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Abstract

Here we report the one-pot, cell-free enzymatic synthesis of the plant monoterpene nepetalactol
starting from the readily available geraniol. A pair of orthogonal cofactor regeneration

systems permitted NAD*-dependent geraniol oxidation followed by NADPH-dependent reductive
cyclization without isolation of intermediates. The orthogonal cofactor regeneration system
maintained a high ratio of NAD* to NADH and a low ratio of NADP* to NADPH. The overall
reaction contains four biosynthetic enzymes, including a soluble P450; and five accessory and
cofactor regeneration enzymes. Furthermore, addition of a NAD*-dependent dehydrogenase to the
one-pot mixture led to ~1 g/L of nepetalactone, the active cat- attractant in catnip.
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One-pot, cell-free synthesis of complex molecules using purified enzymes is a powerful
technology to access natural products that are otherwise difficult to produce.® This

approach has been named total biosynthesis? or synthetic biochemistry.3 Compared to
synthetic chemistry approaches, “cell-free” biosynthesis exploits the precise regio- and
stereoselectivities of enzymes to perform chemical transformations of unprotected substrates
under mild reaction conditions. Cell-free biosynthesis platforms can also outperform
microbial /n vivo biosynthesis by eliminating competing metabolic pathways to overcome
potential toxicity.*> Moreover, cell-free bioproduction benefits from modular and flexible
pathway implementation, rapid design-build-test-learn cycles, and can approach theoretical
conversion.®” Notwithstanding the increasing number of examples of cell-free biosynthesis,
a number of challenges exist which limit the utility. In particular, efficient and orthogonal
cofactor supply and regeneration is an ever-present obstacle, especially for more complex
pathways in which multiple (redox) cofactors are involved. Numerous approaches have been
developed to address this obstacle, including reengineering of enzyme cofactor specificity,8
use of chemically orthogonal unnatural cofactors®19 and in an impressive demonstration,
the use of a molecular rheostat and synthetic purge valve to manage excess cofactor
buildup.11:12

Indeed, balancing cofactor usage is especially important in systems where both reductive
and oxidative reactions are involved. When the biosynthetic pathway uses a single type

of cofactor, such as NAD(H) or NADP(H), concomitant oxidation of reducing equivalents
upon substrate reduction serves to regenerate oxidizing equivalents, and vice versa. During
active metabolism, however, estimated ratios of NAD*:NADH range from 200:1 to 600:1,13
whereas estimated ratios of NADP*:NADPH range from 1:30 to 1:200.13 Thus, many
biosynthetic pathway enzymes have evolved to use different types of cofactors. Indeed,
natural product biosynthetic logic frequently employ both NAD*-dependent oxidation

and NADPH-dependent reduction steps.14-17 Without an orthogonal cofactor regeneration
system, combining all the enzymes in one pot will lead to futile redox cycles. Therefore,

to achieve one-pot reconstitution of such pathways, it is essential to eliminate crosstalk
when regenerating both cofactors. The situation is more complex when the thermodynamic
equilibrium requires high concentrations of the correct cofactor which is true for many

of the NAD(P)H-dependent oxidoreductases.!® Since the enzymes rely on a high ratio of
the correct cofactor i.e., NAD*:NADH or NADPH:NADP*, maintaining an optimal ratio

is key to drive the reaction to completion. In this study, we addressed the requirement of

an orthogonal cofactor regeneration system to accomplish the one-pot cell-free synthesis of
cis-trans nepetalactol (Figure 1).

Biosynthesis of cis-trans nepetalactol 6 (also referred to hereafter as “nepetalactol”) from
geraniol 1 requires NAD"-dependent oxidation and NADPH-dependent reductive cyclization
(Figure 2). Geranyl pyrophosphate (GPP) is hydrolyzed by geraniol synthase to give
geraniol 1.1° Regiospecific hydroxylation of one of the terminal methyl groups by the P450
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geraniol-8-hydroxylase (G8H) provides 8-hydroxygeraniol 2.20 Next, tandem and reversible
NAD*-dependent oxidation of 2 by geraniol oxidoreductase (GOR) generates the dialdehyde
8-oxogeranial 5 (via either 8-hydroxygeranial 3 or 8-oxogeraniol 4).21 Stereoselective
reduction of 5 using NADPH to an enol intermediate by iridoid synthase (ISY), followed by
enzyme-assisted cyclization by a major latex protein-like enzyme (MLPL) result in 6.22:23

5 can spontaneously form the ring-opened iridodials 6*, which can also be derived through
the ring opening of 6, albeit at a slow rate.24 Dehydrogenation of 6 by nepetalactol-related
short-chain reductase/dehydrogenase 1 (NEPS1) forms nepetalactone 7, which is a potent
insect repellent and the active cat-attractant in catnip.2> Nepetalactol 6 can be further
modified into strictosidine, precursor to >3,000 members of the monoterpene indole alkaloid
family (Figure 1). Establishing cost-effective routes to nepetalactol and its derivatives is
therefore an objective for both synthetic chemists and synthetic biologists.

Initial efforts to recapitulate nepetalactol production using cell-free biosynthesis were
prompted by the expensive cost from commercial vendors, the low titers observed in
microbial hosts,26-29 and difficulties in implementing synthetic routes.3%-3% Reported
syntheses suffer from low yields and enantioselectivities; or rely on the costly synthon
(-)-citronellol as an enantiopure starting material.39-35 To perform cell-free biosynthesis,
geraniol 1 was selected as the starting material because of its high abundance as an
essential oil and low cost. Since the plant homologues of G8H are membrane-bound and
not suitable for /n vitro biocatalysis, a functionally equivalent, soluble bacterial P450

was used. CYP154E1 (TfG8H) from Thermobifida fusca Y X was reported to perform

the same hydroxylation as G8H and can be reductively regenerated by the NADPH-
dependent cytochrome P450 flavodoxin/ferredoxin reductase (FpR from Escherichia coli)
and flavodoxin (YkuN) from Bacillus subtillis.363" Using TfG8H, FpR and YkuN, we
were able to observe hydroxylation of 1 to 8-hydroxygeraniol 2 (Figure S2). We next
confirmed the oxidation of 2 to 8-hydroxygeranial 3, 8-oxogeraniol 4 and 8-oxogeranial
5 when combined with GOR and excess NAD™* (Figure S3). The reaction was observed
to reach an equilibrium between these four compounds due to depletion of cofactor and
reaction reversibility. Upon incubation of 5 (330 mg/L) together with ISY and MLPL,
nepetalactol 6 was almost exclusively formed using excess NADPH, with a small amount
of ring-opened iridodials 6* being detected. ISY could utilize both NADPH and NADH as
reducing cofactors, albeit showing strong preference for NADPH.

Despite demonstration of competent /n vitro activities of the individual enzymes, one-pot
synthesis of 6 from 1 as shown in Figure 2 using sub-stoichiometric amounts of cofactors

is challenging. First, an orthogonal cofactor regeneration system is required to regenerate
NAD* from NADH (for the GOR oxidation step), while not oxidizing NADPH, which is
required for TFG8H and ISY turnover. Similarly, the cofactor regeneration system must

also regenerate NADPH from NADP*, while not reducing NAD* to NADH. Second,

the enzyme activities of the regeneration systems must be carefully tuned to match the
differential reactivities TFG8H, GOR and ISY. The oxidation of 2to 5 is stepwise and
readily reversible, and thus can accumulate mono-aldehyde intermediates 3 and 4 (Figure 2).
With 3, ene-reduction catalyzed by ISY follow by aldehyde reduction catalyzed by GOR can
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give irrecoverable shunt products such as 8-hydroxycitronellol 10. Hence, the ratio of NAD*
to NADH available for GOR oxidation must be well-controlled.

For the oxidizing enzyme that can selectively oxidize NADH instead of NADPH, we

use the NADH-oxidase (NoxE) from Lactococcus lactis (Figure S5B).38 When coupled,

10 UM GOR and 5 pM NoxE were able to fully convert 340 mg/L 2 to 5in the

presence of limiting 100 uM NAD™ (Figure S6) within 1 hour (Figure S7). In contrast,

a cost-effective NADPH regeneration system that does not reduce NAD* was not readily
available. The conventional glucose-6-phosphate (G6P) dehydrogenase or glyceraldehyde-3-
phosphate (GAP) dehydrogenase, which convert G6P to 6-phospho-D-glucono-1,5-lactone
and GAP to 1,3-bisphosphoglycerate, respectively,3940 use the expensive substrates G6P
and GAP. Other NADPH-regeneration enzymes such as glucose-1-dehydrogenase and
isocitrate dehydrogenase were also not suitable due to their non-specific cofactor usage

or high substrate cost. Combining the requirements of cofactor orthogonality, ease of
enzyme expression and cost effectiveness, we chose a two-enzyme system which consists of
fumarate hydratase (FumC) and NADP*-dependent malic enzyme (MaeB) from Escherichia
coli. MaeB catalyzes the decarboxylation of (5)-malate to generate pyruvate in a strictly
NADP*-dependent manner.*1 While (S)-malate acid is relatively expensive, it can be
readily generated from the hydration of the inexpensive fumarate by FumC. In addition

to its cofactor selectivity, the decarboxylation reaction catalyzed by MaeB is irreversible
and thus drives the coupled reaction forward. Cloning and characterization of MaeB

and FumC confirmed that the two-enzyme system displayed excellent selectivity towards
NADP* over NAD™ in the presence of fumarate (Figure S5C). To test this system in
catalysis, we performed the coupled reaction of TFG8H/FpR/YkuN and FumC/MaeB with
limiting concentrations of NADPH. Full conversion of 310 mg/L (2 mM) geraniol 1 to
8-hydroxygeraniol 2 with 5 yM TfG8H, 10 uM FpR, 10 pM YkuN, 1 uM FumcC, 10 uM
MaeB and 100 uM NADPH (Figure S8) was observed within 1.5 hours (Figure S9). This
full conversion establishes a robust /in vitro P450 biocatalytic reaction, which typically
requires excess NADPH due to suboptimal electron transfer between the P450 and its
partner enzymes.*2 The FumC/MaeB regeneration system was also fully compatible with
ISY and MLPL and supported the full conversion of 330 mg/L (2 mM) 5 to nepetalactol 6 in
the presence of 0.5 pM ISY, 5 yM MLPL, 1 pM FumC, 10 pM MaeB and 100 pM NADPH
(Figure S11). Neither TfG8H- nor ISY-catalyzed reaction was inhibited by the accumulated
pyruvate (Figures S10 and S12).

With an orthogonal cofactor regeneration system in hand, a one-pot enzymatic synthesis of
nepetalactol 6 was attempted using all purified enzymes. As expected from the substrate
promiscuity of ISY and GOR (Figure 2), incubation of all nine enzymes along with 310
mg/L 1 led to a number of shunt products. Although 5 was produced (15% yield), a
considerable amount of citronellol 9 and 8-hydroxycitronellol 10 were formed (Figures

2 and S13). The alcohol 9 is formed when 1 is oxidized to geranial 8 by GOR, which

then undergoes ene-reduction by ISY, followed by a GOR-catalyzed reduction (Figure

2). To reduce the formation of 9 which is an irrecoverable shunt product, we used a
multi-step, one-pot approach in which I1SY was added after G8H and GOR reactions

were completed. A 200 pL-scale, two-step approach was successful in producing a higher
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amount of nepetalactol (65% yield) (Figure S14). However, the formation of shunt products
remained and was particularly problematic in a larger scale reaction (10 mL) (Figure S15).
We hypothesized formation of 9 is due to low G8H hydroxylation activity caused by oxygen
transport deficiency in the reaction vessel, which led to the O,-independent GOR oxidation
and subsequent conversion to 9.22:2343 When the agitation rate was raised from 250 rpm to
300 rpm, aggregation and precipitation of enzymes were observed.

To eliminate the formation of 9 and 10 as major shunt products, a one-pot drop-in strategy
was pursued, where the biosynthetic enzymes were added sequentially after the upstream
reaction was completed. As an initial test, 310 mg/L 1 was incubated with TfG8H, FpR,
YkuN, FumC, MaeB along with 100 uM NADPH and 6 mM fumarate for 2 hours. Upon full
conversion of 1 to 2, GOR, NoxE and 100 M NAD* were added directly to the mixture,
which was incubated for 2 additional hours. Finally, ISY, MLPL and 6 mM fumarate were
added and reacted for 2 hours. This scheme fully converted 3.1 mg geraniol to nepetalactol
in a 10 mL reaction mixture (Figure S17), forming >3 mg nepetalactol in the reaction
(>95% conversion). We then increased the amount of substrate added to the reaction through
the addition of multiple aliquots of 1 (Figure 3A). The G8H reaction was supplemented

with an additional 310 mg/L geraniol and 6 mM fumarate every 1.5 hours, and substrate
hydroxylation was monitored (Figure 3A, trace i-iv). Our NADPH-regeneration system
supported hydroxylation of a combined 930 mg/L of 1 to 2 within 4.5 hours. Subsequent
addition of GOR and reaction for two hours led to complete conversion of 2to 3, 4, and 5,
and only very minor amounts of 8 (Figure 3A, trace v). Finally, addition of ISY and MLPL
resulted in the formation of 940 mg/L of nepetalactol 6 (93% yield) in two additional hours
(Figure 3A, trace vi). Overall, this one-pot mixture operating at the 10 mL scale produced ~1
g/L of 6 after 8.5 hours (Figure 3A, trace vi).

Encouraged by this result in Figure 3A, we performed the 10 mL reaction with starting batch
concentration of 1 at 957 mg/L (6.2 mM) (Figure 3B, and S17 for the GC/MS traces), with
no additional aliquots. The concentrations of 1, 2, 5 and 6 were measured and plotted as a
function of time in Figure 3B. GOR and NoxE was added after three hours when all of 1
were converted to 2; while ISY and MLPL were added after five hours when all of 2 were
converted to 5. After two additional hours, all of the 5 were converted to 6 with a final
concentration of ~ 1 g/L.

To probe the compatibility of the one-pot reaction with downstream biosynthetic enzymes
that act on 6, the nepetalactol-related short-chain reductase/dehydrogenase (NEPS1) was
introduced to form 7. Since NEPS1 utilizes NAD* to convert nepetalactol to nepetalactone
7, it was added to the reaction mixture at the same time as ISY and MLPL without any
additional cofactors or coenzymes. The near complete conversion of 1 to 7 (930 mg/L) was
observed after 8.5 hours (Figure 3A, trace vii; and Figure S17). Production of nepetalactone
by recycling sub-stoichiometric concentrations of each nicotinamide cofactor corresponds
to 180- and 120-fold decreases in the required molar loading of NAD* and NADPH,
respectively.

In summary, we report the production of nearly 1 g/L nepetalactol 6 or nepetalactone 7
from geraniol through the use of a pair of orthogonal cofactor regeneration enzymes. The
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reaction requires up to five biosynthetic and five auxiliary enzymes and can be operated in
a one-pot fashion. Our results highlight a major advantage permitted by cell-free systems —
the precise temporal control of enzymatic action which is difficult to program via metabolic
engineering.#4-47 Future protein engineering efforts aimed at lowering ISY promiscuity,

or implementing shunt metabolite rescue,*8 could further simplify the reaction sequence.
Our system produces nepetalactol at a titer ~130-fold greater than the highest reported in

a microbial platform.28 Depending on the estimated cost of protein (Table S4), our total
material cost ranges from 60 USD to 120 USD to generate 1 g of 6, which is significantly
lower than current commercial sources. Our platform establishes a cost-effective method to
produce 6, which is useful in the biosynthetic investigation and synthesis of the monoterpene
indole alkaloid natural products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Cis-trans nepetalactol serves as the ten-carbon terpene core of strictosidine, the biosynthetic

precursor to vinblastine, ibogaine, and ~3,000 additional monoterpene indole alkaloids.
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Figure 3.
One pot enzymatic synthesis of nepetalactol and nepetalactone using an orthogonal cofactor

regeneration system. (A) GC-MS chromatograms for 10 mL-scale one-pot conversion of

6 mM geraniol to nepetalactol and nepetalactone. Final reaction contained 925.5 mg/L
geraniol 1, 5 uM TfG8H, 10 uM FpR, 10 uM YkuN, 10 uM GOR, 0.5 pM ISY, 5 uM

MLPL, 1 yM FumC, 10 uM MaeB, 100 uM NADPH, 100 uM NAD™ and 18 mM fumarate
in BTP buffer (pH 9.0) unless otherwise specified. (i) starting material, 2 mM 1, (ii) 1.5-hour
reaction with TfG8H, (iii) additional 1.5-hour reaction with TfG8H and an additional aliquot
of 2 mM 1 added, (iv) additional 1.5-hour reaction with TfG8H and an additional aliquot of
2 mM 1 added, (v) 2-hour reaction after GOR was added to (iv), (vi) 2-hour reaction after
ISY and MLPL were added to (v), (vii) 2-hour reaction after ISY/MLPL and NEPS1 were
added to (v). Peak identities were deduced from GC-MS and by comparison to authentic
standards (see Supporting Information). (B) Substrate (1, blue circle) and products' (2,
orange star; 5, green diamond; 6, purple cross) concentrations measured over time, with
timing of added enzymes indicated with arrows atop. The reaction condition is as specified
above with starting 1 concentration of 957 mg/L (6.2 mM).
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