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In vitro ketone production continues to be a challenge due to the biochemical features of the enzymes
involved—even when some of them have been extensively characterized (e.g. thiolase from Clostridium
acetobutylicum), the assembly of synthetic enzyme cascades still face significant limitations (including
issues with protein aggregation and multimerization). Here, we designed and assembled a self-sustaining
enzyme cascade with acetone yields close to the theoretical maximum using acetate as the only carbon
input. The efficiency of this system was further boosted by coupling the enzymatic sequence to a two-
step ATP-regeneration system that enables continuous, cost-effective acetone biosynthesis. Furthermore,
simple methods were implemented for purifying the enzymes necessary for this synthetic metabolism,
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Introduction

Acetone [(CHj3),CO, propanone or dimethyl ketone] is one of the
most commonly-used industrial solvents as well as a platform
chemical widely used in multiple industrial sectors that include
the manufacturing of plastics, pharmaceutics and textiles,
together with applications in agriculture."” Mostly produced as
a by-product of phenol chemical synthesis in the cumene process,
acetone production continues to rely on energy-intensive, oil-
derived processes that result in the generation of hazardous waste
and greenhouse gas emissions.®® This scenario prompted the
development of alternative processes for acetone production,
including bacterial fermentation. Indeed, the ‘acetone-butanol-
ethanol’ (ABE) fermentation by Clostridium strains isolated by
Chaim Weizmann in the first half of the 20th century has been
recognized as one of the most efficient processes for acetone
(and structurally-related ketones) bioproduction.'®™ Due to issues
in connection with climate change and fossil sources availability,
biotechnological chemical production received renewed
interest'**®*—and sustainable, carbon-neutral acetone biomanufac-
turing has been recently demonstrated at the industrial scale.”
Multiple research efforts have been deployed towards improving
ketone production by microbes, with promising acetone titers (up
to 122 mM in cultures of engineered Escherichia coli strains™'®).
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Supported by dedicated strain engineering approaches, previous
studies shed light on the molecular mechanisms underlying
the regulation of the acetone biosynthetic pathway.*'*">* Enhanced
ketones and alcohols production has been demonstrated by using
engineered bacteria, adapted to consume different feedstocks
under optimized fermentation setups.>* However, limited knowl-
edge on the biocatalysts involved often resulted in relatively
low yields, which remain to be a major hurdle for the development
of economically-feasible ABE fermentation and related
bioprocesses.>>*® A detailed understanding of the reaction proper-
ties and the biochemical features of the individual enzymes is
necessary to address this issue. A simple, one-pot system composed
by purified enzymes could accelerate the implementation and
optimization of alternative bioproduction processes.

In this vein, in vitro systems, based either on purified
enzymes or cell-free extracts, constitute a powerful approach
to quantitatively evaluate pathway performance.””>° Such
approaches enable efficient bioproduction without the inter-
ference brought about by the presence of competing pathways
in vivo, while avoiding potential toxicity issues exerted on the
production host by product accumulation. Moreover, the
precise control of reaction conditions allows for gaining useful
insight on specifics about the pathway and its component
enzymes—ultimately supporting the optimization of in vivo
biosynthesis. Nevertheless, a limitation of in vitro approaches
is the relatively high cost of the biocatalysts, together with the
need of supplementing (equally expensive) cofactors to sustain
enzyme-based catalysis.>**" Along this line of reasoning, could
the implementation of novel in vitro strategies help solve some
of the current limitations for optimizing acetone biosynthesis?
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Synthetic metabolism in vitro, based on purified components,
offers the possibility of exploring a number of practical aspects
relevant for high-titer production of value-added compounds,
including pathway bottlenecks,® which cannot be assessed
directly in vivo.

In this study, we describe the development of a synthetic
metabolism for efficient acetone biosynthesis that overcomes
the most relevant bottlenecks previously reported for the
cognate pathway. On the one hand, we developed a platform
to study parameters affecting both the reaction and key enzymes
involved in the acetone biosynthetic pathway. On the other hand,
the issue of cost-effectiveness in cell-free bioproduction was
addressed by coupling the enzymatic cascade to a highly-
efficient ATP-regeneration system. By rationally combining
these approaches, we demonstrate maximal theoretical yields
for acetate-dependent acetone biosynthesis without ATP supple-
mentation in a self-sustaining enzymatic cascade.

Materials and methods

Bacterial strains, construction of plasmids and culture
conditions

Bacterial strains and plasmids used in this study are presented
in Table 1. Bacterial cultures [i.e. E. coli DH50 Apir or BL21(DE3)]
were incubated at 37 °C and agitated at 200 rpm (MaxQ™ 8000
incubator; Thermo Fisher Scientific, Waltham, MA, USA). For
general cloning procedures, lysogeny broth (LB medium, con-
taining 10 g L~ tryptone, 5 g L' yeast extract and 10 g L * NaCl)
was used for cell growth; solid culture media additionally
contained 15 g L™" agar. For protein production experiments,
cells were grown in 2 x YT medium,’® containing 16 g L™"

Table 1 Bacterial strains and plasmids used in this study

View Article Online

RSC Chemical Biology

tryptone, 10 g L™ " yeast extract and 10 g L™ " NaCl; solid culture
media additionally contained 15 g L™" agar. Kanamycin (Km)
was added whenever needed at 50 pg mL ™", The optical density
of cell cultures was measured at 600 nm (ODg) to estimate
biomass concentrations, and recorded in a Genesys 20 spectro-
photometer (Thermo Fisher Scientific).

General cloning procedures and construction of plasmids

Oligonucleotides and gene fragments used in this work are
listed in Table S1 and S2 in the ESIf. The gene fragments
encoding the two polyphosphate (polyP) kinases** used in this
study [i.e. from Acinetobacter johnsonii (PPK2¥) and Sinorhizo-
bium meliloti (PPK2°™)] were synthesized by Twist Bioscience
(San Francisco, CA, USA). Genes encoding thiolase (Thl) and
acetoacetate decarboxylase (Adc) from Clostridium acetobutylicum,
as well as the fragment encoding acetate: coenzyme A (CoA)
transferase (AtoDA) from E. coli, were amplified from plasmid
pS4318-MKs." These fragments were inserted into a modified
PET-28a(+) vector as N-terminal Hise,.-tag fusions by uracil-
excision (USER) cloning using well-established protocols.>*™”
The AMUSER tool was employed for designing oligonucleotides.****
In case of Adc, the variants (i) without a tag, (ii) with N-terminal or
(iii) with C-terminal Hise,-tag fusions were constructed. Phusion™
U high-fidelity DNA polymerase (ThermoFisher Scientific,
Waltham, MA, USA) was used according to the manufacturer’s
specifications in amplifications intended for USER cloning. The
vectors constructed herein encode a TEV cleavage site between the
Hise-tag and the gene sequence encoding the protein of interest,
and the native START codon was removed in all cases towards
creating gene fusions. For colony PCR amplifications, the commer-
cial OneTaq™ master mix (New England BioLabs, Ipswich, MA,
USA) was used according to the supplier’s instructions. E. coli DH5a

Bacterial

strain Relevant characteristics®

Reference or source

Escherichia coli

DH50 Apir  Cloning host; F~ A~ endA1 ginX44(AS) thiE1 recAl relA1 spoT1 gyrA96(Nal®) rfbC1 deoR nupG Hanahan and Meselson®
®80(lacZAM15) A(argF-lac)U169 hsdR17(r~ my'), Apir lysogen
BL21(DE3)  Protein production host; F~ omp];gal [dem and lon] hsdS(rg~ mg*) with DE3, a A prophage carrying the  Jeong et al.”®
T7 RNA polymerase gene and lac.
Reference or
Plasmid Relevant characteristics® source
pET-28a(+)-TEV Expression vector; oriV(pBR322), T7 promoter; Km"® GeneScript
PET28a(+)-Ntyis6x-TEV-Thl Derivative of vector pET-28a(+)-TEV harboring the thi°* gene in phase with a N-terminal ¢, His-tag This work
and the TEV cleavage site; Py, — Hisg, — TEV-site — thl“*; Km®
PET28a(+)-Ntyis6-TEV-AtoDA  Derivative of vector pET-28a(+)-TEV harboring the atoDA™ genes in phase with a N-terminal 4, His- This work
tag and the TEV cleavage site; Pr, — Hisg, — TEV-site — atoA™; Km®
PET28a(+)-Ntyise-TEV-Adc Derivative of vector pET-28a(+)-TEV harboring the adc®® gene in phase with a N-terminal ¢, His-tag This work
and the TEV cleavage site; Pr; — Hise,. — TEV-site - adc®®; Km"®
PET28a(+)-Ctyisex-Adc Derivative of vector pET-28a(+)-TEV harboring the adc®® gene in phase with a C-terminal ¢, His-tag; This work
Pr, — adc®® — Hisg,; Km®
pET28a(+)-Ade Derivative of vector pET-28a(+)-TEV harboring the adc“® gene; Pr; — adc®; Km® This work
pET28a(+)-PpkA Derivative of vector pET-28a(+)-TEV harboring the ppk2?¥ gene in phase with a N-terminal ¢, His-tag This work
and the TEV cleavage site; Pr; — Hisq — TEV-site — ppk2?¥; Km®
pET28a(+)-Ppks Derivative of vector pET-28a(+)-TEV harboring the ppk2°” gene in phase with a N-terminal ¢, His-tag This work

and the TEV cleavage site; Pr; — Hisg, — TEV-site — ppk25”; Km"®

“ Antibiotic markers: Km, kanamycin and Nal, nalidixic acid. The source of relevant genes is indicated with a superscript as follows: Ca, Clostridium
acetobutylicum; Ec, Escherichia coli; Aj, Acinetobacter johnsonii and Sm, Sinorhizobium meliloti.
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A\pir (Table 1) was employed as the bacterial host for general
cloning purposes. Chemically-competent E. coli cells were prepared
and transformed with plasmids using the Mix and Go™ commercial
kit (Zymo Research, Irvin, CA, USA) according to the manufacturer’s
indications. The DNA sequence of all used plasmids was verified by
Mix2Seq sequencing (Eurofins Genomics, Ebersberg, Germany).
Following sequence verification, the plasmids were transformed
into E. coli BL21(DE3) for protein production experiments (Table 1).

Protein production and purification procedures

A single E. coli BL21(DE3) colony carrying individual pET-28a(+)
constructs of interest (Table 1) was used to inoculate 5 mL of LB
medium supplemented with Km and grown overnight at 37 °C
with agitation at 200 rpm. Next, 500 mL (final volume) of 2 x YT
medium supplemented with Km was inoculated with the over-
night culture at a 1% (v/v) ratio and incubated at 37 °C and
200 rpm until ODgo, reached 0.5-0.7. At this point, protein
production was induced by addition of 0.5 mM isopropyl-p-b-1-
thiogalactopyranoside (IPTG; Sigma-Aldrich Co., St. Louis, MO,
USA). Cultures were then allowed to grow overnight at 20 °C
and 200 rpm, after which the cells were harvested by centrifu-
gation (4000 x g, 20 min, 4 °C). Cell pellets were stored at
—20 °C prior to protein extraction and purification.

All samples were kept on ice throughout all purification
processes. To this end, bacterial pellets were resuspended in
20 mL of buffer A (20 mM sodium phosphate buffer, pH = 7.5,
300 mM NaCl and 20 mM imidazole). The resulting cell
suspensions were lysed by three passes through an Emulsiflex
C5 high-pressure homogenizer* at 1.0-1.5 kbar (Avestin Europe
GmbH, Mannheim, Germany). Subsequently, 25 U mL ™" of
Pierce™ universal nuclease for cell lysis was added to each of
the samples, incubated for 30 min at room temperature and
centrifuged (12000 x g, 20 min, 4 °C) to remove cell debris.
Following centrifugation and filtration of cell extracts through
0.2 pm membranes, protein purification was carried out using
1 mL of HisPur Ni-NTA Resin (Thermo Scientific) in 10 mL
Pierce™ disposable columns. Non-bound proteins were washed
with 20 mL of buffer A before elution with 4 mL of buffer B
(20 mM sodium phosphate buffer, pH = 7.5, 300 mM NacCl and
500 mM imidazole). The buffer of the eluted fraction was
exchanged to 20 mM sodium phosphate, pH = 7.5, 300 mM
NaCl and 1 mM EDTA, using PD-10 desalting columns (Cytiva,
Marlborough, MA, USA) according to the instructions of the
manufacturer. Protein concentrations were determined by mea-
suring the absorbance at 280 nm in a NanoDrop™ 2000 spectro-
photometer (ThermoFisher Scientific) and using the theoretical
extinction coefficient (¢) of the proteins as calculated by prot-
param (available at https://web.expasy.org/protparam; Table S3 in
the ESIt). The degree of purification of each enzyme was verified
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using 4-20% precast polyacrylamide gels (Bio-Rad,
Hercules, CA, USA) and loading 1 pg protein sample per lane
(unless indicated otherwise). Purified enzyme fractions were
aliquoted and stored at 4 °C until further use or, in some cases,
flash-frozen in liquid N, with 20% (v/v) glycerol for prolonged
storage at —80 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The untagged, native Adc protein was produced and purified
as previously described.?® In this case, recombinant cells were
grown in 200 mL of auto-induction media® with Km (200 mg L)
and incubated at 37 °C and 200 rpm for 24 h. An additional
bacterial culture in 2 x YT was also prepared following the
method referenced above in order to compare production yields.
After cell lysis and nuclease treatment, the proteins of the
bacterial host were precipitated by incubation at 65 °C for 2 h.
The heat-treated cell extract was centrifuged (12 000 x g, 20 min,
4 °C). The buffer was exchanged and the samples were stored
as detailed above. In this case, protein quantification was
carried out with the commercial Qubit™ protein assay according
to the manufacturer’s instructions to avoid interference with any
remaining nucleic acids.

Colorimetric analysis for acetone quantification

A vanillin-based spectrophotometric method was adopted for
acetone determination.” Reliant on the specific reaction of
acetone with vanillin in a basic milieu, the samples (100 pL)
were mixed with 60 pL of 130 mM vanillin, followed by addition
of 40 pL of 5 M NaOH. After a 10 min incubation at 60 °C for
10 min and cooling the samples at room temperature for
10 min, the change in absorbance was measured at 430 nm
in a plate reader. The reagent blanks (prepared with water or
the corresponding buffer, depending on the type of experiment)
and proper calibration curves were done in parallel in each set
of experiments.

In vitro assays for acetone production

All enzymatic reactions were carried out in 200 pL working
volume. Reactions contained 5 uM of each enzyme (i.e. Acs, Thl,
AtoDA and Adc), 50 mM phosphate buffer (pH = 7.0), acetate as
a substrate, ATP or AMP as energy cofactors, MgCl, (all of these
components were added at the concentration specified in the
text, depending on the experiment), 1 mM CoA and MilliQ
water as necessary. Acs was added as the final component in
the mixture to launch the reaction. When present, polyP
kinases were included at 5 puM, together with polyP at the
concentrations indicated in the text depending on the assay
(calculated as single phosphate residues). The resulting samples
were incubated at 30 °C for 16 h (unless indicated otherwise) with
shaking at 600 rpm in an Eppendorf SmartBlock™. In some
cases, reactions were stopped by prompt addition of 10 puL of
1 g mL ™" trichloroacetic acid (TCA)’ [at a final concentration of
5% (w/v)], followed by centrifugation (15000 x g, 5 min) to
separate the supernatant from precipitated proteins. These super-
natant samples were subjected to HPLC analysis as detailed in the
next section.

HPLC determination of acetone production and acetate
consumption

The concentrations of acetone and acetate in the assays were
measured by HPLC as described by Liew et al.” with minor
modifications. Samples were analyzed in a Dionex UltiMate
3000 HPLC system equipped with an Aminex™ HPX-87X ion
exclusion (300 x 7.8 mm) column (BioRad) coupled to RI-150
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refractive index and UV (260, 277, 304 and 210 nm) detectors.*?
The column was maintained at 30 °C with a run length of
30 min; the mobile phase comprised 5 mM H,SO, in Milli-Q water
at a flow rate of 0.6 mL min *. The eluted compounds were
detected by a HPLC Waters 481 UV-visible detector at 214 nm.
This detector was connected in series to an RI detector (model
410). HPLC data were processed using the Chromeleon™ chro-
matography data system software 7.1.3 (Thermo Fisher Scientific).
The detection of acetone and acetate was monitored at RI and
compound concentrations were calculated from peak areas using
a calibration curve (Fig. S1 and S2 in the ESI}) prepared with
authentic acetone and acetate standards (99% HPLC standards,
Sigma-Aldrich Co.). A control experiment was performed to rule
out any potential interference in the detection method caused by
the shift of pH induced by the addition of TCA to terminate the
reactions. Standards of acetone (10, 35 and 70 mM) and acetate
(25, 50 and 150 mM) were prepared in water and the areas under
the peaks were compared to equivalent samples containing TCA
at 5% (v/v) (Table S4 in the ESI¥).

Data and statistical analysis

All the experiments reported in this article were independently
repeated at least twice (as indicated in the corresponding figure
or table legend), and the mean value of the corresponding
parameter + standard deviation is presented.

Results and discussion

Enzyme selection for assembly of an enzymatic cascade in vitro
for acetone production

Acetate-dependent production of acetone relies on the enzymes
of the canonical pathway from Clostridium acetobutylicum ATCC
824 (Fig. 1A). We adopted this enzymatic sequence in our study,
where acetate is firstly converted into acetyl-coenzyme A (CoA)

(A) Acs
o ATP + CoA o Acetyl-CoA o]
N )I\ o
_— o —
ONa AMP +PPi CoA
Acetate Acetyl-CoA
(B)

Monomer (1)

Acetoacetyl-CoA
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through the reaction of acetyl-CoA synthetase (Acs). Then,
2 mol of acetyl-CoA are condensed by thiolase (Thl) to generate
1 mol of acetoacetyl-CoA. Acetoacetyl-CoA transferase relocates
the CoA moiety from acetoacetyl-CoA to acetate and forms
acetoacetate, a reaction catalyzed by acetoacetate carboxylase
(Adc) that finally yields acetone. Previous studies on pathway
optimization in vivo indicated that AtoDA, an acetoacetyl-CoA
transferase from E. coli, can mediate a 10-fold improvement
in acetone production using acetate as the main carbon
substrate.'® Based on this observation, we also chose included
AtoDA in our designs towards establishing an optimal enzyme
combination. Thus, the complete biosynthetic pathway from
acetate to acetone includes a commercially available Acs from
Bacillus subtilis (purchased from Megazyme™), the Thl thiolase
and the Adc acetoacetate decarboxylase from C. acetobutylicum
ATCC 824 and the AtoDA acetoacetyl-CoA transferase from
E. coli MG1655. These recombinant enzymes were produced
in E. coli and purified as indicated in the Materials and
methods section, and used to assemble enzymatic cascades
as explained below.

Optimizing an enzyme purification protocol to assemble an
enzymatic cascade for acetone production

Two approaches were adopted for the purification of the
proteins relevant to the enzymatic cascade. One of them was
a classical strategy of a Hisey-tag integration into the protein
sequence (N-terminal), followed by production and purification
according to the standard procedure described in Materials
and methods. By applying this protocol, we could obtain Thl
(a single subunit, forming a homotetramer) and AtoDA (two
subunits, forming a heterotetramer; Fig. 1B). The feasibility of
purifying the heterotetrameric AtoDA by affinity chromatography
was of special relevance as the acetate:CoA transferase activity is
essential for acetone production, yet the only approach reported

AtoDA
Acetate o o o
N M )I\
CoA TN
s~ ONa co
Acetyl-CoA 2

Acetoacetate

Hetero
tetramer (4)

Fig. 1 Scheme of the pathway adopted as a template to optimize acetone biosynthesis and oligomerization status of the individual enzymes therein.
(A) Acetate and ATP-dependent enzymatic cascade proposed for in vitro acetone biosynthesis. Abbreviations: CoA, coenzyme A; PP;, inorganic
pyrophosphate. (B) Structures of the enzymes catalyzing different steps of the ketone pathway generated by using the SWISS-MODEL" platform.
Monomeric acetyl-CoA synthase (Acs); homotetrameric thiolase (Thl);** heterotetrameric acetoacetyl-CoA transferase (AtoDA; PDB DOI: 10.2210/
pdb5DBN/pdb); and homododecameric acetoacetate decarboxylase (Adc).*°
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for the purification of this enzyme required three chromato-
graphic steps and fractional (NH,),SO, precipitation.**** After
testing a few combinations, the optimal design of the pET-
28a(+)-based protein production system was the one encoding
the native atoD and atoA sequences from E. coli MG1655, with
only one subunit (AtoD) tagged in the N-terminal position; the
formation of the complex during protein production allowed for
the successful recovery of an active enzyme complex (AtoDA).
The possibility of fusing a His-tag without causing a significant
effect on the enzyme activity not only eases the purification
process but may also be a promising starting point towards
developing an enzyme immobilization strategy in the future.*’
Together with cofactor requirements (e.g. ATP), the cost of the
biocatalysts (i.e. enzymes) is one of the major barriers for the
commercial application of cell-free biosynthesis—and enzyme
immobilization could help reducing the impact of such costs.
Although the methodology applied for Thl, AtoDA and the
PPK enzymes facilitated the recovery of these biocatalysts, a
similar method could not be applied for Adc purification
(a single subunit, forming a homododecamer, Fig. 1B). For this
biocatalyst, a negative impact on the activity had been reported
when the enzyme is fused to an N-terminal His-tag.’® The
same approach was followed in other studies*® without indicating
decreased activity, and no data is available for an enzyme variant
with the gHis-tag at the C-terminal position. To clarify this
potential interference, both Hisetagged versions of the enzyme
were assayed herein, and we verified a significant loss of activity
in each case. Additionally, the complexity of the predicted dode-
cameric structure (Fig. S3A in the ESIt), and a potential inter-
molecular interference for the modelled His-tagged protein
variant (Fig. S3B in the ESIY), could be identified using PyMOL
and AlphaFold."” Interestingly, removing the tag from the purified
protein by treatment with a commercially-available TEV protease
(Bionordika, Herlev, Denmark) did not improve enzyme recovery or
performance. This observation indicates a role for the subunit
terminals to foster protein folding, exacerbated by secondary pro-
tein structure disturbance and multicomponent complexity.*® Thus,
we adopted and optimized an alternative protein production strat-
egy for thermostable enzymes—a category where Adc belongs.*°
Thermostable enzymes allow for Hisgy-tag free protein
purification by heat-aided degradation and precipitation of
the most abundant host [E. coli BL21(DE3)] proteins. In its
native state, Adc is a 365-kDa homodecamer,*® and it is possible
that the tag interferes with the protein assembly or substrate
access to the active site.”® Different incubation times were
tested to find the best conditions for purification of Adc from
the cell extract through at 65 °C treatment, as monitored by
SDS-PAGE gel analysis. The optimal incubation time was found
to be 2 h, as no significant improvement in the protein purity
was observed by prolonging this incubation time—in fact,
longer incubation times seemed to negatively affect protein
stability. Even though C. acetobutylicum is a mesophilic organ-
ism, this enzyme is stable above 70 °C, which does not come as a
surprise considering that C. acetobutylicum spores can tolerate
temperatures up to 80 °C without losing viability.>® In line with
these observations, a previous study’' determined that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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activity of the enzyme improved after an hour-long incubation
at 70 °C. Hence, this purification protocol was retained for
isolating Adc from C. acetobutylicum.

We further compared protein production profiles in 2 x YT
medium and an auto-induction strategy for growth of recombinant
E. coli BL21(DE3) towards improving Adc yields. Protein suspen-
sions from different cell cultures grown under these conditions
were purified with the previously established heattreatment
conditions and compared by means of SDS-PAGE analysis. The
best condition, resulting in the highest yields of the Adc enzyme,
were achieved by incubating the E. coli BL21(DE3) cells at 37 °C in
auto-induction medium (Table S3 in the ESIt). The main compo-
nents in this medium are glucose, glycerol and lactose. Glucose is
consumed by the cells first, allowing to reach the desired cell
density for sufficient protein production, which is activated by
lactose while glycerol is supporting cell growth during the protein
production phase.”' Indeed, when compared to the biomass
obtained on 2 x YT medium and induced by IPTG addition
(as indicated in Materials and methods), E. coli BL21(DE3) grown
under the auto-induction conditions reached a 5-fold increase in
Adc yields. Thus, the conditions described herein allowed for the
efficient synthesis and purification of all recombinant proteins
needed to assemble a synthetic metabolism for in vitro acetone
formation (Fig. S4 in the ESIt).

Setting the enzymatic cascade in action: optimizing
physicochemical conditions

With the purified enzymes at hand, we next explored the
pathway performance for acetone production in vitro, and we
first aimed at screening optimal pH and temperature conditions.
To this end, the in vitro cascade was incubated with 10 mM
acetate as the only carbon substrate and 10 mM ATP under
different combinations of pH and temperature. In this first set of
assays, we tested pH values between 6 and 8 and incubation
temperatures between 25 and 37 °C. The short incubation period
adopted in these experiments (ie. 1 h) allowed for a quick
comparison across all conditions by evaluating both acetone
biosynthesis and substrate consumption by HPLC. We observed
that the pathway was active under all tested conditions, with
decreased activity at acidic pH and low temperatures (Fig. 2). The
higher performance at alkaline pH might seem surprising, since
Adc from C. acetobutylicum was reported to have an optimal pH
about 6 and neutrality,”> and a substantial decrease of activity
at high pH.*® Additionally, the measurements of the internal pH
of C. acetobutylicum indicated a range of values from 4 to 6
depending on the culture conditions.?*>* Thl was determined to
display a wide range of optimal activity (pH 5.5-7.4),>* whereas
no information is available on the pH preference of AtoDA.
However, the optimal pH of the Acs from B. subtilis was reported
to be 8.4 by the manufacturer, suggesting that the optimal value
for the pathway was a compromise between the performances of
Adc and Acs. One way or the other, the results of our optimiza-
tion efforts showed a slightly higher activity at pH 8 and 37 °C
compared to pH 7 and 30 °C. The latter conditions were kept for
further experiments, due to the general advantages of running
the reaction at a low temperature. In this sense, we reasoned that
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lower temperatures would lead to a more energy-efficient process
while minimizing potential losses of acetone due to evaporation
in long incubations. Thus, the enzymatic cascade was set
at 30 °C and pH 7 with all the enzymes of the pathway (ie.
Acs, Thl, AtoDA and Adc) added in equimolar amounts (5 pM).
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Under these conditions, acetone biosynthesis reached was close
to the maximal theoretical yield (50% mol/mol of the initial
substrate) at a titer of ca. 5 mM (Fig. 2).

Notably, the amount of ATP required by the pathway is
equimolar to the acetone produced. Specifically, 2 molecules
of acetyl-CoA are needed to generate 1 molecule of acetone.
Only one acetyl-CoA unit is obtained by the ATP-dependent Acs
enzyme, while another one is continuously regenerated from
acetoacetyl-CoA by the cofactor-independent AtoDA enzyme.
In fact, ATP supplementation is a critical (and expensive)
feature to ensure a proper level of pathway activity. To find
an alternative solution to this high-cost bottleneck, we investi-
gated the possibility of providing ATP indirectly towards estab-
lishing energy-efficient acetone biosynthesis.

Design and implementation of an ATP-regeneration system

Cofactor regeneration is a crucial step for the development of
cost-effective synthetic metabolism in vitro. In this regard,
several approaches to replenish ATP for biocatalysis have been
described over the last years® and, among these, the implemen-
tation of polyP kinases is receiving increasing attention due to its
versatility.”® % Based on a previously reported biomimetic, polyP-
based, cyclic enzymatic cascades involving methyltransferases,’®
we designed an ATP-regeneration (ATP*"®) system for our syn-
thetic metabolism (Fig. 3). The ATP**C system relies on the activity

n-1
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Fig. 3 Establishing an ATP regeneration (ATPREC) system to support an energy-dependent synthetic metabolism in vitro. Polyphosphate kinase 2 from A.
johnsonii (PPK2¥) catalyzes the phosphoconversion of adenosine monophosphate (AMP) to adenosine diphosphate (ADP). Polyphosphate kinase 2 from
S. meliloti (PPK2°™) subsequently mediates the formation of adenosine triphosphate (ATP) from ADP. Both enzymatic reactions use polyphosphate as a
phosphate donor; inorganic pyrophosphate (PPi) is generated by ATP hydrolysis catalyzed by Acs.
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of 2 PPK enzymes. PolyP kinase 2 from A. johnsonii (PPK2Y)
catalyzes the phosphoconversion of adenosine monophosphate
(AMP) to adenosine diphosphate (ADP). Next, polyP kinase 2 from
S. meliloti (PPK2°™) forms adenosine triphosphate (ATP) from
ADP. Both reactions use polyP as a phosphate donor (Fig. 3), a
class of polymeric phosphate salt (widespread in nature®®®") that
has been flagged as a nearly ideal substrate for ATP regeneration
due to its low cost and stability in aqueous solutions.®®

In a first step, an assay was carried out to assess the
potential of the designed ATP®®® system to increase the
production of acetone with a limited starting amount of ATP.
The experiment was meant to compare acetone biosynthesis
from 25 mM acetate using either (i) 2 and 10 mM ATP without
ATP regeneration or (ii) 2 mM ATP and 10 mM AMP (i.e. no initial
ATP supply) in the presence of the ATP**® system. In condition
(ii), 60 mM polyP and 10 mM MgCl, were supplemented to the
synthetic metabolism to promote ATP recycling. Quantification
of acetate and acetone concentrations at the end of these experi-
ments (Fig. 4A) indicated that the pathway produced acetone at
1.4 mM and 7.8 mM when ATP replenishment was not possi-
ble—flagging the availability of an energy source as a major
bottleneck to high-titer ketone biosynthesis by the synthetic
metabolism. Based on the stoichiometry of the route, these results
represent 70% and 78% of the maximal production yield (ie.
2 and 10 mM acetone, respectively). Adding PPK2¥ and PPK2°",
in contrast, had a dramatic effect of ATP regeneration. An initial
amount of 2 mM ATP mediated the formation of 7.6 mM acetone
(i.e. 5-fold enhancement as compared to the control conditions),
whereas the assay where 10 mM AMP and the ATP®*® system were
present yielded 11.5 mM acetone—corresponding to nearly full
substrate conversion (i.e. 12.5 mM acetone). Analyzing the results
from the perspective of acetate consumption mirrored this trend,
although the yields were slightly higher, probably due to minor
loss of acetone due to evaporation.

Once the feasibility of producing acetone in vitro with no
initial supply of ATP was tested, substrate conversion was
debottlenecked by adjusting the amount of polyP needed to
support efficient ketone biosynthesis. In this regard, a similar
system based on PPK enzymes suggested that 40 mM was the
minimum amount of polyP necessary to regenerate 10 mM
ATP.%* However, increasing the amount of polyP may be detri-
mental for the reaction yield®* due to its ability of sequestering
Mg>* (which could lead to both precipitation of insoluble
mineral complexes and limited enzyme activity due to a dearth
of metallic cofactors). The mild chelating properties of ortho-
phosphate and phosphate oligomers are in fact a well-known
phenomenon.®*®® Therefore, an assay was performed to deter-
mine the optimal Mg?*:polyP ratio in our operating conditions.
Acetate was added in excess (at 50 mM), using a fixed initial
polyP concentration of 60 mM and a range of MgCl, concentra-
tions from 2.5 to 15 mM. We observed an improvement of
acetone production from 2.5 to 14.5 mM (Fig. 4B), indicating
more significant effect with 12.5 and 15 mM of MgCl,. This
dynamic suggests a threshold, where a minimal amount of
MgCl, is necessary to reach optimal pathway activity. Once the
divalent cation is sufficiently available, the reaction rate rapidly

© 2022 The Author(s). Published by the Royal Society of Chemistry
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yields on substrate are indicated as a % of the theoretical maximum. The
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reaches its maximum. The fact that high conversion yields were
reached in similar conditions with 10 mM MgCl, (Fig. 4A)
suggests that in addition to phosphate and oligophosphates,
acetate might also contribute to withdraw Mg?".

Based on the former assays, new reactions were designed
to explore the conversion of 150 mM acetate. The selected
concentration required a stoichiometric amount of 75 mM ATP
for which polyP was added at 360 mM and the concentration of
MgCl, was increased up to 75 mM. The production of acetone
was assayed with 10 mM AMP, 10 mM ATP or 2 mM ATP. High
conversion was verified in the presence of both 10 mM ATP and
AMP, attaining 81% and 79% acetate consumption, respectively
(Fig. 4C). The acetone concentration with 10 mM AMP reached
56 mM. In the case of the 10 mM ATP condition, the value
increased up to 84% (130 mM acetate consumed) when the
incubation time was prolonged to 24 h, with a final acetone
concentration of 62 mM (ie. 3 g L™"). To the best of our
knowledge, this is the highest acetone production from acetate
reported for a purified system (84% of the theoretical yield). In a
recent work, 87 mM acetone was produced in a crude cell extract
supplemented with glucose as the main carbon substrate.” The
conversion yields reported in our study highlight the robustness
of the developed enzymatic platform, which is able to operate
efficiently even under high-ionic-strength conditions. The slight
increase in acetone biosynthesis from 16 to 24 h further suggests
that the enzyme cascade is still active—although working at a
suboptimal rate. This situation could be a consequence of
biocatalyst denaturation but also an inhibitory effect of the
acetone or pyrophosphate as the end-metabolites of the route.
Specifically, pyrophosphate is known to exert product inhibition
on Acs.*”%®

The pipeline developed herein for the pathway assembly in vitro
provided a highly efficient self-sustaining enzymatic cascade that,
under optimal conditions, produced 62 mM of acetone from
acetate, allowing cost-improved acetone biosynthesis in vitro. The
system is compatible with a recently reported high-throughput
assays for detection of ketones by cell factories." Thus, we expect
this platform to be an asset not only for gaining insight on the
mechanics of the pathway (including various substrate combina-
tions), but also for a broad biosynthesis application of other related
ketones and alcohols.

Conclusion

This work provides a first case-example of assembling one-pot
synthetic metabolism in vitro for acetone biosynthesis from
acetate with close-to-theoretical yield. Our approach includes
straightforward production and purification strategies for the
components of the enzymatic cascade, navigating through pro-
tein specifics, from hetero-mers to complex homo-oligomers.
This in vitro platform for ketone production may also serve as a
simple and efficient blueprint for studying acetone biosynthesis
under different conditions (e.g. pH, temperature and ionic
strength). Moreover, combined with an efficient ATP regenera-
tion system, this strategy allowed to reach 84-94% of the

1338 | RSC Chem. Biol., 2022, 3,1331-1341
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maximum theoretical yield of acetone without external ATP
supplementation. Using 150 mM of acetate as the feedstock,
the fine-tuning of the reaction conditions led to 56 mM of
acetone using AMP as the sole energy cofactor. In summary,
these results will enable continuous cost-effective biosynthesis of
acetone and potentially other products, bringing more opportu-
nities for sustainable manufacturing powered by biochemistry.
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