A light-driven in vitro enzymatic biosystem for the synthesis of a-farnesene from
methanol

Xinyue Guil-?f, Fei Li?f, Xinyu Cui23, Ranran Wu2, Dingyu Liu2, Chunling Ma?2,
Lijuan Ma!, Huifeng Jiang?3, Chun You?*, and Zhiguang Zhu?3"

I Key Laboratory of Industrial Fermentation Microbiology, Ministry of Education,
Tianjin Key Laboratory of Industrial Microbiology, The College of Biotechnology,
Tianjin University of Science and Technology, Tianjin, 300457, China

2 Key Laboratory of Engineering Biology for Low-Carbon Manufacturing, Tianjin
Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin, 300308,
China

3 University of Chinese Academy of Sciences, Beijing, 100049, China

* Correspondence should be addressed to zhu_zg@tib.cas.cn or you_c@tib.cas.cn

TThese authors contributed equally to this work.

ABSTRACT: Terpenoids of substantial industrial interest are mainly obtained through
direct extraction from plant sources. Recently, microbial cell factories or in vitro
enzymatic biosystems have emerged as promising alternatives for terpenoid production.
Here, we report a route for the synthesis of a-farnesene based on an in vitro enzyme
cascade reaction using methanol as an inexpensive and renewable C1 substrate.
Thirteen biocatalytic reactions divided into two modules were optimized and coupled
to achieve methanol-to-a-farnesene conversion via integration with natural thylakoid
membranes as a green energy engine. This in vitro enzymatic biosystem driven by light
enabled the production of 1.43 mg L-! and 2.40 mg L' a-farnesene using methanol and
the intermediate glycolaldehyde as substrates, respectively. This work could provide a
promising strategy for developing light-powered in vitro biosynthetic platforms to
produce more natural compounds synthesized from C1 substrates.

KEYWORDS: a-farnesene, enzyme cascade, in vitro biosystem, C1 substrate, thylakoid
membranes

INTRODUCTION

Terpenoids, including the sesquiterpene a-farnesene, are a significant group of
natural compounds with diverse applications in materials, flavors, agriculture, and
medicine [1-3]. The natural biosynthetic pathways of terpenoids include the mevalonate
pathway (MVA pathway) and the 2-C-methyl-D-erythritol 4-phosphate/1-deoxy-d-
xylulose 5-phosphate pathway (MEP pathway). Terpenoids are subsequently
synthesized from different numbers of molecules of isopentenyl pyrophosphate (IPP)
and dimethylallyl pyrophosphate (DMAPP) generated from these two pathways.
Usually, plant cells have both the MVA and MEP pathways, while most other
organisms, such as gram-negative bacteria, photosynthetic cyanobacteria and green
algae, have only the MEP pathway.

Traditionally, terpenoids are obtained through direct extraction from plant sources,
which suffer from low yields and poor purities and fail to meet the needs of human
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society [4]. The chemical synthesis of structurally complex terpenoids from
petrochemicals remains challenging and environmentally unfriendly. Alternatively,
microbial cell factories, particularly with the aid of synthetic biology, have emerged as
a promising route for the synthesis of industrially important terpenes. Engineered
strains such as cyanobacteria, Escherichia coli and Saccharomyces cerevisiae have
been widely used to produce terpenoids from renewable substrates. For example, the
model cyanobacterium Synechococcus elongatus PCC7942, with the introduction of an
optimized MEP pathway and a heterologous farnesene synthase (FS), produced 4.6 mg
L' a-farnesene in 7 days from CO, [5]. The introduction of an MV A-based lycopene
metabolic pathway to E. coli resulted in a lycopene yield of 219.7 mg g! DCW [6].
Similarly, a rewired S. cerevisiae strain produced 190.5 mg L' a-farnesene through the
combination of the MVA pathway and a soybean-derived FS [7]. Furthermore, with
advances in cell-free synthetic biology, in vitro synthetic biosystems have also been
shown to successfully produce some terpenoids due to the advantages of an easy
pathway design and high modularity [8]. For instance, an enzymatic cascade starting
from acetic acid based on the MVA pathway yielded 1.6 g L' farnesyl diphosphate
(FPP) after optimization [9]. A one-pot cell-free biosystem, including a soluble P450
and a five-enzyme orthogonal cofactor regeneration module, led to the synthesis of 1 g
L' nepetalactone [10]. With as many as 27 enzymes, a complicated in vitro biosystem
for the conversion of glucose into monoterpenes was constructed, with the production
of 12.5 g L! limonene and 14.9 g L-! pinene [11]. These endeavors have indicated that
in vitro biosystems may outperform in vivo biosystems not only in terms of pathway
design but also in terms of product yield.

However, in vitro synthetic biosystems still face challenges pertaining to the likely
use of costly and unstable cofactors, as they are unable to self-replenish cofactors as
cellular systems do [12]. Currently, two methods have been developed to address
cofactor regeneration: eliminating the use of cofactors by designing a redox-balanced
enzymatic pathway or adding a sacrificial substrate and enzyme to construct a cofactor
regeneration module within the constructed pathway [13-15]. Nevertheless, byproduct
generation and an additional thermokinetic burden may arise from these approaches.
Alternatively, naturally existing thylakoid membranes (TMs), which function as light-
powered green engines for the coregeneration of ATP and NADPH, have been used.
For example, with the aid of TMs, an artificial carbon-fixing cycle, crotonyl-
CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA (CETCH), was constructed with the
production of glycolate at concentrations of up to 47 uM in 90 min by fixing carbon
dioxide [16]. For the first time, TMs were applied to produce poly(3-hydroxybutyrate)
from acetate in an in vitro synthetic enzymatic biosystem with a light energy conversion
of 3.04% [17]. This finding suggests the promise of using TMs to drive more in vitro
biosystems.

In recent years, Cl1 compounds such as carbon monoxide, carbon dioxide,
methanol, and methane have become the preferred feedstocks in biomanufacturing due
to their natural abundance, low cost and good sustainability [18]. Considerable efforts
have been devoted to the bioconversion of C1 compounds through in vitro biosystems
[19]. Valuable chemicals such as n-butanol, ethanol, rare functional sugars, and even
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starch have been produced from C1 feedstock via naturally or artificially designed
enzyme cascades [20-22]. However, the use of C1 feedstock for the in vitro biosynthesis
of terpenoids has rarely been reported. Notably, in many terpenoid biosynthesis
pathways, acetyl-CoA (AcCoA) is an essential intermediate. Recent work on the
conversion of methanol or formaldehyde to AcCoA using an unnatural pathway has
been reported [23]. Therefore, this beautiful C1-to-AcCoA pathway could function as
a bridge between Cl1 compounds and the MVA pathway to realize terpenoid
biosynthesis with C1 substrates.

Here, we developed an in vitro enzymatic biosystem to synthesize o-farnesene
using methanol as the substrate. The system comprising 13 steps catalyzed by 14
enzymes can be separated into two synthetic modules to achieve this goal. The four
regeneration reactions driven by light-powered TMs include three ATP regeneration
reactions and one NADPH regeneration reaction. This in vitro biosystem is expected to
achieve the coupling of light energy input and a-farnesene synthesis from C1 substrates
such as methanol. Through enzyme mining and optimization of the biosystem, such as
the concentrations of enzymes, TMs and cofactors, the product yield can be enhanced.
This study could provide a promising route for the biosynthesis of a-farnesene.
Additionally, the information gained from in vitro biosystems could guide the
engineering of photosynthetic cell factories for the synthesis of many other terpenes.

MATERIALS AND METHODS

Chemicals and strains. All chemicals and biochemicals were purchased from
Sigma—Aldrich (St. Louis, MO, U.S.A.), Thermo Fisher Scientific (Shanghai, China),
Sinopharm (Shanghai, China), and Aladdin (Shanghai, China), unless noted otherwise.
Primers and synthesized genes were obtained from GENEWIZ (Suzhou, China).
Aminex HPX-87H columns were purchased from Bio-Rad (Hercules, United States of
America)). High-affinity Ni-NTA resins were purchased from GE Healthcare Life
Sciences (United States of America). Alcohol oxidase (AOX) was purchased from
Sigma—Aldrich. Catalase (Cat) was purchased from Auwitkey (Suzhou, China).

Construction of plasmids. The genes encoding the target proteins, including
GALS, EcGCL, ACPS, PTA, PhaA, Hmgs, Hmgr, Mvk, Pmvk, Mdc, IDI, ISPA MdFs
and AFS, were synthesized and constructed in the pET28a plasmid, as shown in Table
S3. The plasmid primers for all enzymes used in the study are listed in Table S4. The
DNA sequences of the relevant enzymes are shown in Table S5. All the plasmids were
transformed into the E. coli strain DE3 (BL21) for overexpression.

Protein synthesis and purification. Strains of E. coli BL21(DE3) harboring the
relevant expression plasmid were incubated in 5 mL of LB media supplemented with
50 pg mL-! kanamycin at 37 °C until the ODg reached approximately 0.6-0.8, which
was induced by the addition of IPTG at a final concentration of 0.1 mM, followed by
an incubation at 16 °C for 18-20 hours. After the collection of the cells by
centrifugation at 5000 rpm, the precipitate was resuspended in buffer A (50 mM HEPES,
50 mM NaCl, pH 7.5). EcGCL was suspended in 100 mM Tris-HCI buffer containing
300 mM KCI and 5 mM magnesium sulfate (pH 7.5). The cell suspensions were lysed
in a high-pressure homogenizer, and the supernatant was collected by centrifugation at
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8000 rpm for 30 min. The supernatant was transferred to a Ni-NTA resin column,
washed with 3—5 CVs (column volumes) of buffer B (30 mM imidazole in buffer A)
and eluted with buffer C (500 mM imidazole in buffer A). Specifically, PTA and IDI
were eluted with buffer C containing 400 mM NaCl to maintain protein activity.
GALSF397vc30sm Wwas eluted with 500 mM imidazole in 50 mM HEPES buffer
containing 5 mM magnesium sulfate (pH 7.5). Purified target proteins were
concentrated in ultrafiltration tubes and subjected to 12% SDS-PAGE. Protein
concentrations were determined using the Bradford method with bovine serum albumin
as the standard.

Enzymatic activity assays. The enzyme activities of GALSk397yc39sm and EcGCL
were determined in the same manner. The reaction mixture comprised 50 mM
potassium phosphate buffer (pH 7.4), 5 mM MgSQO,, 0.5 mM ThDP, 50 pg mL-!
glycerol dehydrogenase, | mM NADH, and different concentrations of formaldehyde.
The reaction was started by adding GALSF397yc39sm Or EcGCL at 37 °C, and an initial
linear decrease in absorbance was observed at 340 nm [24]. The kinetic parameters k.,
and K, of EcGCL were estimated according to the Michaelis—Menten equation using
GraphPad Prism 5 software.

Enzyme activity assay for ACPS. The reaction mixture (200 pL) contained 50 mM
potassium phosphate buffer (pH 7.5), 5 mM MgSO,, 1 mM ThDP, 10 mM
glycolaldehyde, 1 mM ADP, 0.2 mg mL-! acetate kinase, 5 U hexokinase, 2.5 U
glucose-6-phosphate dehydrogenase, | mM NADP" and 10 mM glucose. ACPS was
added to the reaction system at a concentration of 0.5 mg mL!> and the reaction was
performed at 37 °C. NADPH production was detected at 340 nm [23].

Enzyme activity assay for PTA. For the determination of PTA activity, the inverse
reaction method was used. The reaction mixture consisted of 100 mM Tris-HCI (pH
7.2), 5 mM MgCl,, 5 mM KH,PO,4, 0.1 mM DTNB, and 0.1 mM acetyl-CoA. The
reaction was performed at 55 °C, and the absorbance was measured at 412 nm (g412 =
13.5 mM! cm™) [25].

Isolation of thylakoid membranes. TMs were isolated from Spinacia oleracea
by Percoll/sucrose gradient centrifugation [26, 27]. Fresh spinach leaves were harvested
and blended with buffer A (50 mM HEPES-KOH pH 7.6, 330 mM sorbitol, 5 mM
MgCl,, and 0.1% (w/v) bovine serum albumin), and then the homogenate was filtered
through eight layers of gauze. The filtrate was centrifuged at 4,000 rpm for 10 min. The
precipitates were collected and suspended in buffer B (50 mM HEPES-KOH pH 7.6,
300 mM sorbitol, 5 mM MgCl,, and 10 mM sodium L-ascorbate) and then overlaid on
a Percoll gradient (80 %: 80 % v/v Percoll, 300 mM sucrose, 10 mM sodium L-
ascorbate, and 60 mM MOPS-KOH pH 7.6 and 40 %: 40 % v/v Percoll, 300 mM
sucrose, 10 mM sodium L-ascorbate, and 25 mM MOPS-KOH pH 7.6). The bands of
the thylakoid membranes were harvested by centrifugation at 4,000 rpm for 10 min and
washed twice with buffer B. The sediment was subsequently suspended in buffer C (10
mM HEPES-KOH, pH 7.6; 10 mM sodium L-ascorbate; 10 mM MgCl,; and 10%
DMSO) and stored at -80 °C. Before use, the thylakoid membranes were washed 2
times with buffer D (10 mM HEPES-KOH pH 7.6, 300 mM sorbitol, 10 mM MgCl,,
and 10 mM sodium L-ascorbate).
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ATP and NADPH production rates. Thylakoid activity was assayed by
monitoring NADPH production at 340 nm in a 0.6 mL reaction volume. The reaction
consisted of 50 mM HEPES-KOH (pH 7.8), 3 mM ADP, various concentrations of
ferredoxin, 5 mM K,HPO,4, 3 mM NADP*, 10 mM sodium L-ascorbate, 10 mM KCI,
5 mM MgCl, and TMs of 5 pg of chlorophyll equivalents. The samples were
illuminated with white light at different intensities. ATP production was also measured
using an ATP Assay Kit (Grace, China). Note that all values shown in this work are the
means of triplicate measurements. The error bars represent standard deviations.

Glycolaldehyde synthesis from methanol in vitro. Using 30 mM methanol as the
initial substrate, 0.7 mg mL-' AOX, 0.4 mg mL-! Cat and 2 mg mL-" GALSF397vc398m
were added to 100 mM HEPES buffer (pH 7.5) containing 5 mM MgSO,4 and 1 mM
ThDP in a 500 pL reaction system and incubated for 6 hours at 37 °C. One hundred
microliter samples were collected at two-hour intervals, and the reaction was terminated
with 10% sulfuric acid. After centrifugation at 13,000 rpm for 10 min, the samples were
analyzed using HPLC. The HPLC instrument was equipped with an Aminex HPX-87H
column, and the HPLC conditions were set at 40 °C with a mobile phase of 5 mM
sulfuric acid and a flow rate of 0.6 mL min! [24].

In vitro synthesis of a-farnesene from glycolaldehyde. The reaction system for
the synthesis of a-farnesene from glycolaldehyde in vitro without the addition of
thylakoid membranes contained 50 mM sodium phosphate buffer (pH 7.4), 3 mM
glycolaldehyde, 0.5 mg mL! each protein, | mM NADPH, 5 mM ATP, 30 mM KCl, 1
mM Tris (2-carboxyethyl) phosphine (TCEP), and 10 mM MgCl,. The reaction was
incubated at room temperature for 120 min.

The reaction system for the synthesis of a-farnesene from glycolaldehyde in vitro
was driven by light-powered thylakoid membranes in a solution containing 50 mM
sodium phosphate (pH 7.4), 30 mM glycolaldehyde, I mM CoA, 5 mM ADP, 1 mM
NADP*, 5 uM ferredoxin (Fdx), 3.5 mg mL-! ACPS, 0.5 mg mL! PTA, and other
ration-defined enzymes (the molar ratio of
PhaA/Hmgs/Hmgr/Mvk/Pmvk/Mdc/IDI/ISPA/AFS was 1:10:2:5:5:2:5:2:2), 35 mM
KCl, 1 mM TCEP, 15 mM MgCl,, 0.5 M betaine, 10 mM sodium L-ascorbate, 10 mM
K,HPO,, and 30 ug mL-' TMs. The reaction was incubated under 100 pmol photons
m2 s°! of illumination for 6 or 12 hours.

Analytical method for a-farnesene. o-Farnesene was extracted with dodecane.
The samples were mixed 1:1 with dodecane, vortexed and centrifuged at 12,000 rpm
for 5 min. The dodecane phase was quantified using a gas chromatograph—mass
spectrometer (GC-MS, Thermo Fisher Scientific) equipped with a TraceGOLD TG-
SSILMS column (30 m % 0.25 mm x 0.25 pm) and an Orbitrap Exploris GC 240 mass
spectrometer (Thermo Fisher Scientific). The GC program was as follows: initial
temperature of 60 °C, hold for 1 min; linear ramp to 300 °C in 12 min, hold for 10 min.
The data were acquired in full-scan mode (30-350 m/z).

Optimization of Module 1. HEPES buffer (pH 7.5), sodium phosphate buffer (pH
7.4) and potassium phosphate buffer (pH 7.4) used for the reaction of Module 1 at 37 °C
were optimized first. The initial reaction mixture (0.5 mL) contained 50 mM or 100
mM buffer, 30 mM methanol, 0.7 mg mL! AOX, 0.4 mg mL"! Cat, 2 mg mL"!
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GALSF397vc390sM/EcGCL, 5 mM MgSO,4, and 1 mM ThDP. Subsequently, the
concentration of methanol varied from 10 to 30 mM and was optimized. The
concentrations of the enzymes used to load AOX and EcGCL were varied from 0.5 to
3 UmL! for optimization.

Optimization of Module 2. The reaction conditions for the synthesis of a-
farnesene from glycolaldehyde without the addition of TMs were optimized. The ACPS
loading was varied from 0.5 to 5 mg mL-! while PTA was loaded at 0.5 mg mL!, and
the other enzymes, including PhaA, Hmgs, Hmgr, Mvk, Pmvk, Mdc, IDI, ISPA and
AFS, were loaded at a molar ratio of 1:10:2:5:5:2:5:2:2 in 50 mM sodium phosphate
buffer (pH 7.4) containing 20 mM glycolaldehyde, | mM NADPH, 5 mM ATP, 30 mM
KCl, 1 mM Tris (2-carboxyethyl) phosphine (TCEP), and 10 mM MgCl, at room
temperature. Under the optimal conditions for ACPS, the PTA concentration was varied
from 0.5 to 3.5 mg mL!. The concentration of glycolaldehyde was optimized to vary
from 10 to 30 mM. PhaA, Hmgs, Hmgr, Mvk, Pmvk, Mdc, IDI, ISPA and AFS were
optimized in 5-fold increments using 1 mM acetyl coenzyme A as the substrate.

The reaction conditions for the synthesis of a-farnesene from glycolaldehyde with
TMs were optimized based on an initial reaction system containing 50 mM sodium
phosphate buffer (pH 7.4), 20 mM glycolaldehyde, 1 mM NADPH, 5 mM ATP, 30 mM
KCl, 1 mM TCEP, 10 mM MgCl,, 3.5 mg mL-! ACPS, 0.5 mg mL-! PTA, 30 pg mL"!
TMs, 5 uM Fdx, 5 mM ADP, and 1 mM NADP". The enzymes PhaA, Hmgs, Hmgr,
Mvk, Pmvk, Mdc, IDI, ISPA and AFS were loaded at a molar ratio of 1:10:2:5:5:2:5:2:2.
The concentration of ADP for optimization varied from 0.5 to 3 mM. Under the optimal
conditions for ADP, the concentration of NADP* was subsequently optimized from 0.5
to 3 mM. After the optimal concentrations of ADP and NADP* were both determined,
the concentration of TMs was varied from 30 to 60 ug mL-! for optimization, while the
concentration of Fdx was adjusted from 5 to 20 uM. The reaction was incubated under
50 umol photons m~ s-! of illumination at room temperature. The light intensity was
changed from 50 to 300 pmol photons m= s*! while maintaining the other conditions
constant.

Analytical method for methanol. The residual concentration of methanol after
the reaction was detected using a SIEMAN biosensor analyzer (Shenzhen, China). The
reaction was terminated with 10% sulfuric acid and centrifuged at 13,000 rpm for 10
minutes to remove the protein, and the reaction samples were diluted to a concentration
of no more than 0.2 g L-! on the biosensor.

RESULTS AND DISCUSSION

In vitro light-driven biosystem design for o-farnesene synthesis. Two
metabolic pathways (the MVA and MEP pathways) are known for the biosynthesis of
a-farnesene. In our design, the MVA pathway was chosen because it can avoid the
cofactor regeneration problem in the MEP pathway and has a key intermediate, acetyl-
CoA, which can be synthesized from methanol using the SACA pathway [23]. The
multienzyme pathway involves a 13-step biocatalytic reaction and 14 enzymes from
different species (Fig. 1). This pathway is currently the shortest route for the synthesis
of a-farnesene from methanol in vitro and has a high carbon economy; eighteen
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molecules of methanol are required for the biosynthesis of one molecule of a-farnesene,
while three carbons are released in the form of CO,.The information on the enzymes
used in this work is shown in Table S1. Specifically, alcohol oxidase (AOX) catalyzes
the oxidation of methanol to formaldehyde while producing hydrogen peroxide as a
byproduct, which is further broken down into water and oxygen by catalase (Cat). Then,
under the action of glycolaldehyde synthase (GALSg397vc3osm or EcGCL), two
molecules of formaldehyde are condensed into one molecule of glycolaldehyde, and
acetyl phosphate synthase (ACPS) catalyzes glycolaldehyde to synthesize acetyl
phosphate, followed by phosphate acetyltransferase (PTA) catalysis of acetyl phosphate
to synthesize acetyl-CoA, which can be coupled with the MV A pathway. The common
precursor of terpenoids, isopentenyl pyrophosphate (IPP), can be synthesized through
the mevalonate pathway (MVA), and under the action of isopentenyl diphosphate delta
isomerase (IDI), dimethylallyl diphosphate (DMAPP) is formed. Next, DMAPP
combines with IPP to form farnesyl pyrophosphate (FPP), the direct precursor of
sesquiterpenoids, which is further catalyzed by a-farnesene synthase to synthesize o-
farnesene. All reactions and the standard Gibbs free energy change (AG") of each
enzymatic reaction are listed in Table S2. The overall AG ” was calculated to be -426.8
kJ mol! (Fig. S1). This thermodynamic analysis indicated that a theoretical
stoichiometry of 5.6% for methanol to a-farnesene could be achieved using this in vitro
biosystem. The thylakoid membrane was chosen as a green engine using a clean
electron source (e.g., H,O) with the capability of spatiotemporally coregeneration of
ATP and NADPH driven by light to address the energy supply issue, such as the
recycling of ATP and NADPH. This light-driven method can overcome the
shortcomings of the traditional cofactor regeneration method, which normally requires
sacrificial substrates (e.g., glucose or formate), accumulates byproducts and reduces the
atomic economy [28-30].

GALSFk397vc39sm, ACPS, PTA, PhaA, Hmgs, Hmgr, Mvk, Pmvk, Mdc, IDI, ISPA
and MdFs were overexpressed and purified to prove the feasibility of our design, as
shown in Fig. S2. For the conceptual assay, 30 mM methanol was used as the substrate,
and NADPH and ATP were added directly for a-farnesene synthesis. However, o-
farnesene was not produced from methanol in the one-pot enzymatic reaction (data not
shown). Enzymes in the MV A pathway may be affected by methanol molecules or the
accumulation of intermediate formaldehyde molecules. We divided the pathway into
two independent modules to address these possible issues: Module 1 (glycolaldehyde
synthesis from methanol) and Module 2 (a-farnesene synthesis from glycolaldehyde).
Moreover, methanol can be obtained from carbon dioxide via multiple chemical or
biological methods. In this sense, the synthesis of terpenes from C1 compounds such
as methanol or even carbon dioxide could be achieved [31].
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Fig. 1. The designed light-powered in vitro biosystem for a-farnesene synthesis. The pathway from
methanol to a-farnesene includes the recycling of ATP and NADPH using natural thylakoid
membranes. Pi: orthophosphate; CoA: coenzyme A; NADP(H): nicotinamide adenine dinucleotide
phosphate; ATP: adenosine triphosphate; ADP: adenosine diphosphate; PPi: diphosphate; AOX:
alcohol oxidase; Cat: catalase; GALS/GCL: glycolaldehyde synthase; ACPS: acetyl-phosphate
synthase; PTA: phosphate acetyltransferase; PhaA: acetoacetyl-CoA synthase; Hmgs: 3-hydroxy-
3-methylglutaryl-CoAsynthase; Hmgr: 3-hydroxy-3-methylglutaryl-coenzyme A reductase; HMG-
CoA: 3-hydroxy-3methylglutaryl-CoA; Mvk: mevalonate kinase; Pmvk: phosphomevalonate
kinase; Mdc: diphosphomevalonate decarboxylase; IDI: isopentenyl diphosphate delta-isomerase;
IPP: isopentenyl pyrophosphate; DMAPP: dimethylallyl diphosphate; ISPA: farnesyl diphosphate
synthase; FPP: farnesyl pyrophosphate; MdFs/AFS: alpha-farnesene synthase.

Synthesis of glycolaldehyde from methanol. For the dynamic modulation of
Module 1, AOX, Cat and GALSr397vc3osm Were used to convert methanol to
glycolaldehyde (Fig. 2A). The standard curve of glycolaldehyde is shown in Fig. S3.
Initially, GALSF397vc398m, @ mutant of benzoylformate decarboxylase (BFD) from
Pseudomonas putida, was proposed for the condensation of formaldehyde [23]. Liu et
al. increased the k., of GALSF397vyc398m by approximately 160-fold and improved the
catalytic efficiency by approximately 70-fold compared to that of the original enzyme.
In our work, 6 mM glycolaldehyde was obtained from 30 mM methanol in 100 mM
HEPES buffer (pH 7.5). Phosphate buffers were also tested to increase the conversion
efficiency. This result suggested that potassium phosphate buffer was optimal for
GALSF397vc398m, yielding 7.3 mM glycolaldehyde from 30 mM methanol (Fig. 2B).
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This result indicated that the methanol-to-glycolaldehyde conversion efficiency was
approximately 50%. Later, a mutant of glyoxylate carboligase (EcGCL) was found to
convert formaldehyde to glycolaldehyde [32]. This EcGCL produced 31 mM
glycolaldehyde from 75 mM formaldehyde, with a higher substrate affinity than
GALSF397vc398m (K 37 mM vs. 170 mM). As a result, we expressed EcGCL in E. coli
and obtained a K, value of 29.4 mM, which is consistent with the literature (Fig. S4).
Compared with GALSg397vc39sm, £cGCL had a higher formaldehyde conversion
efficiency (Fig. 2C). In a 100 mM HEPES solution (pH 7.5) containing 1.3 mg mL"!
AOX, 0.4 mg mL-! Cat, 5 mM MgSQ,, and 1 mM ThDP, EcGCL could synthesize 10.8
mM glycolaldehyde from 30 mM methanol, which was 1.8-fold greater than that
obtained from GALSg397yc398m. Then, we further optimized the methanol concentration
for this reaction. The yield of glycolaldehyde increased with increasing methanol
concentrations from 10 to 30 mM. However, higher methanol concentrations, such as
40 or 50 mM, had no effect on the yield of glycolaldehyde (Fig. 2D). Finally, AOX and
EcGCL were optimized, and AOX at 0.7 mg mL-! and EcGCL at 2 mg mL"! were found
to be the optimal concentrations (Fig. 2E and 2F). After the optimization of Module 1,
11.4 mM glycolaldehyde could be obtained from 23 mM methanol consumed,
representing a molar conversion efficiency of 77% (Fig. S5). To this end, subsequent
experiments were performed using 30 mM methanol, 0.7 mg mL-! AOX, 0.4 mg mL"!
Cat, and 2 mg mL"! EcGCL in a 100 mM HEPES solution containing 5 mM MgSO,
and 1 mM ThDP.
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Fig. 2. Optimization of Module 1. (A) Reaction diagram of Module 1. (B) Different buffers used
for glycolaldehyde synthesis from methanol catalyzed by GALSg397yc398m 0 EcGCL. (C) Profiles
of glycolaldehyde yield from methanol catalyzed by GALSg397yc39sm and EcGCL. The reaction was
performed at 37 °C in 100 mM HEPES buffer (pH 7.5) with 30 mM methanol, 0.7 mg mL-' AOX,
2 mg mL"! GALSp397yc39sm 0r EcGCL. (D) Optimization of the methanol concentration in 100 mM
HEPES buffer (pH 7.5) containing 0.7 mg mL' AOX and 2 mg mL-' EcGCL at 37 °C. (E)
Optimization of the AOX concentration from 0.3 to 2 mg mL"! in 100 mM HEPES buffer (pH 7.5)
containing 30 mM methanol and 2 mg mL! EcGCL at 37 °C. (F) Optimization of the EcGCL
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concentration from 0.5 to 3 mg mL! in 100 mM HEPES buffer (pH 7.5) containing 30 mM methanol
and 0.7 mg mL! AOX at 37 °C.

Synthesis of a-farnesene from glycolaldehyde. In a preliminary experiment, we
found that Malus domestica a-farnesene synthase (MdF) from our laboratory stock was
poorly expressed in E. coli and was difficult to purify. After searching the database and
references, we found another gene sequence for Malus domestica subsp. chinensis-
derived a-farnesene synthase (AFS, UniProt No. Q84LB2) [33]. When constructed in
pET28a and transferred into BL21 cells for overexpression, AFS was easily
overexpressed but the cells contained many inclusion bodies. Unfortunately, after
trying to reduce the induction temperature and IPTG concentration with little success,
we sought to add the molecular chaperone small ubiquitin-like modifier (SUMO) to the
N-terminus to assist in the correct folding of AFS [34-36]. The expression level of AFS
in E. coli was higher than that of MdFs (Fig. S6). The standard curve of a-farnesene is
shown in Fig. S7. When using 2 mM IPP as a substrate and 0.5 mg mL"! IDI, ISPA,
and MdFs/AFS the yield of AFS was greater than that of MdF, with an a-farnesene
yield of 336 uM versus 152 uM (Fig. 3A). The yield was further increased to
approximately 80% by adjusting the concentrations of all three enzymes (IDI, ISPA
and AFS) to 1 mg mL-!, with I mM IPP used as a substrate (Fig. 3B).
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Fig. 3. Yield of a-farnesene from the biosystem using MdFS or AFS with IPP as the substrate. (A)
MAFS or AFS was used for the synthesis of a-farnesene in 100 mM HEPES buffer (pH 7.5)
containing 2 mM IPP, 0.5 mg mL-! MdFS or AFS at room temperature. (B) Concentrations of 0.2
mgmL-!, 0.5 mgmL" or | mg mL-! of all three enzymes (IDI, ISPA and AFS) used for the synthesis
of a-farnesene in 100 mM HEPES buffer (pH 7.5) supplemented with 1 mM IPP at room

temperature.

Zhu et al. previously optimized the ratios of MVA pathway enzymes and three
additional enzymes for the synthesis of a-farnesene from acetyl coenzyme A. They
controlled the molar ratios of PhaA, Hmgs, Hmgr, Mvk, Pmvk, Mdc, IDI, ISPA, and
AFS to 1:10:2:5:5:2:5:2:2 in the presence of | mM acetyl coenzyme A. As a result, the
amount of a-farnesene increased by more than 6-fold compared with that under other
conditions [37]. Therefore, we used this enzyme ratio and 1 mM acetyl coenzyme A as
a substrate and produced 40.5 uM a-farnesene, consistent with the literature (Fig. 4A).
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Next, we increased the amounts of PhaA, Hmgs, Hmgr, Mvk, Pmvk and Mdc 5-fold to
determine whether the yield of a-farnesene also increased. IDI, ISPA, and AFS were
added at a concentration of 1 mg mL-!, as suggested in the section above. The results
indicated that the highest level of a-farnesene was achieved by adding these nine
enzymes in the specified proportions (Fig. 4A). Changing the concentrations of any of
the MVA pathway enzymes resulted in decreased a-farnesene production. Notably,
Hmgr was reported to be a rate-limiting enzyme in the MV A pathway [38]. However,
we obtained a reduced a-farnesene yield when the concentration of this enzyme was
increased. In addition, when the concentrations of PhaA, Hmgs, Hmgr, Mvk, Pmvk,
Mdc IDI, ISPA and AFS were increased simultaneously by a factor of five, the o-
farnesene yield decreased significantly (Fig. 4B). These results indicated that excess
amounts of enzymes were not always beneficial, at least in our case.

The loading of ACPS was optimized to vary from 0.5 to 3.5 mg mL! to evaluate
the yield of a-farnesene from glycolaldehyde, and the highest production of a-farnesene
was achieved at an ACPS concentration of 3.5 mg mL-!' (Fig. 4C). However, the a-
farnesene yield decreased when the loading of PTA was varied from 0.5 to 3.5 mg mL-!
(Fig. 4D). This result was probably because PTA may interfere with the normal cascade
by transforming other intermediates (e.g., acetyl-phosphate to acetic acid). Since some
intermediates, such as HMG-CoA, mevalonate phosphate, and diphosphomevalonate,
were not available, no further tests were performed.
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Fig. 4. Optimization of Module 2. (A) Optimization of PhaA, Hmgs, Hmgr, Mvk, Pmvk, and Mdc
concentrations using 1 mM acetyl coenzyme A as a substrate. These six enzymes were added at an
original ratio of 1:10:2:5:5:2, and IDI, ISPA, and AFS were added at 1 mg mL-!. (B) Fivefold
increases in the original ratios of PhaA, Hmgs, Hmgr, Mvk, Pmvk, Mdc, IDI, ISPA and AFS; 1 mM
acetyl coenzyme A was used as the substrate. (C) Optimization of ACPS. The concentration of
ACPS was varied from 0.5 to 5.0 mg mL"! using 20 mM glycolaldehyde as the substrate. (D)
Optimization of PTA. The concentration of PTA was varied from 0.5 to 3.5 mg mL! using 20 mM
glycolaldehyde as the substrate. (E) Profile of the a-farnesene yield after the addition of 2 mg mL-!

ACS. (F) Profile of the a-farnesene yield in the presence of different concentrations of
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glycolaldehyde under optimized conditions.

As PTA can produce acetic acid as a byproduct during the synthesis of acetyl-
coenzyme A from acetyl-phosphate, we hypothesized that the presence of acetic acid
may hinder the conversion of glycolaldehyde to a-farnesene. A reaction including 20
mM glycolaldehyde, 5 mM MgCl,, 10 mM KCl, 1 mM ThDP and 1 mM CoA in a 50
mM sodium phosphate solution (pH 7.4) was performed with 0.5 or 2.5 mg mL-! PTA.
The standard curve of sodium acetate and the amount of acetic acid in the samples were
monitored using HPLC (Fig. S8). The amount of acetic acid produced decreased at
higher concentrations of PTA (Fig. S9). We reasoned that as the concentration of PTA
increases, more acetyl-phosphate can be converted to acetyl coenzyme A over time,
resulting in a decrease in the concentration of the byproduct acetic acid. Therefore, as
a method to eliminate the byproduct, acetyl coenzyme A synthetase (ACS) was added
to convert acetic acid to acetyl-CoA. To this end, we used 20 mM glycolaldehyde as a
substrate, added an additional 2 mg mL-! ACS under the optimal enzyme conditions as
described previously and conducted the reaction at room temperature. Unfortunately,
the addition of ACS resulted in a significant decrease rather than an increase in o-
farnesene production (Fig. 4E). This outcome may be caused by the competitive use of
CoA by ACS, which prevented PTA from converting acetyl-phosphate to acetyl
coenzyme A in a normal and timely manner; thus, the conversion of acetic acid by ACS
was less efficient. Here, 13 uM o-farnesene was obtained in the presence of a 50 mM
sodium phosphate solution (pH 7.4) containing 20 mM glycolaldehyde, 1 mM CoA, 5
mM ATP, 1| mM NADPH, 30 mM KCI, 1 mM TCEP, 10 mM MgCl,, 3.5 mg mL"!
ACPS, 0.5 mg mL-! PTA, and PhaA/Hmgs/Hmgr/Mvk/Pmvk/Mdc/IDI/ISPA/AFS at a
molar ratio of 1:10:2:5:5:2:5:2:2. The reaction was performed at room temperature. The
effect of glycolaldehyde concentrations ranging from 10 to 30 mM on the yield of a-
farnesene was further monitored. The yield of a-farnesene increased with increasing
concentrations of glycolaldehyde, reaching 16.4 uM a-farnesene produced from 30 mM
glycolaldehyde (Fig. 4F).

Synthesis of a-farnesene from glycolaldehyde with thylakoid membranes.
Among the pathways for the synthesis of a-farnesene from methanol, the MVA
pathway consumes three ATP molecules and two NADPH molecules. Since ATP and
NADPH are costly and cannot be self-generated in vitro, the failure to incorporate
cofactor regeneration could result in an even more expensive synthetic pathway. To this
end, we proposed the use of thylakoid membranes to regenerate NAPDH and ATP in
Module 2. The integrity and light-harvesting ability of the TMs isolated from S.
oleracea were verified through large-pore blue native polyacrylamide gel
electrophoresis (IpBN-PAGE) (Fig. S10A) and steady-state absorption spectroscopy,
with the absorbance ranging from 350 to 750 nm (Fig. S10B). Nine bands, including
the PSI-PSII megacomplex, PSI supercomplex, PSII core dimer, ATPase, Cytys
supercomplex, PSII core monomer less CP43, LHCII trimer and LHCII monomer, were
consistent with the information described by Timperio et al. The Chla/b ratio of 2.8 was
calculated according to the absorbances at 470 and 650 nm corresponding to Chlb, and
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the bands at 440 and 680 nm corresponded to Chla. The band at 485 nm is attributed to
the electron transitions of carotenoids. The ATP and NADPH regeneration rates were
also determined. At 50 umol photons m s-!, the maximal reduction rate of NADP" to
NADPH was 1.38 uM min! pg! Chl, and the maximum production rate of ATP was
2.27 uM min-!' pg! Chl. The ratio of ATP/NADPH was approximately 2:1, which is in
accordance with the results of Tobias J. Erb [16]. However, the regeneration rates of
NADPH and ATP decreased with increasing light intensity (Fig. SA and 5B), possibly
due to the formation of reactive oxygen species, which could damage components of
the photosynthetic apparatus, such as the D1 subunit [39]. These results confirmed the
intact structure, light-harvesting function and photoreactivity of the TMs in vitro.
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Fig. 5. Light-driven cofactor regeneration by TMs under different light intensities. (A) ATP
production. (B) NADPH production.

Light-driven cofactor regeneration was tested using the above optimized
conditions, and cofactors such as ADP and NADP* were optimized to prove the
feasibility of our design. The ADP concentration was first optimized in a 50 mM
sodium phosphate solution (pH 7.4) containing 20 mM glycolaldehyde, 1 mM CoA,
0.5-3 mM ADP, 1 mM NADP*, 30 mM KCI, 0.5 M betaine, 10 mM soium L-ascorbate,
1 mM TCEP, 10 mM MgCl,, 3.5 mg mL! ACPS, 0.5 mg mL-! PTA, 5 uM Fdx, 10 pg
TMs, and PhaA/Hmgs/Hmgr/Mvk/Pmvk/Mdc/IDI/ISPA/AFS at a molar ratio of
1:10:2:5:5:2:5:2:2. The reaction was performed at room temperature with 50 pmol
photons m? s-! of illumination. The greatest amount of a-farnesene synthesized reached
7.8 uM when the ADP concentration was 1 mM (Fig. 6A). Next, the concentration of
NADP* was optimized based on the ADP concentration at 1 mM, providing an optimal
concentration of NADP* of 1 mM (Fig. 6B). The addition of external ferredoxin (Fdx)
has been reported to be indispensable; thus, the TMs and Fdx concentrations were
optimized, and 30 pg mL! TMs with 5 uM Fdx were suggested as the optimal
conditions (Fig. 6C). Finally, we investigated the effect of different light intensities on
the yield of a-farnesene. The light intensity was varied from 50 to 300 umol photons
m2 s’!, while the other conditions were the same. The experimental results showed that
the highest yield of farnesene was obtained at a light intensity of 50 pmol photons m~
s! (Fig. 6D). As the rate of ATP and NADPH regeneration decreased with increasing
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light intensity, a-farnesene production also decreased. These results indicated the
feasibility of our biosystem for the in vitro synthesis of o-farnesene from
glycolaldehyde driven by light-powered TMs.
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Fig. 6. Optimization of Module 2 driven by light-powered thylakoid membranes. (A) Optimization
of the ADP concentration. (B) Optimization of NADP* concentration. (C) Optimization of the TM
and Fdx concentrations. The optimizations based on the reaction system at room temperature with
50 umol photons m2 s7! of illumination included a 50 mM sodium phosphate solution (pH 7.4)
containing 20 mM glycolaldehyde, 1 mM CoA, 30 mM KCl, 0.5 M betaine, 10 mM soium L-
ascorbate, 1 mM TCEP, 10 mM MgCl,, 3.5 mg mL' ACPS, 0.5 mg mL' PTA, and
PhaA/Hmgs/Hmgr/Mvk/Pmvk/Mdc/IDI/ISPA/AFS at a molar ratio of 1:10:2:5:5:2:5:2:2. D) Effect
of the light intensity on the yield of a-farnesene.

Finally, we attempted to couple the two modules for the synthesis of a-farnesene
from methanol. However, we failed to synthesize a-farnesene from methanol in one
pot. This result could be caused by the toxicity of methanol or the intermediate
formaldehyde, which hinders the stable functioning of some enzymes in the pathway.
Therefore, we proposed conducting the two modules individually and integrating a
vacuum concentration process between Module 1 and Module 2 to switch the reaction
buffer and increase the glycolaldehyde concentration, which ensured the successful
operation of Module 2. In Module 1, glycolaldehyde was synthesized in a 100 mM
HEPES solution containing 5 mM MgSO,4 and 1 mM ThDP. Methanol (30 mM) was
used as the substrate, along with 0.7 mg mL-! AOX, 0.4 mg mL"! Cat, and 2 mg mL"!
EcGCL. After 4 hours, the reaction was terminated with acetonitrile due to its high
volatility. After centrifugation at 13,000 rpm for 10 minutes to remove the protein, the
solution was concentrated in a vacuum concentrator at 40 °C. The solution volume
decreased from 400 pL to 50 pL, resulting in an increase in the glycolaldehyde
concentration to 48.5 mM (Fig. 7A). The concentration of glycolaldehyde decreased by
approximately 4.2%. Subsequently, the concentration of glycolaldehyde was adjusted
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to 20 mM, and glycolaldehyde was used as the substrate for Module 2. Reactions with
or without TMs were assayed under illumination with 50 umol photons m=2 s-'to
confirm that the a-farnesene synthetic biosystem was driven by light-powered
thylakoid membranes. As shown in Fig. 7B, only reactions with TMs and under
illumination can produce approximately 11.8 uM (2.40 mg L") a-farnesene in 6 hours,
corresponding to a molar conversion efficiency of 0.54% based on glycolaldehyde.
Considering a 77% conversion yield from methanol to glycolaldehyde, 7 uM o-
farnesene (1.43 mg L) could be obtained from methanol, corresponding to a 0.42%
molar conversion efficiency. Compared with the optimized results for the individual
modules above, the efficiency of the TMs in converting ADP and NADP* to ATP and
NADPH was still much lower than that from the direct addition of ATP and NADPH.
The low conversion efficiency may have resulted from an insufficient supply of
coenzymes and the incompatibility of some enzymes in the pathway. Furthermore, the
reaction volumes of Module 1 and Module 2 increased from 0.5 mL to 10 mL, while
the concentrations of all the components remained unchanged. The molar conversion
efficiency of methanol to glycolaldehyde was reduced to 57%, while the yield of a-
farnesene was slightly reduced to 9 uM (Fig. 7C and 7D), suggesting the good scale-
up potential of this biosystem.
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Fig. 7. Coupling of Module 1 to Module 2. (A) Glycolaldehyde from Module 1 concentrated by a
vacuum concentrator. (B) Synthesis of a-farnesene in the biosystem with and without the addition
of TMs using 20 mM glycolaldehyde obtained from Module 1 as the substrate. C) Glycolaldehyde

concentration in a 10 mL reaction. D) a-Farnesene concentration in a 10 mL reaction.

Regardless, compared to other studies, the yield of a-farnesene synthesized from
methanol by our biosystem can still be improved. The low yield of a-farnesene is
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attributed to the instability and incompatibility of the enzymes and TMs. In the future,
the yield and productivity of a-farnesene can be improved by modifying the enzymes
in the pathway to increase their activity, selectivity, and stability. Overcoming the rate-
limiting step in this pathway is very important, particularly to increase the supply of
acetyl coenzyme A and further increase the regeneration of cofactors. Additionally, the
immobilization of enzymes and TMs on certain matrices, such as metal organic
frameworks, silica gel, and hydrogels, would result in high stability, activity and
reusability.

CONCLUSIONS

In summary, a light-powered in vitro enzymatic biosystem for o-farnesene
synthesis with methanol as the C1 substrate was constructed. Although the a-farnesene
yield was not high enough, this work revealed the feasibility of terpene synthesis from
C1 compounds by an in vitro light-powered enzymatic biosystem. Our study also
suggests a promising direction for future C1 utilization and may guide the engineering
of photosynthetic cell factories for the synthesis of many other terpenes.
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