
462 Nagel) and eluted in nuclease-free water.

463  Monoculture Expression assay for One-Pot PURE proteins

464  The protocol was adapted from Grasemann et al.?” with a few modifications. An overnight culture
465 of One-Pot PURE protein expression strains was inoculated either from freshly transformed cells
466 grown on LB agar plates with carbenicillin (without or with 1% w/v glucose to exert catabolite
467  repression) or from frozen glycerol stocks using a cryo-replicator (Enzyscreen, CR1000). The
468  overnight culture was grown in 96-well deep-well plates sealed with a Breathe-Easier membrane
469 (Diversified Biotech) at 37 °C and 1000 rpm.

470  The next morning, a fresh starter culture was prepared using 4 uL of the overnight cells and 396
471  pL of LB with carbenicillin. OD600 was monitored at the time of 0.1 mM IPTG induction to initiate
472  protein expression after 2-2.5 hrs of growth and 3 hours after protein expression. 10 pL of cells
473  expressing One-Pot PURE proteins were mixed with Lammeli Buffer (Bio-Rad) and heat
474  denatured at 95 °C for 10 minutes, and 10 pL of the mixture was loaded onto Bolt™ 4-12% Bis-
475  Tris Protein Gels (Invitrogen) along with protein ladders (SeeBlue™ Plus2 Pre-stained Protein
476  Standard, Invitrogen). Samples were run at 150 kV, 400 mAmp for 30 minutes with NuPAGE MES
477  SDS buffer (Invitrogen).

478 The gel was stained with SimplyBlue Safe Stain (Invitrogen) for 1 hour and de-stained in water
479  overnight before imaging on a ChemiDoc Imager (Bio-Rad) or a GelDoc Go Imager (Bio-Rad).
480 The obtained protein gel images were analyzed using the accompanying software Image Lab 6.1
481  for Mac (Bio-Rad).

482  One-Pot PURE reaction assembly and data acquisition
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483 Detailed methods describing the preparation of One-Pot PURE protein mixture and energy
484  solution are provided in Supplementary Information II.

485  All One-Pot reactions were assembled on ice using low protein-binding microcentrifuge tubes
486 (Eppendorf). Each reaction is 5 yL in total volume and consists of 2 uM E. coli Ribosome (NEB),
487 5 nM reporter protein expression plasmids (either P1--MGA-UTR1-deGFP or P17-UTR1-deGFP),
488  2.5x Energy Solution (125 mM HEPES-KOH pH 7.6, 250 mM Potassium L-Glutamate, 5 mM ATP
489 and GTP atpH 7.5,2.5mM UTP and CTP at pH 7.5, either 56 AxsoU/mL for E. coli MRE600 tRNA
490 or 75 — 200 AxoU/mL for E. coli W tRNA, 50 mM Creatine Phosphate, 2.5 mM TCEP, 50 uM
491 Folinic Acid, 5 mM Spermidine, and 0.75 mM amino acids mixture at pH 7.5), 1.75 — 5 mg/mL of
492  One-Pot PURE proteins and 0.5 — 1 yM T7 RNAP (only for Single Strain One-Pot). For reactions
493  using malachite green aptamer (MGA) fluorescence as a proxy for mRNA transcripts, 10 yM of
494  malachite green dye was added to the reaction.

495  Following assembly, 5 yL of each reaction was pipetted onto a low-volume 384-well microplate
496  with a non-binding surface (Corning), and the reaction trajectory was measured every 5 minutes
497  using the BioTek Synergy Plate Reader at 37 °C. Fluorescence for deGFP was measured at
498  485/515 nm excitation/emission wavelengths at Gain 61, and fluorescence for malachite green
499  aptamer was measured at 610/650 nm excitation/emission wavelengths at Gain 150. The
500 fluorescence data for MGA and deGFP were calibrated to protein concentration data using
501  synthesized MGA RNA and deGFP protein standards, provided in Supplementary Information
502 1ll, Figure SLIIL.10.

503 Acquisition and analysis of proteomics data

504 A brief summary of LC-MS/MS workflow is provided below. Detailed methods are provided in
505 Supplementary Information Il

506 LC-MS/MS analyses of the digested peptides were performed on an EASY-nLC 1200 (Thermo
507  Fisher Scientific) coupled to a Q Exactive HF hybrid quadrupole-Orbitrap mass spectrometer
508 (Thermo Fisher Scientific). MS2 fragmentation spectra were searched with Proteome Discoverer
509 SEQUEST (version 2.5; Thermo Scientific, Waltham, MA) against an in silico tryptic digested E.
510 coli BL21 (DE3) and E. coli M15 database. The relative abundance of parental peptides was
511  calculated by integrating the area under the curve of the MS1 peaks.

512  The proteomics data presented in this manuscript are from the same batch of LC-MS/MS run for
513 results to be comparable. The relative protein abundances for each sample are first normalized
514 by scaling the total sample protein abundance with the average total protein abundance for all
515 samples. The proteins involved in the PURE system were extracted from the entire proteome
516 dataset and scaled by their composition in PURE reactions (manufacturer’'s recommended
517  compositions for PUREA and PUREg, 4 mg/mL for Dual Strain One-Pot PURE batches A and B
518 in Figure 2, and 2.5 mg/mL for all Dual- and Single Strain One-Pot PURE batches A and B in
519  Figure 5)

520  Characterization of protease activity in M15/pREP4 and BL21/pREP4 strain
521 Plasmid expressing T7 RNAP (Addgene# 124128) is co-transformed into M15 and BL21 cells

522  with pREP4 plasmid coding for constitutive Lacl expression. Transformants were grown in a 5 mL
523  overnight culture with LB with antibiotics and 1% glucose. 1 mL of the overnight was used to start
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524  the 150 mL final culture with LB and antibiotics. When culture OD exceeded 0.8, 1 mM IPTG was
525  used to induce T7 RNAP expression, and the culture was grown for an additional 3 hours. At
526  harvest, the cultures were divided into 50 mL aliquots, centrifuged at 5000 x g for 20 minutes to
527  obtain cell pellets, and the pellets were stored at -80 °C until use. One 100 pL aliquot of the M15
528 and BL21 cultures were saved as un-lysed controls.

529 To characterize M15 proteolysis during protein purification, each of the cell pellets was
530 resuspended in 1 mL of the Lysis Buffer (50 mM HEPES-KOH pH 7.6, 100 mM NH.CI, 500 mM
531 NaCl, 10 mM MgCl,, and 1 mM TCEP). Two variations of the lysis buffer were prepared: one
532  Pepstatin A (1 ug/mL), and another with cOmplete™ Mini, EDTA-free protease inhibitor at the
533 recommended working concentration. The resuspended cells were lysed using the freeze-thaw
534  method by alternating between flash freezing in liquid nitrogen and thawing in a room-temperature
535  water bath 8 times. The lysate was centrifuged at 15,000 rpm at 4°C for 20 minutes to remove
536 cellular debris before His-tag purification.

537 A 2 mL column (Thermo Scientific) was prepared with 200 uL of Ni-Sepharose resin (Cytiva) and
538 equilibrated using 15 mL of Wash Buffer (50 mM HEPES-KOH pH 7.6, 100 mM NH4CI, 500 mM
539  NaCl, 10 mM MgClz, 1 mM TCEP, and 20 mM Imidazole-HCI pH 7). Following equilibration, the
540 lysate-resin mixture was rocked at 4 °C for 1 hour to enhance protein binding to the resin, washed
541  with 20 mL of Wash Buffer, and eluted with 250 uL of Elution Buffer (50 mM HEPES-KOH pH 7.6,
542 100 mM NH4CI, 500 mM NaCl, 10 mM MgClz, 1 mM TCEP, and 500 mM Imidazole-HCI pH 7).
543  The un-lysed cell culture aliquots, as well as purified proteins from M15 and BL21 strains, were
544  then prepared for SDS-PAGE analysis using the same setting described in the previous sections.
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