


Figure 3.3: Construction and characterization of a TetR-based genetic circuit with TTcDR
output. A: Schematic of the genetic circuit. TetR is produced from plasmid DNA to repress the
Pr7-tetO promoter on the linear DNA template, which controls the production of ©29 DNA
polymerase. In the presence of anyhydrotetracycline (aTc), TetR unbinds Pr7-tetO and the
circuit is derepressed, leading to the production of DNA polymerase that replicates the plasmid
DNA. B: TTcDR output from the genetic circuit co-producing either TetR (repressing) or EilR
(non-repressing) from plasmid DNA and either in the absence or presence of 12.5 yM aTc.
500 nM purified TetR was added to samples co-producing EilR as a repression control. C:
Repression (compared to co-production of EilR) and derepression (compared to the
respective sample in the absence of aTc) in folds by co-producing TetR from plasmid or by
500 nM purified TetR (while co-producing EilR), either in the absence or in the presence of
12.5 yM aTc. D: Schematic of the three-color fluorescence plate reader assay to measure IVT
and IVTT output from plasmid and linear DNA as used in the genetic circuit. Azurite is the
proxy for aTF production, sfGFP and Pepper are the proxies for 29 DNA polymerase
production. E: IVT and IVTT output from either linear DNA (Pepper and GFP) or circular DNA
(Azurite) in PUREfrex 1.0 or under standard TTcDR conditions and in competition with either
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a circular or linear DNA molecule encoding the other reporter. For example, Pepper from a
linear DNA template competes with Azurite production from either linear or circular DNA. IVT
and IVTT time course data and additional data on sfGFP and Pepper production from circular
DNA and Azurite production from linear template are shown in Figure 3.S6B. F: Titration of
linear DNA encoding sfGFP-Pepper (fixed at 4 nM) over circular DNA encoding Azurite under
standard TTcDR conditions. E,F: Fluorescence data are normalized to reporter-only controls
of each reporter template. G: TTcDR output from the genetic circuit at various ratios of linear
DNA (fixed at 4 nM) to circular DNA co-producing either TetR (repressing) or EilR (non-
repressing), and repression (right y-axis) by co-producing TetR compared to co-producing
EilR. H: TTcDR output from the genetic circuit at 16x linear-to-circular DNA ratio co-producing
either TetR (repressing) or EilR (non-repressing) from plasmid DNA, either in the absence or
in the presence of 12.5 yM or 50 uM aTc. 500 nM purified TetR was added to samples co-
producing EilR as a repression control. I: Repression (compared to co-production of EilR in
the absence of aTc) and derepression (compared to the respective sample in the absence of
aTc) in folds by co-producing TetR from plasmid DNA or by 500 nM purified TetR (*while co-
producing EilR), either in the absence or in the presence of 12.5 yM aTc. Data are the mean
of n = 3 replicates + SD. TTcDR data are baseline corrected with data from inactive ®29 DNA
polymerase samples (62).

Having confirmed a template expression bias, we next titrated the linear-to-circular
DNA ratio in the genetic circuit-controlled TTcDR to test for the best repression. We
observed that with increasing linear-to-circular DNA ratio, DNA replication and also
the dynamic range of the genetic circuit increased to ~60-fold DNA replication and 20-
fold repression (Figure 3.3G). We further tested the TetR-based genetic circuit with a
16-fold linear-to-circular DNA ratio. We observed ~16-fold repression and 2.3-fold
derepression (Figure 3.3H,I). With 500 nM purified TetR, we observed an upper limit
of ~50-fold repression and ~30-fold derepression at 12.5 yM aTc. When we increased
the aTc concentration to 50 uM, we observed a decrease in DNA replication, indicating

inhibition of the system (Figure 3.3H).

The PURE system is highly diluted compared to the cellular environment of
Escherichia coli. Consequently, in an intermolecular circuit, the produced aTF and
DNA polymerase must diffuse longer distances to another DNA molecule to exert their
function (Figure 3.S7A). To further improve the genetic circuit, we hypothesized that
encoding all genes of the circuit on the same plasmid and co-localizing the
transcription-translation machinery at the corresponding DNA molecule could increase
the performance of the circuit (65). We reasoned that this setup would also circumvent

the observed competition between circular and linear DNA templates.

118



However, we observed increased leakage of the intramolecular TetR circuit and
reduced DNA replication of the non-regulated control (EilR; Figure 3.S7B-D).
Downregulation of ®29 DNA polymerase production using a ribosome binding site
(RBS) with lower translation initiation strength to increase the ratio of TetR to DNA
polymerase further reduced DNA replication without increasing repression. Overall,
we observed the best performance of the intramolecular circuit with the previously
used RBS B0035 at 3.3-fold repression and 1.5-fold derepression, indicating that the

intramolecular circuit was not able to compete with the intermolecular approach.

3.3.5. 29 DNA polymerase mutant improves genetic circuit-controlled
TTcDR

The reduced performance of the genetic circuit-controlled TTcDR when encoding a
weaker RBS for ®29 DNA polymerase translation indicated that translation strength
was a limiting factor (Figure 3.S7). Thus, we suspected that increasing ®29 DNA
polymerase activity would improve circuit performance. We therefore screened seven
@29 DNA polymerase variants described in the literature and combinations thereof
(Table S7). Three mutants were derived from self-replication-based selection
(Sakatani et al., Povilaitis et al., Okauchi et al. (23, 54, 66)), of which we further tested
three combined variants, and one mutant was derived from rational engineering for

increased salt tolerance (Gao et al. (67)).

All seven variants were cloned under the control of a Pr7-lacO promoter with an N-
terminal His-tag to ensure the same N-terminal sequence in all variants, as the first
amino acids of a peptide have been reported significantly affect protein synthesis (68).
We screened the seven variants in partnered replication with pEilR (Figure 3.4A) using
a 16-fold linear-to-circular DNA ratio. We observed improved DNA replication for three
mutants compared to wild-type ®29 DNA polymerase, of which the combined mutant

“‘PovSak” performed best (1.8-fold over wild-type).

Notably, we also observed that overall DNA replication in our screen was significantly
higher than in previous experiments. We hypothesized that an increase in promoter
activity of Pr7-lacO over Pr7-tetO and an increased translation rate due to a favorable
N-terminal sequence could cause the improvement. When comparing wild-type ®29
DNA polymerase and the PovSak mutant without His-tag under Pt7-tetO control and

with His-tag under Pt7-tetO or P17-lacO control, we indeed observed additive 10-fold
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improvements by the P17-lacO promoter and N-terminal His-tag sequence (Figure
3.S8).

Finally, we compared the His-tagged PovSak mutant with wild-type ®29 DNA
polymerase in the TetR circuit side-by-side (Figure 3.4B,C). Strikingly, the PovSak
mutant showed ~970-fold total DNA replication and only 6.5-fold total DNA replication
when co-expressing TetR (Figure 3.4B). This results in an improved dynamic range of
149-fold with the PovSak mutant versus 13-fold with the wild-type DNA polymerase
(Figure 3.4C). In addition, derepression with 12.5 yM aTc improved DNA replication
from 2.1-fold to 4-fold, indicating that the improved ®29 DNA polymerase activity also
improved the performance of the circuit. Overall, the His-tagged PovSak mutant
drastically improved the genetically encoded control of the TTcDR system to provide
high DNA replication and high repression. Alternatively, the TetR-supplemented
system provides 750-fold repression and 120-fold induction with aTc for applications

that do not require the genetically encoded control of TTcDR.
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Figure 3.4: Screening of ®29 DNA polymerase mutants in partnered replication to improve
TetR circuit-controlled TTcDR performance. A: DNA replication of pEilR by ®29 DNA
polymerase mutants in partnered replication (see Table 3.S7 for information on mutants
tested), templated with 4 nM linear DNA encoding the DNA polymerase gene under control of
a Pr7-lacO promoter and 0.25 nM pEilR. All mutants are N-terminally His-tagged, unless
otherwise noted. B: Comparison of ®29 DNA polymerase wild-type and the PovSak mutant
in TetR circuit-controlled TTcDR (16x linear-to-circular DNA ratio). TTcDR output from the
genetic circuit co-producing either TetR (repressing) or EilR (non-repressing) from plasmid
DNA, either in the absence or presence of 12.5 yM aTc. 500 nM purified TetR was added to
samples co-producing EilR as a repression control (marked with *). C Repression (compared
to co-production of EilR in the absence of aTc) and derepression (compared to the respective
sample in the absence of aTc) in folds by co-producing TetR from plasmid DNA or 500 nM
purified TetR (*while co-producing EilR), either in the absence or in the presence of 12.5 uM
aTc. Data are the mean of n = 3 replicates + SD. TTcDR data are baseline corrected with data
from inactive ©29 DNA polymerase samples (62).
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3.4. Discussion

Here, we report the first regulation of transcription-translation coupled DNA replication
(TTcDR) using an encoded genetic circuit. Our system makes use of the allosteric
transcription factor TetR from E. coli, which had been prototyped in IVT(T) systems
(41, 42, 63) and which we successfully coupled to control DNA replication. Our
systems is capable of ~1000-fold DNA replication under non-repressing conditions,
shows ~150-fold repression under TetR co-producing conditions, and a 4-fold
response to the inducer anhydrotetracycline. If TetR is supplemented from the
beginning, the system becomes even more controllable with 750-fold repression and

a 120-fold response to aTc.

All of our experiments showed a significant difference in repression between co-
produced TetR and 500 nM purified TetR. We attribute the reduced repression in co-
production circuits to the absence of aTF in the initial phase of transcription-translation
of the reporter protein. To shorten the distance aTFs have to diffuse to repress reporter
expression and thus reduce the time delay of repression, we tested an intramolecular
circuit encoded on a single plasmid, but with only moderate success. To reduce the
initial leakage of the intramolecular circuit, we lowered the translation initiation of the
®29 DNA polymerase reporter to shift the ratio of aTF to DNA polymerase. However,
this drastically reduced the DNA replication and circuit performance of the system,
making it difficult to design a tightly regulated system without modifying the optimized
Pr7-tetO promoter sequence (63). In addition, target-specific optimization of regulatory
elements of plasmids encoding multiple transcription units is laborious due to
molecular cloning, limiting the major advantage of in vitro technology, rapid sequence
prototyping. In contrast, we were able to significantly improve repression by using a
more active DNA polymerase and a favorable N-terminal sequence, a more

generalizable approach.

So far, the co-producing system shows a 4-fold response to 12.5 uM aTc, which clearly
leaves room for improvement to use such a system in synthetic cells or other
applications. We argue that this is a two-sided problem. On the one hand, aTF
production is not negatively regulated and thus continues until the PURE system is
depleted. After poor repression in the initial phase of the reaction, repression becomes

very strong, requiring more ligand to completely derepress the system. On the other
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hand, reconstituted in vitro systems are prone to crosstalk with or inhibition by
additional components such as aTc (69) and other ligands. For example, we have
previously mapped the effects of 13 non-enzyme components of a synthetic metabolic
system that drastically inhibited in vitro transcription and the PURE system (51, 70).

The control of DNA replication within the PURE system using an encoded genetic
circuit provides a new opportunity to integrate metabolic in vitro modules in the PURE
system via Darwinian evolution, such as synthetic metabolism or lipid biogenesis (12,
51). This requires coupling the activity of the metabolic in vitro module to DNA
replication (53). Our proof-of-concept study showed that genetic circuits based on
allosteric transcription factors could be suitable to transduce metabolic activity to DNA
replication. In this scheme, the metabolic in vitro modules produces the ligand of the
allosteric transcription factor, resulting in the induction of DNA replication. In addition,
compartmentalized partnered replication (CPR) is a powerful technique for the
evolution of transcription-translation-related proteins as part of molecular programs,
such as RNA polymerases, aminoacyl tRNA synthetase, restriction enzymes, and
allosteric transcription factors (19, 20, 55-57, 71, 72). In particular, the evolution of
allosteric transcription factors outside of their cellular context, without the crosstalk of
active metabolism and without the limitations of membrane diffusion, holds great

promise for the evolution of allosteric transcription factors for new specificities.

122



3.5. Materials and Methods

3.5.1. Reagents

Unless otherwise noted, chemicals were purchased from Merck KGaA (Darmstadt, Germany)
and Carl Roth GmbH (Karlsruhe, Germany). Commercial enzymes and bioreagents were
purchased from New England Biolabs (Frankfurt am Main, Germany). Commercial PURE
systems were purchased from GeneFrontier (PUREfrex 1.0, PUREfrex 2.0; Kashiwa, Japan)
and New England Biolabs (PURExpress). Nuclease detection kits were purchased from Jena

Biosciences (Jena, Germany).

3.5.2. Strains and growth media

For molecular cloning, Escherichia coli NEB 5a was grown in lysogeny broth (LB)
supplemented with an appropriate antibiotic (100 ug/ml  ampicillin  or 34 pg/ml
chloramphenicol). For protein production of TetR, E. coli BL21 (DE3) was grown in terrific

broth (TB) supplemented with 50 ug/ml ampicillin. All strains used are listed in Table 3.S1.

3.5.3. Plasmid assembly and preparation of linear DNA templates

Oligonucleotides were purchased from Merck KGaA. Synthetic dsDNA was purchased from
Twist Bioscience (South San Francisco, CA, USA). Sanger sequencing was performed by

MicroSynth (Géttingen, Germany).

Plasmids were generated by Golden Gate Assembly (GGA). Level 0 and level 1 plasmids
were assembled using the modular cloning system proposed by Stukenberg et al. (73).
Plasmids encoding intramolecular circuits were assembled from PCR-amplified fragments
with GGA overhangs and an isolating spacer sequence between the two transcriptional units,
using the respective level 1 plasmids encoding the aTF gene as a backbone. A mixture of
0.5 nM vector DNA and 2 nM of each insert DNA was assembled using 0.5 U/ul Esp3l (level 0)
or 1 U/ul Bsal-HFv2 (level 1 & intramolecular circuits) and 40 U/ul T4 ligase in 1x T4 ligase
buffer. GGA reactions were cycled 15 times for 1.5 min at 37°C and 3 min at 16°C. Enzymes
were heat-inactivated for 5 min at 50°C and 10 min at 80°C. The GGA product was
transformed into chemically competent E. coli NEB 5-alpha cells, and individual clones were
verified by Sanger sequencing. Plasmids were purified using the NucleoSpin Plasmid kit
(Macherey-Nagel, Diren, Germany), according to the manufacturer’s instructions and

checked for circularity on an agarose gel.

All linear DNA templates were prepared by polymerase chain reaction (PCR) amplification

from the respective plasmids using Q5 DNA polymerase, according to the manufacturer’s

123



instructions. All amplified DNA fragments were purified using the NucleoSpin Gel and PCR
Clean-up kit (Macherey-Nagel), according to the manufacturer's instructions. All DNA
concentrations were calculated from absorbance measurements at 260 nm (A260) using a
NanoDrop2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). All plasmids and
linear DNA templates, as well as oligonucleotides used to generate linear DNA templates, are
listed in Tables 3.S2, 3.S3 and 3.S4, respectively. DNA sequences are provided on FigShare
(Data Availability).

3.5.4. Production and purification of TetR

TetR was produced in an E. coli BL21 (DE3) strain harboring plasmid pJBL701 (63).
First, a preculture was inoculated in TB, supplemented with 50 uyg/mL kanamycin. The
cells were grown to high density overnight at 37°C. The next day, the preculture was
used to inoculate a production culture in TB medium supplemented with 50 pg/mL
kanamycin and antifoam reagent. The culture was grown in a baffled flask at 37°C to
an optical density (ODsoo) of 0.8, and was then induced with 0.5 mM isopropyl-3-D-1-
thiogalactopyranoside. Cells were grown overnight at 20°C. Cells were harvested at
4000 x g for 20 min at 12°C, and cell pellets were resuspended in twice their volume
of Buffer A (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH
7.5, 500 mM KCI) with 5 mM MgCl2 and DNase | (Roche, Basel, Switzerland). Cells
were lysed by sonication using a SonoplusGM200 (BANDELIN electronic GmbH & Co.
KG, Berlin, Germany) equipped with a KE76 tip at 50% amplitude for 3x 1 min of 1-s
on/off pulses with 1 min pause between each cycle. The lysates were cleared by
centrifugation at 100,000 x g for 1 h at 8°C, and the supernatant was then filtered
through 0.45 pm filters (Sarstedt, Numbrecht, Germany). For affinity purification, an
Akta Start FPLC system (formerly GE Healthcare, now Cytiva, Marlborough, MA, USA)
with two stacked 1 mL Ni-NTA columns (HiTrap HP, Cytiva) was used. The clarified
lysate was applied to the columns, which were equilibrated with Buffer A. The column
was washed with Buffer A+75 mM imidazole and eluted with Buffer A +500 mM
imidazole. The eluate was desalted using two stacked 5 mL HiTrap desalting columns
(Sephadex G-25 resin, Cytiva) and protein elution buffer (25 mM Tris-HCI pH 7.4,
100 mM NaCl). Protein concentration was calculated from absorbance at 280 nm
(A280) on a NanoDrop2000 with extinction coefficients calculated using ProtParam

(https://web.expasy.org/protparam/). Purified TetR was aliquoted, snap-frozen in liquid

nitrogen and stored at -70°C.
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3.5.5. In vitro transcription-translation (IVTT) and transcription-translation

coupled DNA replication (TTcDR) assays

Our standard IVTT and TTcDR reactions, unless otherwise noted, were set up by
adding the following components at their final concentrations according to the PURE
manufacturer’s instructions: 1x PURE energy mix (from commercial source or modified
as previously described (16, 17), 1x PURE proteins, 1x PURE ribosomes, 1 U/uL
murine RNase inhibitor (New England Biolabs, catalog no.: M0314S), and 4 nM of
each DNA template. TTcDR-compatible EMs were prepared at 7x concentration and
tRNAs, amino acids, and rNTPs were added separately. IVTT reactions expressing
the Pepper aptamer contained 10 uM HBC620 (MedChemExpress, Monmouth
Junction, NJ, USA, catalog no.: HY-133520). TTcDR reactions contained 2.4 mM
dNTPs (0.6 mM of each dNTP). The reaction compositions are shown in details in
Table 3.S5. We have also provided a pipetting scheme as an Excel sheet (Data
Availability). The sample volume of an IVTT/TTcDR reaction was 10 yL and was
performed in replicates of n = 3. The assumed TTcDR conditions based on PUREfrex
1.0 (61) with the Mutschler energy mix (17) or Ichihashi energy mix (16) are shown in
Table 3.S6.

For IVTT measurement, samples were mixed well by pipetting and 3x 10 yL were
immediately transferred to a 384-well, small-volume, black, optically clear, flat-
bottomed, medium-binding microtiter plate (Greiner Bio-One, Kremsmunster, Austria;
catalog no.: 788096). Plates were centrifuged for 30 s in a small benchtop plate
centrifuge (VWR, Radnor, PA, USA) prior to measurement. Reactions were
characterized in triplicate on a plate reader (Infinite M200, Tecan, Mannedorf,
Switzerland) at 30°C with 30 s shaking before each fluorescence reading at the
following excitation and emission wavelengths (Ex/Em): sfGFP: 485/528 nm; Pepper:
575/620 nm; Azurite: 383/447 nm. Readings from the bottom of the plate provide more

accurate measurements than readings from the top.

For TTcDR measurement, samples were mixed well by pipetting and 3x 10 uL were
transferred into 8-well PCR strips. 2 yL of each sample (0 h time point) was quenched
in 18 yL quench solution (25 mM Tris-HCI pH 7.9, 0.11% Triton X-100, 1.65 mM
EDTA). The remaining samples were incubated at 30°C. After typically 8 hours, 2 pL
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of each sample (end time point) was quenched in 18 pL quench solution. Quenched

samples were well mixed by pipetting and stored at -20°C.

3.5.6. gPCR assays and analysis

The quenched TTcDR samples were mixed well by pipetting and diluted 200-fold in
two steps (1) 2 yL sample + 38 pL analysis solution (25 mM Tris-HCI pH 7.9, 0.105%
Triton X-100); 2) 2 L diluted sample + 18 yL analysis solution). 2 yL of each sample
were assayed in triplicate by gPCR (10 pL reactions) using Luna Universal qPCR
Master Mix (New England Biolabs, catalog no.: M3003X) with oligonucleotides
oMHBO010+11 and the following cycling protocol: 1x 50°C for 1 min, 1x 95°C for 1 min,
30x (95°C for 0:15 min, 60°C for 30 s, fluorescence reading) + final melting curve (slow
increase of 0.075°C/s from 60°C to 95°C with frequent fluorescence reading). TTcDR
samples were diluted a total of 10,000-fold from the TTcDR reaction to the qPCR

reaction.

We used the LinReg PCR tool (https://www.gear-genomics.com/rdml-

tools/linregpcr.html) to linearly regress our gPCR curves and used the resulting

efficiency-corrected target quantity values (No) to calculate DNA amplification (f(t) =
No(8 h)/No(0 h)) (74).

We performed TTcDR controls with an inactive ®29 DNA polymerase mutant (D249E,
(62)) for baseline subtraction of DNA amplification when background amplification was
comparable between samples. Note that this was not the case when testing the three

commercial PURE systems in Figure 3.51.

3.5.7. Nuclease detection assays

We used a DNase detection kit (Jena Bioscience, catalog no.: PP-410S) and a RNase
+ DNase detection kit (Jena Bioscience, catalog no.: PP-409S, used for RNase
detection only) to measure DNase and RNase contamination of commercial PURE
systems and self-produced EMs. Therefore, we set up PURE reactions according to
the PURE manufacturer’s instructions, mixed them 1:1 with the (RNase +) DNase
Detection Master Mix, and measured the nuclease contamination in a qPCR cycler
according to the respective nuclease detection kit instructions. Nuclease activities

were standardized using the nuclease standards provided with the Kits.
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3.5.8. Statistical Analysis

All data presented, unless otherwise noted, are the mean of n=3 technical

replicates + (error-propagated) standard deviation (SD).

3.5.9. Web Sites

The LinReg PCR server was used for linear regression of qPCR data

(https://www.gear-genomics.com/rdml-tools/linregpcr.html, https://www.gear-

genomics.com/rdml-tools/tableshaper.html) (74). ProtParam was used to calculate the

molecular weight and theoretical extinction coefficients of all proteins used in this study

(https://web.expasy.org/protparam/) (75).

3.6. Data Availability

The data and DNA sequences underlying this article, as well as an Excel sheet for
setting up TTcDR  experiments, are available in FigShare at
dx.doi.org/10.6084/m9.figshare.27315201. The following plasmids have been
deposited at Addgene (pTE5415, pTES5422, pTES425-5430, pTES444, pTE5448,
pTE5451, pTE5452) and are accessible under catalogue numbers #229030-229037,
231064-231067.
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3.9. Supplementary Information

3.9.1. Supplementary Tables

Table 3.S1: All strains used in this study.

Plasmid & resistance

Strain ID Background strain Use Reference
marker”
L . Protein
sTetR gigqe(rggf) coli pJBL701, KanR production of \(J1u)ng etal, (2020)
TetR
# KanR, kanamycin resistance
Commercial strain  Genotype Source
Escherichia coli fhuA2A(argF-lacZ)U169 phoA ginV44 ®80A(lacZ)M15 ’(\,’fr :’n%%a:; ’;’Zﬁb N
NEB 5-alpha gyrA96 recA1 relA1 endA1 thi-1 hsdR17 ’
Germany)

Escherichia coli
BL21 (DE3)

fhuA2 [lon] ompT gal (A DE3) [dem] AhsdS A DE3 = A
sBamHlo AEcoRI-B int::(lacl::PlacUV5::T7 gene1) i21

New England Biolabs
(Frankfurt am Main,

Aninb Germany)
Table 3.S2: All plasmids used in this study.
Plasmid :’I’)Iasmld Relevant features* Reference Used in
Expression vector for 10xHis-phi29 DNA This study. Fia. 1D.F
pDNAP_wt pTE5415 polymerase (wild-type): Pr-lacO-g10leader- Addgene: Fig. 81’ S2 S4C
10xHis-p2 wt-T7 terminator, CamR #229030 9. o1, 52,
SfGFP-Pepper reporter: Pr-tet0-B0035-sfGFP- 1S study. Fig. 3E
pGFP-Pepper pTE5422 . D Addgene: e
pepper-T7 terminator, Amp Fig. S6, S8
#229031
Expression vector for 10xHis-phi29 DNA This study. Fig. 1D.F
pDNAP_dead pTE5425 polymerase (inactive mutant D249E): Pr-lacO-  Addgene: Fig. 31' S2 S4C
g10leader-10xHis-p2 dead-T7 terminator, CamR  #229032 9. 51, 54,
tetO-phi29 DNA polymerase wild-type reporter: Tl Ll linear template
pDNAP_wt-tetO pTE5426 ; R Addgene: )
Pr7-tetO-B0035-p2 wt-T7 terminator, Amp #929033 preparation only
Inactive tetO-phi29 DNA polymerase ‘dead’ This study. linear temolate
pDNAP_dead-tetO pTE5427 reporter: Pr7-tetO-B0035-p2 D249E-T7 Addgene: re aratioz onl
terminator, AmpR #229034 prep Y
. . This study. Fig. 2, 3B,C,G-I,
pTetR pTE5428 ng,;e%"t’grﬁﬁ;‘;gfgms Prr-lac0-B0035-  \y4gene: 4B,C
’ #229035 Fig. S5, S7
. Expression vector for EilR: Pr-lacO-B0035- This StUd_V' Fig. 2, 38,C.G-l,
PEIIR PTE5429 EilR-T7 terminator, AmpR Addgene: 4
’ #229036 Fig. S5
Azurite reporter: Pr-tetO-B0035-Azurite-T7 This study. i 3p F
pAzurite pTES430 o m e P e T Addgene: Fo 56
- Amp #229037 9
Vector encoding Pr7-lacO-B0035-TetR-T7
pTetR-tet0-B0035- pTE5431 terminator (reverse direction) and Pr,-tetO- This study. Fig. S7

DNAP_wt

B0035-p2 wt-T7 terminator, AmpR
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pTetR-tetO-B0035-

Vector encoding Pr7-lacO-B0035-TetR-T7

DNAP dead pTE5432 terminator (reverse direction) and Pr-tetO- This study. Fig. S7
= B0035-p2 dead-T7 terminator, AmpR
. Vector encoding Pr7-lacO-B0035-EilR-T7
lealsF;tevtv(t)-BOO%- pTE5433  terminator (reverse direction) and Pr-tetO- This study. Fig. S7
- B0035-p2 wt-T7 terminator, AmpR
. Vector encoding Pr7-lacO-B0035-EilR-T7
Bﬁfﬁteégégoow' pTE5434  terminator (reverse direction) and Pr;-tetO- This study. Fig. S7
= B0035-p2 dead-T7 terminator, AmpR
Vector encoding Pr7-lacO-B0035-TetR-T7
pDLEf;E't:}tO'BOO:;Z' pTE5435  terminator (reverse direction) and Pr-tetO- This study. Fig. S7
- B0032-p2 wt-T7 terminator, AmpR
Vector encoding Pr7-lacO-B0035-TetR-T7
pDL?;E't:}tO'BOOM' pTE5436  terminator (reverse direction) and Pr;-tetO- This study. Fig. S7
= B0034-p2 wt-T7 terminator, AmpR
Vector encoding Pr7-lacO-B0035-TetR-T7
pDLEXE't‘?VttO'BOOM' pTE5437  terminator (reverse direction) and Pr-tetO- This study. Fig. S7
- B0064-p2 wt-T7 terminator, AmpR
. Vector encoding Pr7-lacO-B0035-EilR-T7
pDI,-Z\;E;tevtv(t)-BOOISZ- pTE5438  terminator (reverse direction) and Pr;-tetO- This study. Fig. S7
= B0032-p2 wt-T7 terminator, AmpR
. Vector encoding Pr7-lacO-B0035-EilR-T7
pDIIE\ITF;tthV?'BOOM' pTE5439  terminator (reverse direction) and Pr/-tetO- This study. Fig. S7
- B0034-p2 wt-T7 terminator, AmpR
. Vector encoding Pr7-lacO-B0035-EilR-T7
pDﬁflstevtv(t)-BOOM- pTE5440  terminator (reverse direction) and Pr/-tetO- This study. Fig. S7
= B0064-p2 wt-T7 terminator, AmpR
Expression vector for phi29 DNA polymerase linear temolate
pDNAP_wt-noHisTag pTE5441 (wild-type): Pr7-lacO-g10leader-p2 wt-T7 This study. re aratioFr: onl
terminator, CamR prep y
Expression vector for 10x-phi29 DNA .
gg:(\leﬁ‘;ﬁ pTE5442 polymerase (Sakatani): Pr7-lacO-g10leader- This study. I'?eea;rtaetrigﬁlfsl
10xHis-p2 sak-T7 terminator, CamR prep y
Expression vector for 10x-phi29 DNA .
gg\'}gﬁg pTE5443 polymerase (Poviliatis): Pr-lacO-g10leader- This study. "?:a;rt:tr;ﬁlitﬁl
10xHis-p2 pov-T7 terminator, CamR prep y
Expression vector for 10x-phi29 DNA This study. .
gg\';g\ai_ pTE5444 polymerase (PovSak): Pr7-lacO-g10leader- Addgene: "?:a;rt:trigﬁlfﬁl
10xHis-p2 povsak-T7 terminator, CamR #231064 prep y
Expression vector for 10x-phi29 DNA linear temolate
pDNAP_Gao pTE5445 polymerase (Gao): Prr-lacO-g10leader-10xHis-  This study. re aratioFr)1 onl
p2 gao-T7 terminator, CamR prep y
Expression vector for 10x-phi29 DNA .
e pTE5446  polymerase (Okauchi): Prr-lacO-g10leader- This study. Ineel (£ TR
10xHis-p2 ok-T7 terminator, CamR BED y
Expression vector for 10x-phi29 DNA .
oy~ pTE5447  polymerase (SakOK): Prr-lacO-g10leader- This study. inear template
10xHis-p2 sakok-T7 terminator, Cam® prep y
Expression vector for 10x-phi29 DNA This study. .
e pTE5448  polymerase (PovSakOK): Pr-lacO-g10leader-  Addgene: Ineel (£ TR
10xHis-p2 povsakok-T7 terminator, CamR #231065 prep y
pDNAP_PovSak- tetO-phi29 DNA polymerase PovSak reporter: . linear template
tetO PTE5449 Pr-tetO-B0035-p2 povsak-T7 terminator, AmpR This study. preparation only
g ) tetO-10xHis-phi29 DNA polymerase wild-type .
PO PHEIE pTE5450  reporter: Prr-tetO-B0035-10xHis-p2 wt-T7 This study. [ (B glElE

HisTag

terminator, AmpR

preparation only
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3.9.2. Supplementary Figures

mmm  commercial Mutschler Ichihashi

< > L 1 1
} oh PN
DNAD Replication J Sample Ca Sample8h s .
A S :

-
=
=

T
3
v H g : %
l Transcription q 8hat : P ] : Sample 0 h I MmN
Selt- 30°C 2 gl 3 g I
replication H o 50, 5 S 20 e e I+
l Translation H v o ! 2 T
q +qPCR g |..®m......
2 [ \\ J 8h reagents Cycle a
" |) DNAP -u..¢ | sample
we DNA amplification: f(t) = No(8h)/No(0h) - -

T T
PUREfrex 1.0 PUREfrex 2.0 PURExpress

()
o)

VT IVTT
1 1 1
® commercial

DNA Sfafp 4 pepper

1
B Mutschler ™77 T [ N
Transoription | VT of Pepper B go00-|& lchinashi .l .l 8
H Pepper
RNA arﬂapgwr IVTT of SfGFP T
Translation l 2000}
4 2 Time 1 10007
Protein t S sfGFP - V I - - -]--—--------- - L
0= 0= T T T

T
PUREfrex 1.0 PUREfrex 2.0 PURExpress PUREfrex 1.0 PUREfrex 2.0 PURExpress

Fluorescence

Fluorescence (a.u., 575/620 nm)
Fluorescence (a.u., 485/528 nM)
N
S
=3
=3

== Mutschler Ichihashi RNase activity DNase activity
2 L L L L 1 1 1 L 1 1 1 1 1 0. 1 1 1 1 1 1 1 1 1 1
+2.4mM dNTPs _14
2 pH 8.0 - = v 2 1 ‘I‘
/ pH 7.6 (as commercial) 2 ,,,312
1 - - > 5
< 204 %10
TS | (OSSN [R————— - L z 2
2 s =8
8 - 8 2]
s 6
4 o2 8§
2 - a o 4
Z ldeo] g 1 F
. I I I LT S PN
-4 T T 0= n
D @& 0P B Q Q q q f»* £ £ K& S .0 S S 2
LEFFLSELS S & &G & LS & & ‘\Q’
F &€ W @ @ Q},Q P &0 Q}‘ Al
) FLELSE S & &K @0 &
+ LB MO RO

Figure 3.S1: Characterization of transcription-translation coupled DNA replication (TTcDR)
systems prepared from commercial PURE systems for DNA replication activity (A,B),
transcription-translation (IVTT) capacity (C,D), and nuclease contamination (F). A: Schematic
of TTcDR based on ®29 DNA polymerase-driven self-replication and gPCR analysis. $29
DNA polymerase is produced in the IVTT system from plasmid, which in turn is self-replicated
by ®29 DNA polymerase. DNA replication is analyzed by comparing DNA quantities measured
by gPCR of samples taken before and after incubation at 30°C. B: DNA replication of three
commercial PURE systems (PUREfrex 1.0, PUREfrex 2.0 and PUREXxpress) using either the
respective commercial energy mix (EM) or a reported TTcDR-compatible EM (2, 4) (see E for
EM composition). Data are not baseline corrected due to differences in nuclease
contamination (see E) and highly variable background. qPCR data are shown in Figure 3.S2.
C: Schematic of IVTT based on a two-color fluorescence plate reader assay using the Pepper
aptamer with HBC620 ligand to measure in vitro transcription (IVT) in the red channel, and
sfGFP to measure in vitro transcription-translation (IVTT) in the green channel. D: IVT (left)
and IVTT (right) output of the three PURE systems tested with the respective commercial EM
or two TTcDR-compatible EMs. IVT and IVTT time course data are shown in Figure 3.S3. E:
Composition of Mutschler EM (with 0.1x PUREfrex 1.0 EM) and Ichihashi EM compared to
PUREfrex 1.0 EM (3). AAs: amino acids, SP: spermidine, CP: creatine phosphate. F:
Quantification of RNase and DNase activity in the three commercial PURE systems with their
respective EMs and the two TTcDR-compatible EMs. Data are the mean of n = 3 replicates %
SD unless otherwise noted.
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Figure 3.S5: Characterization of a genetic circuit with IVTT output. A: Schematic of the
genetic circuit. TetR is produced from plasmid DNA to repress the PT7-tetO promoter on the
linear DNA template, which controls the expression of the Pepper aptamer and the production
of sfGFP. In the presence of anhydrotetracycline (aTc), TetR unbinds Pr7-tetO and the circuit
is derepressed. B: 16 h time point data of IVT output (Pepper expression + HBC620 ligand)
in PUREfrex 1.0 with either TetR or EilR co-production, or EilR co-production and addition of
500 nM purified TetR or the linear reporter Pr7-tetO-sfGFP-Pepper alone. C,D: Comparison
of IVT (C) and IVTT (D) output (16 h time point) under standard TTcDR conditions and with
1.5x PURE proteins in Mutschler EM. E: Comparison of IVT and IVTT output in PUREfrex 1.0
and under standard TTcDR conditions when producing the reporter only or co-producing EilR
(non-repressing aTF). Reduced output in folds is plotted on the right y-axis. F: Repression
(O yM aTc) and derepression (12.5 yM aTc) folds of the genetic circuit (IVTT output) in
PUREfrex 1.0, standard TTcDR conditions and in 1.5x PUREfrex 1.0 proteins + Mutschler EM.
G: Time course data for the IVT and IVTT outputs of the genetic circuit under standard TTcDR
conditions. Data are the mean of n = 3 replicates + SD.
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Figure 3.S6: Effect of DNA topology on IVT and IVTT output from individual or co-expressing
samples. A: IVT and IVTT outputs from either linear or circular DNA (see upper panel) in
PUREfrex 1.0 and under standard TTcDR conditions. B: Competition experiment of a reporter
DNA template (either linear or circular, encoding either sfGFP-Pepper or Azurite), and a
competing DNA template, either linear or circular, encoding the respective other reporter (top
left). Relative fluorescence of reporter output with competing DNA normalized to reporter
output alone under standard TTcDR conditions (top right). Time course data for the
competition experiment of IVT (left), IVTT of sfGFP (center) and IVTT of Azurite (right) (lower
panels). Data are the mean of n = 3 replicates + SD.

145



A Intermolecular TetR circuit Intramolecular TetR circuit

A
TetR rAY TetR A J
aTc
T IVTT =0 at
IVTT
B0032
B0034
z B0035
2 0hi29 dnap BO064
Repllcatlon DNA IVTT
f IVTT
' Replication ( DNA
.
R ] S !
L v, | Partnered |__ 2\ | | DNAP
replication P
B ® B0032 B0034 C ® B0032 B0034 D
A B0035 v B0064 B0035 v B0064 B0035 e 500 nM TetR + B0035
] 1 1 4 1 1 25+ 1 ] -
L e - . | - ek e Y S 3
% 1 i ] | A ] :
5 =1 R e -
g - I — B - N F
AR [ 1B EECERTEEETR TR e ) S o [ f L o 10— s
2 ‘ ¥
3 g :
[=}
....... % o .. F oYX 1 : s S S
0= T — T — T 0 T T 0 T T
noaTc 12.5uMaTc pEilR repression derepression repression derepression
pTetR
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Previously, we tested the genetic circuit using two reporter templates (one linear, one circular).
The transcription-translation machinery co-localizes with the respective DNA template
molecule (10), so that the produced TetR and phi29 DNA polymerase must diffuse to the other
DNA molecule to exert their function. By encoding all genes on one plasmid, we sought to
reduce the distance for the proteins to diffuse. B: TTcDR output with either TetR or EilR co-
production, and in the absence or presence of aTc. We tested four ribosome binding site
(RBS) sequences that control translation initiation of phi29 DNA polymerase. C: Repression
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4. Discussion and Outlook

4.1. In vitro transcription-based biosensing of glycolate for

prototyping of a complex enzyme cascade

In this work (1), we established an in vitro transcription (IVT)-based biosensor for the
detection of glycolate based on the ROSALIND system (2) and a transcriptional
repressor from Paracoccus denitrificans (GIcR) (3). We also established a workflow
for rapid prototyping of promoter-operator sequences using IVT assays. With the goal
of using the IVT sensor module to screen samples of the crotonyl-coenzyme A
(CoA)/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH) cycle as a proof-of-concept (4,
5), we first tested the effect of non-enzyme components of the CETCH cycle on IVT
output, and then measured glycolate concentrations from CETCH samples with either
one or all components varied. This showed that the system is indeed strongly inhibited
by some non-enzyme components, such as coenzyme B12, indicating the need to test
for these effects in each screening campaign (Figure 2.2). After some optimization, we
were able to demonstrate a very high correlation of IVT output with LC-MS
quantification of glycolate (r=0.94-0.98) (Figure 2.3, 2.4). Key to the successful
screening of CETCH samples with all components varied was the availability of
sufficient Mg?* ions to support T7 RNA polymerase activity under all conditions, as
some non-enzyme components sequester Mg?* ions and thereby inhibit IVT
performance. We further believe that the data on IVT inhibition by the non-enzyme
components of the CETCH cycle will help to further integrate the CETCH cycle with
the PURE system (6) and molecular programs such as DNA replication (7, 8) towards

the construction of a synthetic cell.

In this work, we have demonstrated the proof-of-concept of IVT-based pathway
prototyping, suggesting its great promise for further application. Compared to LC-MS-
based analysis, IVT biosensor-based screening at the 384-well scale is approximately
10-times faster (8 h versus 77 h measurement time), and approximately 10-times less
expensive. It is based on widely available plate reader instruments, making it
accessible to more researchers worldwide than LC-MS-based analysis with its high
acquisition and operating costs. While biosensing is widely used for in vivo metabolic

and enzyme engineering (9-11), in vivo screening of complex new-to-nature pathways
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is typically not feasible unless the pathway is coupled to growth. At the same time, the
application of in vitro sensors is lagging behind (12). While bacterial extract-based
systems are gaining momentum (13—16), these systems are not well suited for the
analysis of metabolic enzyme cascades that may interfere with the native metabolic
background. Reconstituted systems from purified components, such as IVT and the
PURE system (17), are of interest. The PURE system may benefit from a higher in
vitro transcription-translation output than the IVT system and less inhibition by complex
enzyme cascades and their cofactors (6), but its cost is too high for its application in
screening (approximately US$0.5 for IVT (1, 2) versus US$10-20 for PURE (18, 19)).

The major bottleneck in the application of IVT-based biosensors for pathway screening
is the lack of suitable transcription factors. As described in the Introduction (Section
1.3), efforts to identify and engineer natural transcription factors are increasing.
Nevertheless, several metabolites are excluded from in vivo selection due to
membrane impermeability or degradation. Faced with this challenge, | proposed a new

concept of in vitro selection for which we laid the groundwork in Chapter 3.

In addition, our proof-of-concept focused on a complex, synthetic COz2 fixation cycle
built from purified enzymes. The prototyping of such enzyme cascades is inherently
limited in throughput by the purification of the enzymes, while the optimization of the
non-enzyme components is comparatively fast (5). Cell-free protein production in an
extract-based transcription-translation system is a powerful alternative for prototyping
enzyme variants (20, 21). Therefore, we tested the IVT system for its robustness
against E. coli extract and found that filtration of the extract and measurement of the
filtrate allows measurement of extract-based prototyping (Figure 2.511). This finding
greatly expands the applicability of the proposed IVT-based screening.
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4.2. Genetically encoded control of in vitro transcription-

translation coupled DNA replication

In this work, we laid the groundwork for the compartmentalized partnered replication
scheme for in vitro selection of allosteric transcription factors introduced in Section 1.6.
This concept is based on the enrichment of partner genes encoding improved aTF
mutants over less functional ones by coupling aTF activity to the production of a DNA
polymerase that drives DNA amplification of the partner gene. This concept has been
used previously in vivo (22-24), but the thermostable DNA polymerases used are
inhibited by components of the PURE system (25). As an alternative, ®29 DNA
polymerase-based DNA replication has been established in custom PURE systems,
termed transcription-translation coupled DNA replication (TTcDR) (25-27). We tested
combinations of two of the reported custom energy mix formulations with the three
commercially available PURE systems (PUREfrex 1.0, PUREfrex 2.0, and
PURExpress) for DNA amplification activity, but also for in vitro transcription-
translation output and nuclease contamination (Figure 3.1, Figure 3.S1). This showed
differences in DNA amplification activity, IVTT capacity and nuclease contamination,
all of which are important information for the community to establish TTcDR systems
in their laboratories from commercial resources. It also demonstrated the great
potential for further optimization of the system to improve DNA amplification. METIS,
a recently demonstrated active learning algorithm that requires minimal amount of data
and has been used to improve several in vitro systems, could be a good opportunity
to further improve the TTcDR system (5, 28, 29). Next, we established a genetic circuit
based on TetR from E. coliin the PURE system. We chose TetR because it has been
used in the few reports of aTF-based genetic circuits in PURE (30, 31). Surprisingly,
given the number of sophisticated genetic circuits in in vivo (11, 24, 32, 33) and extract-
based systems (34—-37), few genetic circuits based on aTFs or riboswitches have been
reported (38). In establishing the genetic circuit, we observed that transcription from
plasmid DNA is favored over linear DNA templates under standard TTcDR conditions
(PUREfrex 1.0 proteins and ribosomes with Mutschler EM) (Figure 3.3E). We
hypothesize that this effect is due to the reduced building block resources in the
TTcDR system used (4.0-fold less rNTPs, 3.0-fold less tRNA (27)), but we do not yet
have evidence to support this hypothesis. A simple test of this hypothesis would be to

compare circular versus linear DNA templates with the reported three-color
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fluorescence readout in a TTcDR system with fewer building block resources, such as
PUREfrex 1.0 proteins and ribosomes with the energy mix reported by the Ichihashi
group (6.85-fold less rNTPs, 4.3-fold less tRNA) (25). An increase in the preference
for circular DNA would be expected. Alternatively, additional tRNAs and rNTPs could
be added to the TTcDR system, in which case a decrease in preference for circular
DNA would be expected. This observation also shows that encoded aTF-based
genetic circuits are not preferred in the PURE system, as the co-production of the
regulator consumes a significant amount of the limited resources. For applications
other than aTF engineering, other regulatory elements are of interest, such as
riboswitches (39, 40), toehold switches (41), or small transcription activating RNA
(STAR) switches (42), which consume fewer resources during co-transcription, but
typically also provide less dynamic range than aTF-based switches. We increased the
ratio of linear to circular DNA to balance the transcription of both genes in the circuit
(Figure 3.3H,l). We also found that the performance of our circuit was limited by DNA
polymerase activity. To overcome this limitation, we screened previously described
mutants for their performance in self-replication and partnered replication (Figure 3.4).
In particular, one variant (a combined mutant of Povilaitis et al. (43) and Sakatani et
al. (44), named PovSak) showed 2-fold higher DNA amplification than the wild-type in
partnered replication after 8 h. In addition, we observed that the addition of an N-
terminal His-tag to the PovSak mutant increased DNA replication in partnered
replication by 10-fold compared to wild-type ®29 DNA polymerase without an N-
terminal His-tag. These two findings were key to the successful establishment of
encoded control of TTcDR using a TetR-based genetic circuit. Our best circuit design
allows 149-fold repression of DNA amplification by TetR and 4-fold derepression with

the 12.5 uyM TetR ligand anhydrotetracycline (aTc).

The main limitation of our TetR circuit is the weak derepression (<5% derepression
compared to repression). We chose TetR because it was previously used in the two
aTF-based circuits reported in PURE (30, 31), but perhaps the biochemical properties
of aTc are not favorable. aTc is a derivative of tetracycline, which is known to inhibit
translation by binding to the ribosomal subunit S30, thereby preventing aminoacyl-
tRNA binding to the ribosomal A site (45). Anhydrotetracycline is generally described
as a better alternative to tetracycline for the induction of TetR-controlled genetic

circuits, as it binds 35-fold better to TetR (46) and is less cytotoxic (47). Its cytotoxic
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effects are attributed to cell lysis rather than translation inhibition (45), but older data
also show inhibition of cell-free translation by aTc (68% inhibition by tetracycline, 31%
inhibition by aTc at 0.3 pg/mL, (48)). These reports are consistent with our
observations of TTcDR inhibition when the aTc concentration is increased to 50 yM
(Figure 3.3H). We hypothesize that switching to a different transcription factor-ligand
pair will improve the derepression of the system. Nevertheless, this demonstrates that
in vitro transcription-translation systems are susceptible to inhibition by the ligand and

other components.

Interestingly, the insufficient derepression was mainly observed when TetR was co-
produced, but not when it was purified from an E. coli culture and added to the TTcDR
reaction, and then only in circuits with a high dynamic range (Figure 3.3H,l and Figure
3.4). This suggests additional reasons for insufficient derepression. Three reasons and

approaches to mitigate these problems are further discussed in detail.

First, despite resource limitations, the effective concentration of TetR produced may
exceed the 500 nM of purified TetR added externally. Since increasing concentrations
of aTc are inhibitory, we would need to downregulate TetR production once repression
is achieved. A simple experiment to test the hypothesis of TetR overproduction would
be to co-produce Lacl, which will repress TetR production over time, thereby
increasing the derepression of the system (Figure 4.1A). This approach would require
some fine-tuning for use in aTF selection, but to prevent aTF overproduction in the
future more sophisticated tools that promise more precise control, such as

optogenetics (49-52), may be applicable.

Second, bacterial transcription-translation systems are equipped with mechanisms
that help correct protein folding, such as the ribosome-associated trigger factor, the
DnaKJE machinery, and the GroEL/ES chaperone (563-55). In E. coli, most proteins
interact with the trigger factor and approximately 70% of proteins fold without further
assistance. The remaining 30% of proteins are assisted in folding by chaperones. First
by DnaKJE, which folds 20% of all proteins, and, if unsuccessful, by GroEL/ES for the
remaining 10% (53) (Figure 4.1B). The PURE system lacks each of these three folding
machineries. We hypothesize that some of our proteins may fold incorrectly, but we
do not yet have evidence to support this hypothesis. Misfolding of DNA polymerase
could reduce the overall DNA amplification of the TTcDR system, while misfolding of

TetR could still lead to system repression by DNA binding via its helix-turn-helix
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domain, but not to allosteric shifting in the presence of aTc and thus no depression.
The commercial provider of PUREfrex 1.0, GeneFrontier, offers the DnaKJE and
GroEL/ES machinery for their PURE system, which allowed improved folding of 67%
of the proteins tested (526 of 788 proteins, >50% increase in solubility) (56). The
trigger factor showed very limited use for folding in PURE (56), but a PPiase-truncated

variant showed improved folding of luciferase (57).

Third, it has been repeatedly reported that protein synthesis in the PURE system yields
truncated products due to ribosome stalling, peptidyl-tRNA drop-off, or premature
transcription termination (58—60) (Figure 4.1C). In vivo systems have evolved several
systems to rescue ribosomes upon stalling, typically resulting in degradation of the
peptide or its truncation (61, 62). Some of these rescue mechanisms have been
realized in the PURE system (63—-65), but with the caveat that the resulting protein is
C-terminally truncated. In particular, consecutive proline stretches are difficult for
ribosomes to synthesize and often lead to stalling, but these can be rescued by
elongation factor P (EF-P) without peptide truncation (66-69). EF-P is commercially
available from GeneFrontier and has been reported to enhance full-length protein
translation in the PURE system (58, 68). In particular, EF-P was key in enabling the
regeneration of 20 aminoacyl-tRNA synthetases in the PURE system (70). In addition,
elongation factor 4 (EF4) has been shown to back-translocate the ribosome after
stalling, thereby improving the translational output of the PURE system (71, 72).

In summary, we have not yet investigated whether our TTcDR system produces
misfolded or truncated proteins that affect the derepression of the system and its
overall performance. A simple analysis of truncation products allows the incorporation
of fluorescently labelled lysine on SDS-PAGE (73). Analysis of misfolding is more
tedious, so | suggest testing the described chaperones (DnaKJE and GroEL/ES) and
elongation factors (EF-P and EF4) in our system for improved DNA amplification and

circuit performance.
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Figure 4.1: Points of attack and measures to improve TTcDR performance, in particular
derepression of the genetic circuit-controlled TTcDR system. A: Schematic of a Lacl
interference circuit. Lacl is produced from a linear DNA template and represses TetR
production over time by binding to /acO. In the early phase, when Lacl is absent, TetR is
produced at high levels, repressing ®29 DNA polymerase production, but reaching a plateau
earlier than in the absence of Lacl production. The difference in TetR produced in the system
makes the genetic circuit more sensitive to aTc. The data resented are assumed trends of an
experiment based on my experience. B: Protein folding in bacteria is assisted by chaperones
during and after translation. 70% of bacterial proteins are correctly folded, possibly assisted
by Trigger Factor (TF). The remaining 30% are then assisted by the DnaKJE machinery (20%),
and, if unsuccessful, by GroEL/ES (10%). lllustration adapted from Hartl & Hayer-Hartl, 2009
(53). C: Mechanisms to rescue ribosomes after stalling. Either 1) the peptidyl-tRNA stuck at
the P-site is hydrolyzed to release the peptidyl-chain and trigger ribosome dissociation,
resulting in a truncated protein; or 2) in a process called trans-translation, SmpB and other
factors transfer the peptide chain to Ala-tmRNA, which is then used as a new RNA template
until termination at a stop codon, in the meantime adding a degradation tag to the protein; or
3) the elongation factors EF-4 or EF-P rescue the ribosome without terminating translation by
back-translocating the ribosome or stabilizing the P-site to enhance the next catalytic step of
the ribosome.Created with BioRender.com.
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Finally, Zhanar Abil and colleagues recently published an alternative approach to
TTcDR, called Clonal Amplification-enhanced Gene Expression (CADGE) (74).
CADGE has been used to improve membrane synthesis in synthetic vesicles (74), and
to perform Darwinian in vitro evolution (73), the in vitro version of adaptive laboratory
evolution (ALE) (75). CADGE is also based on isothermal amplification by ®29 DNA
polymerase, but resembles the reconstituted in vitro DNA replication machinery of the
@29 bacteriophage (76, 77). The terminal protein (TP) primes DNA amplification of a
linear DNA fragment by ®29 DNA polymerase using single- and double-stranded DNA
binding proteins (SSB and DSB). The linear DNA fragment is flanked by 191-bp-oriL
and 194-bp-oriR origins of replication. CADGE is reconstituted in unmodified
PUREfrex 2.0 by adding either purified ®29 DNA polymerase, TP and high
concentrations of SSB and DSB (purCADGE) or by producing ®29 DNA polymerase
and TP in the PURE system (expCADGE) and adding SSB and DSB. CADGE
promises higher amplification rates than previously reported by TTcDR systems and
more resources to perform IVTT. Theoretically, expCADGE could be controlled by
genetic circuits by placing both expressed genes under the control of transcriptional
regulators. We have tried to implement this system in parallel with TTcDR

development, but have not yet been successful.
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4.3. Outlook I: Development of CPR for aTF engineering and

coupled enzyme engineering

In this thesis, | developed a concept for in vitro engineering of allosteric transcription
factors (aTFs) and the use of aTFs for directed evolution of enzymes in ultra-high
throughput, without complicated machines for droplet generation or sorting, and in an
interference-free environment (no metabolism, no metabolome, no membranes). The
concept and rationale are explained in detail in the Introduction (Chapter 1), but | would
like to repeat the main arguments. Enzyme engineering has so far focused on
engineering within cellular systems, i.e. engineering enzymes under the bias of the
cellular environment. Many enzymatic reactions have been excluded from engineering
due to membrane impermeability of the substrate or because the substrate or product
is degraded by the native metabolism. The same issues apply to the engineering of
aTFs for new ligand specificities or other improved properties. In addition, especially
when engineering aTFs for high sensitivity, metabolite pools in the cell counter-select
suitable variants. In addition, in vivo enzyme engineering is comparatively slow,
typically relying on laborious enzyme purification and slow instrumental analysis. To
speed up this process, selection using aTF-based biosensors and growth-coupled
biosensors is gaining momentum in enzyme engineering (75, 78, 79), but strain
engineering of growth-coupled biosensors is laborious and too few suitable aTFs are
known. Many of these problems can be alleviated by transferring aTF and enzyme

engineering to a defined in vitro transcription-translation system.

Initially, | envisioned a microfluidic-based approach for both aTF and enzyme
engineering. Therefore, double emulsions were prepared encapsulating a PURE
system with a molecular program to produce fluorescence when the aTF responds to
the screened ligand. The double emulsions were then sorted by FACS, which has the
great advantage of switching the selection frame between positive and negative
selection. In addition, it would presumably not require fine-tuning of the PURE system
or complex genetic circuits. However, this approach suffered from two major problems.
1) The construction of microfluidic chips and the troubleshooting of different treatment
methods is laborious in the first place, and requires a lot of expertise to establish chip
fabrication and methods in a new workspace. In addition, we have had great difficulty

reproducing previously published chips, treatment methods, and sorting speeds on
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FACS (80-82). Unfortunately, this does not seem to be a phenomenon specific to our
work, but rather a common problem in the field. 2) We were unable to reduce the size
of the inner compartment of the double emulsion (82) to achieve a sufficiently high
molar concentration of a single DNA molecule in the droplet, resulting in very low
fluorescence output in the droplets. The combination of these two problems eventually
led to the decision to switch to a low-tech approach called compartmentalized
partnered replication (CPR) (22-24, 78, 83).

CPR is based on the in vitro compartmentalization of cells in water-in-oil emulsions.
The cells run a molecular program in which a thermostable DNA polymerase is
produced as a reporter under the control of the partner gene. When the genetic circuit
is active, for example when an aTF responds to a ligand, the DNA polymerase is
produced and amplifies the partner gene encoding the responsive aTF. The partner
gene becomes enriched in the population of the entire library. The encapsulation of
cells in emulsions has an invaluable advantage because it combines the high
transcription-translation capacity of a living cell with high plasmid copy numbers, all
compartmentalized in a small volume within a natural membrane. This allows the
sequential operation of first running the genetic circuit in the cell, then harvesting and
washing the cells, and then encapsulating them with PCR reagents in a water-in-oil
emulsion. While moving the CPR method entirely in vitro, | was often amazed at how
great bacterial cells are with respect to the points listed. The in vitro realization involved
gene expression from a single DNA molecule per droplet, while suffering from reduced
transcription-translation capacity and interference of PURE components with DNA
amplification and vice versa. In particular, the inhibition of thermostable DNA
polymerases in the PURE system, later described by Seo and Ichihashi (25), could
only be overcome by producing Tag DNA polymerase separately in PURE and then
diluting this reaction 5-fold in PCR reagents. An interesting approach could be to
encapsulate the PURE system in liposomes during DNA polymerase production and
then encapsulate these in water-in-emulsions. This would mimic the in vivo approach
in the sense that PCR reagents and DNA polymerase producing liposome could be

kept separate until PCR.

| turned to isothermal DNA amplification driven by ®29 DNA polymerase in a modified
PURE system (25-27). | discussed this method and future efforts to improve it in
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Section 4.2, so | will focus here on further development toward compartmentalized

partnered replication.

The critical next step is to compartmentalize the genetic circuit-controlled TTcDR
system in water-in-oil emulsions and recover DNA to perform mock selections. A
detailed protocol has been provided by Zhanar Abil and colleagues (83). The typical
CPR mock selection involves placing a premature stop codon after a few codon triplets
in the partner gene. In the PURE system, however, this approach carries a high risk
of ribosome stalling and thus biasing the results. To reduce this risk, an aTc-
unresponsive TetR mutant is required, such as TetR P105T and Q116R (84). In the
mock selection, when mixing wild-type TetR (5%) and unresponsive mutants (95%),
and performing TTcDR-based CPR with them, we expect only enrichment of wild-type
TetR in the presence of aTc. Importantly, the current genetic circuit-controlled TTcDR
system amplifies when the system is derepressed but also in the absence of
repression (see EilR controls). Consequently, any variant in a TetR library that causes
aTc-independent DNA polymerase production will also be enriched. Counterselection
is required to select against all of these variants. In vivo CPR schemes have used
cytotoxic reporters for this purpose (24), inverse circuits based on the A cl repressor
(23), or both (11). Given the limited IVTT capacity in the TTcDR system, adding an
inverse circuit to the selection scheme places a greater burden on the selection
system, but provides good repression and thus stringent selection (Figure 4.2A). An
alternative counterselection approach uses restriction enzymes as reporters and DNA
templates encoding their respective recognition sites. DNA templates encoding aTF
variants that result in constitutive reporter gene expression are restriction digested and
cannot be recovered by PCR (Figure 4.2B). A similar approach has been used to
select for Haelll methyltransferase with altered specificity (85), which may also be
plausible as positive selection for aTF engineering. The caveat of this approach,
however, is that each droplet has a single DNA molecule to drive the circuit and only
a single DNA molecule for digestion, resulting in a binary switch of ON (undigested)
and OFF (digested) that is expected to be prone to noise and very time sensitive. Mock
selections for the counterselection scheme can be performed with EilR as a non-

binding aTF and TetR as a repressing one.
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Figure 4.2: Schematics of counterselection schemes. A: Schematic of a A cl repressor-based
inverse circuit for counterselection. TetR is produced from a linear template and represses the
production of the A cl repressor in the absence of aTc, so that 29 DNA polymerase is
produced and the TetR plasmid is amplified. If a TetR mutant does not repress A cl repressor
production, A cl represses DNA polymerase production and the DNA encoding the TetR
mutant is not amplified, thus counter-selecting for non-repressing variants. B: Schematic of
endonuclease-based counterselection. An aTF is produced from a linear DNA template
encoding a restriction site for a partnered endonuclease. If the aTF variant does not repress
endonuclease production, the endonuclease is produced and cleaves the restriction site.
Emulsions are broken and linear templates are amplified by PCR using primers that bind
upstream and downstream of the restriction site so that only undigested DNA templates are
amplified. Created with BioRender.com.

Once such a counterselection is in place, it is time to move on to another aTF
candidate as TetR is not relevant for enzyme engineering. An interesting aTF for
engineering is FapR from Bacillus subtilis, which has been used as a biosensor for the
detection of malonyl-CoA (86-88) and structurally related CoA esters (89), for
tartronyl-CoA to engineer the new-to-nature enzyme glycolyl-CoA carboxylase (GGC)
(90, 91), or for methylmalonyl-CoA and ethylmalonyl-CoA to engineer the CO2-fixing
enzyme in the CETCH cycle crotonyl-CoA carboxylase/reductase (Ccr) (4). In addition,
GIcR, a well-characterized aTF with insufficient sensitivity to glycolate, is of interest to
couple glycolate production of the CETCH cycle for in vitro decision making (6), to
improve the GlcR module for IVT-based glycolate sensing (1), or to improve glycolate-

producing pathways, such as the FORCE pathway (92).
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As described in detail in the Introduction (Chapter 1), aTF-based enzyme engineering
via CPR holds the promise of engineering enzymes that are not feasible in vivo. |
envision enzyme engineering in CPR as a plug-and-play method in which the purified
aTF of choice, the DNA polymerase reporter template under the control of the
respective operator sequence, an encoded enzyme library (the partner genes),
cofactors, and substrate are added to the system, compartmentalized and incubated.
Functional enzymes drive the amplification of their encoding genes and are thus
enriched (Figure 4.3). There is still a long way to go to achieve this goal, and many
unexpected problems will arise. Based on my current understanding of the system and
the sources of inhibition, | expect the implementation of enzyme screening to be less
difficult than aTF engineering with its selection and counterselection parts. One caveat
might be inhibition of the system by substrates, intermediates, cofactors or products,
as we have seen with T7 RNA polymerase-driven transcription by CETCH cycle
components (1). However, this can be tested by titrating these metabolites in basic
TTcDR reactions. In addition, when engineering enzymes and screening only for
improved activity, other parameters such as enzyme promiscuity may also be affected.
If specific promiscuity needs to be prevented, the proposed counterselection with
either an inverted lambda repressor circuit or counterselection with a restriction

enzyme reporter could be helpful.
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Figure 4.3: Schematic of coupling enzyme evolution using an allosteric transcription factor-
controlled TTcDR in a compartmentalized partnered replication (CPR) scheme. An enzyme
variant is produced from a circular template and converts its substrate into a product. The
product acts as a ligand to derepress DNA polymerase reporter production by a purified aTF.
As a result, highly active enzymes that produce a lot of product will produce the most DNA

polymerase and thus be the most enriched in the library. Created with BioRender.com.

161



4.4. Outlook IlI: Implementation and in vitro evolution of
metabolic networks in transcription-translation coupled

DNA replication systems

DNA replication is key to Darwinian evolution because it ensures that DNA is passed
on to the next generation, while the natural error rate of polymerases drives evolution
by randomly inserting mutations. It is the basis for growth-coupled adaptive laboratory
evolution (93), and has even been shown to be self-reinforcing through the creation of
a hypermutating strain encoding a mutated, natively proofreading DNA polymerase
subunit (94). This concept has recently been realized in vitro (73). The expCADGE
system (described in Chapter 4.2) has been used to select improved ®29 DNA
polymerase and TP variants, as well as favorable sequences of ribosome binding
sites, transcription terminators, and the ®29 origin of replication sequence. This
concept could be further extended to the implementation of synthetic metabolic
networks such as the CETCH cycle (4, 5, 95) in the TTcDR system. Recently, Giaveri,
Bohra and colleagues have successfully integrated the CETCH cycle into the PURE
system by coupling glycine production by the CETCH cycle with glycine incorporation
by the PURE system (6). As expected from our results on the inhibition of T7 RNA
polymerase transcription by CETCH cycle components (1), CETCH cycle samples
inhibit the PURE system, requiring the CETCH cycle to be diluted 1:4 v/v in the PURE
system. In order to improve the performance of the CETCH cycle and thus to fuel this
in vitro system with COz2, the synthetic evolution of encoded parts may be feasible.
Two CETCH cycle enzymes (methylmalonyl-/ethylmalonyl-CoA epimerase (Epi) and
ethylmalonyl-CoA mutase (Ecm)) have already been produced from CO2-derived
glycine. Coupling this scheme with the production of DNA polymerase instead of
fluorescent protein may allow the enrichment of mutant libraries or Darwinian evolution
at the error rates of ®29 DNA polymerase variants (96) or mutants thereof (73, 97). In
addition, DNA replication could be linked to a metabolite other than glycine or other
amino acids by using an allosteric transcription factor as a transducing module, such

as the glycolate-responsive aTF GIcR from Paracoccus denitrificans (1, 3).

To summarize Sections 4.3 and 4.4, by controlling TTcDR with genetic circuits, we
have laid the groundwork for using TTcDR in partnered replication schemes for the

evolution of allosteric transcription factors, single enzymes, and metabolic systems.
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This system promises rapid engineering without interfering with the native metabolic

background and membranes of bacterial systems, and allows optimization of

metabolic systems within the PURE system.
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