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Integrated translation and metabolism in a partially
self-synthesizing biochemical network
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Nicole Paczia3, Timo Glatter4, Tobias J. Erb1,5*

One of the hallmarks of living organisms is their capacity for self-organization and regeneration, which requires
a tight integration of metabolic and genetic networks. We sought to construct a linked metabolic and
genetic network in vitro that shows such lifelike behavior outside of a cellular context and generates its
own building blocks from nonliving matter. We integrated the metabolism of the crotonyl-CoA/ethyl-malonyl-
CoA/hydroxybutyryl-CoA cycle with cell-free protein synthesis using recombinant elements. Our network
produces the amino acid glycine from CO2 and incorporates it into target proteins following DNA-encoded
instructions. By orchestrating ~50 enzymes we established a basic cell-free operating system in which
genetically encoded inputs into a metabolic network are programmed to activate feedback loops allowing for
self-integration and (partial) self-regeneration of the complete system.

S
elf-organization, regeneration, and repair
are key properties of all living systems.
Cells solve this challenge through a tight
integration of metabolic and genetic net-
works (1, 2). Genetic networks encode

the components of metabolic networks which
in turn provide the energy and building blocks
to execute the genetic programs for self-
regulation and self-regeneration (3). Construc-
tion of systems showing similar functionalities
is one of the milestones on the way to construc-
tion of synthetic cells and is also key to devel-
opment of biotechnological systems that are
capable of decision-making, self-optimization,
and Darwinian evolution (4).
Recent efforts in synthetic biology have pio-

neered cell-free transcription-translation (TX-TL)
systems that are able to process genetic pro-
grams (5, 6), respond to organic input mole-
cules (7), and (partially) self-regenerate when
supplemented with instructions, energy, and
building blocks (8, 9). At the same time, sev-
eral complex metabolic networks have been
successfully reconstructed outside of a cellular
context (10–18). These in vitro networks were
combined with energy modules (19, 20) to pro-
duce different metabolites, including organic
acids and more complex molecules from sim-
ple precursors such as glucose or CO2 (21).
However, so far such genetic and metabolic

in vitro systems have not been integrated with
each other to achieve higher-order function-

ality. We aimed to develop a metabolic and
genetic linked network in which both layers
recursively communicate with one another.
This link is achieved through an essential ami-
no acid (glycine), which is autonomously syn-
thesized from inorganic carbon (CO2) through
the metabolic network and controls the out-
put of the genetic network, which itself feeds
back to the metabolic layer through DNA-
encoded instructions.
To realize such a system, we sought to com-

bine a 16-enzyme in vitro CO2-fixation sys-
tem, the crotonyl-CoA/ethyl-malonyl-CoA/
hydroxybutyryl-CoA (CETCH) cycle (10), with
a cell-free TX-TL system (PURE) for protein
production (22). The CETCH cycle converts
CO2 into glyoxylate by transforming the C3
metabolite propionyl-CoA through incorpora-
tion of two CO2 molecules into the C5 inter-
mediate methylmalyl-CoA, which is recycled
back into propionyl-CoA and the C2 output
glyoxylate. We sought to convert glyoxlyate
further into glycine and incorporate it into
target proteins through the TX-TL machinery
of the PURE system. With these proteins, we
envisioned establishment of recursive feed-
forward loops to the metabolic network, which
would allow the production of key enzymes of
the CETCH cycle (Fig. 1A).

Realizing a genetic network that is controlled
by in vitro production of glycine

To construct our interlinked network, we first
established a PURE TX-TLmix lacking glycine
(Dgly-PURE TX-TL) in which externally added
glycine is required for protein production. We
provided this Dgly-PURE TX-TL systemwith a
DNA template encoding for the green fluores-
cent protein EGFP (23) and supplemented
it with increasing concentrations of glycine
(Fig. 1B). Fluorescence read-out showed a
linear dependency between 10 mMand 150 mM
glycine, confirming that the concentration of
glycine directly controls EGFP production in

the Dgly-PURE system. At concentrations
beyond 150 mM glycine (e.g., 300 mM), the
output signal was saturated.
Next, we tested whether glycine could be

produced in situ in the Dgly-PURE system
from externally added glyoxylate (the product
of the CETCH cycle). We sought to employ a
transamination of glyoxylate by accessing the
large pool of potassium glutamate (100 mM)
of the PURE system and using glutamate-
glyoxylate aminotransferase (GGT1) from
Arabidopsis thaliana (24) or the promiscuous
aspartate-glyoxylate aminotransferase (BhcA)
from Paracoccus denitrificans (25) as a trans-
aminating enzyme (Fig. 1C).
We tested either aminotransferase in a reac-

tionmixture with 100 mMpyridoxal phosphate
(PLP), 300 mM glyoxylate, 100 mM potassium
15N-glutamate, and all 19 proteinogenic amino
acids (at 300 mM each) and followed the for-
mation of 15N-labeled and unlabeled glycine
with high-performance liquid chromatography-
mass spectrometry (HPLC-MS/MS). GGT1 pro-
duced 217 ± 15 mM 15N-glycine after 15min and
only minor amounts of unlabeled glycine (Fig.
1D), demonstrating that glutamate served as
the exclusive amino donor for GGT1. By con-
trast, BhcA produced 201 ± 6 mM 15N-glycine
and 40 ± 3 mM unlabeled glycine (fig. S3),
indicating that other amino acids (i.e., aspar-
tic acid, see fig. S3) were used by BhcA. We
chose to continue with GGT1 and integrated
the transaminase into a Dgly-PURE TX-TL sys-
tem with EGFP as a fluorescent readout, add-
ing different concentrations of glyoxylate.
Similar to the experiments with externally
added glycine, we observed a linear depen-
dence of EGFP production from glyoxylate in
the range of 10 to 150 mM glyoxylate (Fig. 1E).
These results confirmed that glyoxylate could
indeed serve as a link between the CETCH
cycle and Dgly-PURE TX-TL system.
In the following, we tested the effect of co-

enzymes, cofactors, salts, and buffers of the
CETCH cycle onto the productivity of the Dgly-
PURE TX-TL system.We decided for a version
of the CETCH cycle (CETCH vA7) that was re-
cently optimized by active learning (26) and
investigated the effect of different concen-
trations of the individual CETCH cycle com-
ponents onto cell-free TX-TL. This identified
MgCl2 and ATP as the most critical compounds
that influenced the final yield and kinetics of
EGFP production, respectively (fig. S11). We
then added all CETCH components—except
for the starting substrate propionyl-CoA—
to a Dgly-PURE TX-TL system with 300 mM
glycine and EGFP as readout. When testing
different ratios of the CETCH cycle and Dgly-
PURE TX-TL, 25 ml of PURE reaction mixture
containing 5 ml of CETCH worked best (Fig.
1F), demonstrating that theDgly-PURE system
can in principle be coupled with a 1:4 v/v di-
luted CETCH cycle.
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Fig. 1. Realization of an
in vitro genetic network
that depends on in vitro
metabolism. (A) Schematic
of the topology of the
metabolic and genetic linked
network described in this
study, where the metabolic
layer of the CETCH cycle
(green) is integrated with
the genetic layer of the
PURE system (blue) by the
transamination of the
product of CO2 fixation
(glyoxylate) into an amino
acid (glycine); glycine is
used in turn by TX-TL
to produce key enzymes
for CO2 fixation. See fig. S1
and table S1 for a compre-
hensive representation of
the system and for enzyme
abbreviations, respectively.
(B) (Left) Fluorescent signal
resulting from the cell-free
expression of the EGFP
template in Dgly-PURE
TX-TL system with different
concentrations of externally
added glycine (blue curves).
Negative controls without
glycine were included (gray
curves). (Right) Plot of the
linear dependence between
glycine concentration and
fluorescence read-out.
(C) Scheme of the transam-
ination reaction of glyoxylate
into 15N-glycine by
15N-glutamate and GGT1
aminotransferase from
A. thaliana. (D) Bar graph
representing the amino
acid analysis by HPLC-MS/
MS of the result of the
transamination reaction
sketched in (C), performed
in presence of GGT1,
glyoxylate, 15N-glutamate,
and 19 proteinogenic amino
acids (glycine omitted),
for 15 min (produced
15N-glycine is indicated by
the green bar and provided
AAs are indicated by the blue bars) at 30°C. Negative control assays without GGT1 (light gray bars), or glyoxylate (dark gray bars) were included. Comprehensive
data of the amino acid analysis are reported in figs. S3, S4, S5, S6, and S7. (E) Fluorescent signal resulting from the cell-free expression of EGFP template in
Dgly-PURE TX-TL system with GGT1 and different concentrations of externally added glyoxylate (green curves). Negative controls without glyoxylate or without GGT1
were performed (gray curves). A reference control with glycine (blue curve) was included. (F) Fluorescent signal resulting from the cell-free expression of EGFP
template in a Dgly-PURE TX-TL system supplemented with glycine in the presence of different concentrations of CETCH components without propionyl-CoA (blue
curves). Negative controls without propionyl-CoA and glycine or without propionyl-CoA and DNA templates (gray curves) were performed. All TX–TL reactions were
incubated at 37°C into the microplate reader with gain as 100. TX–TL reactions were run in triplicate; expression curves represent the statistical mean of the results
at any acquisition time; shading represent the standard deviation of the same data. Bar plots of the statistical mean of the results (triplicates) are shown; error
bars represent the standard deviation of the same data.
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Optimizing the metabolic network that
produces glycine from CO2

Wenext testedwhether a 1:4 v/v diluted CETCH
cycle could produce sufficient glycine in the
presence of 100mMpotassium glutamate and
GGT1. HPLC-MS/MS analysis showed that a
diluted CETCH that started with 200 mM
propionyl-CoA produced 552 ± 27 mM glycine
at 30°C within 4 hours (Fig. 2A). This activity
corresponded to a CO2-fixation efficiency hCO2
of 5.5 ± 0.3 (hCO2 is defined as CO2 equivalents
fixed per acceptor molecule), which is compa-

rable to earlier published versions of theCETCH
cycle (e.g., CETCH v5.4) (10).
We continued by stepwise supplementation

of the 1:4 v/v diluted CETCH cycle with addi-
tional components of the Dgly-PURE TX-TL
system, to identify any factors that would affect
hCO2 (Fig. 2A). Upon addition of the reduc-
ing agents dithiothreitol (DTT), or Tris(2-
carboxyethyl)phosphine (TCEP), hCO2 decreased
slightly to moderately (5.1 ± 0.3 for DTT; 3.6 ±
0.2 for TCEP). By contrast, supplementation
with magnesium acetate (11.8 mM) severely

decreased hCO2 to 0.8 ± 0.02, indicating a
strong negative interaction between system
components. We hypothesized that acetate
could serve as an alternative substrate for
4-hydroxybutyryl-CoA synthetase, thus reduc-
ing flux through the CETCH cycle (27). To over-
come this limitation we replaced magnesium
acetate with hemi-magnesium glutamate (28)
and also removed any residual acetate in the
ribosome and TX-TL enzyme fractions of the
Dgly-PURE system through buffer exchange,
which increased hCO2 significantly to 2.8 ± 0.04,
corresponding to the production of 275 ± 4 mM
glycine within 4 hours (Fig. 2A).
Finally, we investigated how varying concen-

trations of the starting substrate propionyl-CoA
would affect hCO2 of the 1:4 v/v diluted CETCH
cycle. Decreasing propionyl-CoA concentra-
tions from 200 to 50 mM decreased total gly-
cine production from 275 ± 4 mMto 183 ± 7 mM
but more than doubled the hCO2 from 2.8 ±
0.04 to 7.3 ± 0.3 (Fig. 2B). This data indicated
that the 1:4 v/v diluted CETCH cycle turned
more efficiently at lower propionyl-CoA con-
centrations, which is in line with recent find-
ings (18).

Interlinking the metabolic and genetic networks
for (self-)integration and regeneration

Having optimized the working conditions of
themetabolic (CETCH cycle) and genetic (Dgly-
PURE TX-TL) layers independently and recip-
rocally, we aimed at operating both systems
together at 30°C, i.e., the optimized temper-
ature for the CETCH cycle (fig. S10). We com-
bined the 16 enzymes of the CETCH cycle with
the 36 enzymes of theDgly-PURETX-TL system,
added GGT1, and supplemented the reaction
mix with ribosomes, as well as all other co-
enzymes, cofactors, and salts required. We
activated the metabolic layer with different
concentrations of propionyl-CoA (50, 100, and
200 mM, respectively) and the genetic layer
with a DNA template encoding for EGFP.
Under these conditions EGFP production
above background was only observed when
GGT1 was present (converting glyoxylate pro-
duced by the CETCH cycle into glycine used
by Dgly-PURE TX-TL). Moreover, these results
confirmed that 50 mM propionyl-CoA was suf-
ficient and optimal for EGFP production (Fig.
2C). Higher concentrations of the starting sub-
strate did not further improve the EGFP sig-
nal, which is in line with earlier experiments
that showed EGFP signal saturation above
150 mM glycine (Fig. 1, B and E). Altogether,
these experiments showed the successful
integration of the metabolic and genetic net-
works into one in vitro system.
We next envisioned a “self-integrating” net-

work in which themetabolic and genetic layers
are linked through a feed-forward loop. We
assembled a DGGT1 network (i.e., a system
missing the enzyme GGT1, which links both

A

B C

Fig. 2. CO2 fixation into glycine by the CETCH cycle supplemented with Dgly-PURE TX-TL system.
(A) Left y-axis: bar graph representing the absolute concentration of glycine, measured by HPLC-MS/MS
produced over the course of 4 hours at 30°C by the CETCH cycle started with 200 mM propionyl-CoA
and stepwise-supplemented with the components of the Dgly-PURE TX-TL system (green bars). Negative
controls without GGT1 or without propionyl-CoA and GGT1 were included (gray bars). Right y-axis: CO2-
fixation efficiency hCO2 of the CETCH cycle (black squares). A detailed description of the reaction assembly
is reported in table S5. (B) Left y-axis: bar graph representing the absolute concentration of glycine,
measured by HPLC-MS/MS, produced over the course of 4 hours at 30°C by the CETCH cycle in the presence
of theDgly-PURE TX-TL system and started with different concentrations of propionyl-CoA (green bars). Right y-axis:
CO2-fixation efficiency hCO2 of the CETCH cycle (black squares). (C) Fluorescent signal resulting from the cell-
free expression of EGFP template inDgly-PURE TX-TL system addedwith the CETCH cycle and different concentrations
of propionyl-CoA (pink curves). Negative controls without propionyl-CoA and GGT1 (light gray curve) or without
DNA templates (dark gray curve) were performed. TX–TL reactions were incubated at 30°C into the microplate reader
with gain as 100. TX–TL reactions were run in triplicate; expression curves represent the statistical mean of the
results at any acquisition time; shading represents the standard deviation of the same data. Bar plots of the
statistical mean of the results (triplicates) are shown; error bars represent the standard deviation of the same data.
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layers) and designed a feed-forward loop based
on GGT1, which we provided as DNA-based
template to a PURE TX-TL system together
with an EGFP readout (Fig. 3A). In the pres-
ence of 10 mM glycine, EGFP was produced at
relevant concentrations, only when the CETCH
cycle was started with propionyl-CoA (Fig. 3B),
or when external glyoxylate (300 mM) was pro-
vided (fig. S12). These data confirmed that the
metabolic and genetic layers of the DGGT1

network were successfully linked in an auto-
catalytic fashion, which made the system inde-
pendent from the initial glycine input (fig. S19).
Inspired by the ability of living cells to self-

construct and self-maintain, we sought to fur-
ther integrate our metabolic and genetic
networks to achieve “self-regeneration” in vitro.
To this end, we selected the CETCH cycle en-
zyme ethylmalonyl-CoA mutase (Ecm) that
converts ethylmalonyl-CoA into methylsuccinyl-

CoA (fig. S1).We produced Ecmby TX-TL in the
PURE system (fig. S9) and verified enzyme ac-
tivity by coexpressing Ecm and EGFP templates
in a Dgly-PURE TX-TL system supplemented
with 100 mM ethylmalonyl-CoA, CETCH com-
ponents (seeMethods), and 10 mMglycine (fig.
S13). Next, we assembled a DEcm network, a
system that is missing Ecm and is dependent
on (partial) self-regeneration of Ecm to be-
come metabolically active and autonomously

E

A B

C D

Fig. 3. Interdependent metabolic and genetic networks. (A) Schematic
summarizing the topology of the “self-integrating” (B) and “self-regenerating”
(C and D) networks. (B to D) Plots of the fluorescence signal resulting from the
expression of EGFP template in a microplate reader. The pink curves are obtained
by supplementing (B) the DGGT1 network with GGAT1 and EGFP templates,
(C) the DEcm network with Ecm and EGFP templates, (D) the in D(Ecm,Epi)
network with Ecm, Epi and EGFP templates, and with 50 mM propionyl-CoA
and 10 mM glycine. Negative controls without propionyl-CoA (blue curves)
or without propionyl-CoA and glycine (light gray curves) or without DNA
templates (dark gray curves) were included. TX–TL reactions were incubated
at 30°C into the microplate reader, with gain as 100. TX–TL reactions were

run in triplicate; expression curves represent the statistical mean of the
results at any acquisition time; shading represents the standard deviation of
the same data. (E) Micrographs of a synthetic organelle mimic able to
increase its CO2 fixation autonomously in micrometer-size droplets through
bottom-up assembling a self-regenerating DEcm network. Droplets with Ecm and
EGFP DNA templates or without DNA (negative control) were incubated at 30°C and
imaged after 6 hours. The negative control droplets population was barcoded with
Cascade BlueTM hydrazide trilithium salt dye. From left to right: brightfield image
of the micrometer-size droplets, sample droplet population (GFP channel),
negative control droplet population (DAPI channel), overlay of the images
acquired in GFP and DAPI channels. Scale bars are 100 mm.
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synthesize glycine from CO2. Upon feeding the
DEcm network with the DNA sequences en-
coding for Ecm (and EGFP), 50 mM propionyl
CoA, and minimal glycine concentrations
(10 mM), the network became functional and
remained active for ~12 hours (compared to
the control, which showed only ~1 hour of
activity), continuously converting CO2 into
glycine which in turn enabled continuous
production of Ecm (Fig. 3, A and C, and fig.
S15). Proteomic analysis using NaH13CO3 in-
deed verified that most of the glycine residues
in Ecm (and EGFP) were synthesized from
CO2 (fig. S16).
Weultimately aimed to assemble ametabolic

and genetic linked network able to regenerate
multiple enzymes of themetabolic layer. To this
end, we selectedmethylmalonyl-/ethylmalonyl-
CoA epimerase (Epi) that catalyzes the race-
mization of methylsuccinyl-CoA following the
Ecm reaction in the CETCH cycle (fig. S1). We
produced Epi by cell-free TX-TL (fig. S9) and
verified enzyme activity as described above (see
Methods and fig. S14). Next, we assembled a
D(Ecm,Epi) network (i.e., a network that lacks
two subsequent steps of the metabolic layer).
Only upon providing the system with DNA se-
quences, propionyl CoA, and minimal concen-
trations of glycine did the system become and
remain able to (partially) self-regenerate and
produce the enzymes for a key step of the
CETCH cycle from CO2 (Fig. 3, A and D).
Finally, to testwhether invitroself-regeneration

can also be performed in cell-sized compart-
ments,weattempted tominiaturize and spatially
confine these interactions in microfluidic-
generated water-in-oil droplets (Fig. 3E). To
this end, we produced a binary emulsion of
the DEcm network and created two droplet
populations with and without DNA. Only in
presence of DNA were droplets able to per-
form CO2 fixation by autonomously producing
one of the key enzymes (Ecm) necessary for
their ownmetabolism, demonstrating that the
systems developed here were also functional
on a cellular scale.

Conclusions

Overall, our efforts demonstrate how metab-
olism and gene expression can be integrated
and simultaneously operated outside of their
cellular context. Our system provides a step
forward for the self-construction and self-
maintenance of biological networks, hallmarks
of living systems (29). Reconstructing such

lifelike features in vitro provides the oppor-
tunity to construct “autonomous” cell-free sys-
tems in the future that can produce their own
components autonomously when providedwith
energy andmatter from the environment (30).
Although we successfully demonstrate the

generation of one central building block (gly-
cine) directly from inorganic carbon (CO2) in
this study, a number of challenges still remain
when transitioning from such a “partial” self-
regeneration toward a system that uses CO2

as the sole carbon source for all organic mole-
cules or when transitioning from regenerating
a small number of enzymes to encode a com-
plete metabolic network from DNA. Such ef-
fortswill likely profit from recent advancements
and new concepts in cell-free biology, includ-
ing the development of anaplerotic reaction
sequences for replenishing metabolic inter-
mediates (11), improving TX-TL synthesis rates,
and genetic regulation (8, 31).
One of the biggest challenges of operating

complex in vitro systems is enzyme instability
(12, 15, 32), as well as homeostatic maintenance
against external perturbations. Our approach
of coupling metabolic and genetic networks
could extend the lifetime and robustness of
such in vitro systems by programming “self-
repair” and “dynamic adaptation” responses,
which could be of use in biotechnology (e.g.,
maintenance of biocatalytic enzyme cascades)
and disease control (e.g., production of bio-
active molecules on-demand). Moreover, future
efforts that integrate cell-free gene expression
with multiple biosynthetic as well as catabolic
modules could open new avenues for develop-
ing completely autonomous in vitro systems
that are able to evolve (30).
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