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ARTICLE INFO ABSTRACT
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Prenol and isoprenol are promising advanced biofuels and serve as biosynthetic precursors for pharmaceuticals,
fragrances, and other industrially relevant compounds. Despite engineering improvements that circumvent in-
termediate cytotoxicity and lower energy barriers, achieving high titer ‘mevalonate (MVA)-derived’ prenol has
remained elusive. Difficulty in selective prenol production stems from the necessary isomerization of isopentenyl
diphosphate (IPP) to dimethylallyl diphosphate (DMAPP) as well as the intrinsic toxicity of these diphosphate
precursors. Here, the expression of specific isopentenyl monophosphate kinases with model-guided enzyme
substitution of diphosphate isomerases and phosphatases enabled selective cycling of monophosphates and di-
phosphates, dramatically improving prenol titers and selectivity in Escherichia coli. Pairing this approach with the
canonical MVA pathway resulted in 300 mg/L prenol at a 30:1 ratio with isoprenol. Further pairing with the
“IPP-Bypass” pathway resulted in 526 mg/L prenol at a 72:1 ratio with isoprenol, the highest and purest MVA-
derived prenol titer to date. Additionally, modifying this “IPP-Repass” for DMAPP production and coexpressing
the prenyltransferase acPT1 yielded 48.3 mg/L of the potential therapeutic precursor drupanin from p-couma-
rate. These novel repass pathways establish a unique strategy for tuning diphosphate precursors to drive iso-
prenoid biosynthesis and prenylation reactions.

feedback-resistant enzymes (Primak et al., 2011).
Nonetheless, circumventing the cytotoxicity of the diphosphate in-

1. Introduction

Isoprenoids are mostly derived from either the methyl-4-erythritol
phosphate (MEP) pathway or the mevalonate (MVA) pathway.
Although evolutionarily distinct, both pathways generate the ubiquitous
5-carbon precursors isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) with balancing via an isopentenyl diphosphate
isomerase (IDI). Microbial isoprenoid bioproduction is predominantly
accomplished via heterologous expression of the MVA pathway in bac-
terial hosts (Martin et al., 2003), a strategy that circumvents the com-
plex intermediate feedback inhibition characteristic of bacterial MEP
pathway refactoring (Li et al., 2020). Despite its own feedback inhibition
mechanisms (Chen et al., 2017), decades of MVA pathway optimization
have improved redox cofactor balancing (Tsuruta et al., 2009), reduced
intermediate cytotoxicity (Ma et al., 2011), and led to the elucidation of

termediates has remained challenging (Li et al., 2018; Withers et al.,
2007). Diphosphate intermediate toxicity is hypothesized to arise from
condensation of the intermediates with ATP, forming the nucleotide
analogue isoprenyl-ATP or Appl (George et al., 2018). Growth inhibition
from diphosphate intermediate accumulation has proven sufficient to
drive growth-coupled enzyme engineering of an isoprene synthase
(Wang et al., 2017) as well as a mevalonate diphosphate decarboxylase
(PMD) (Kang et al., 2017) for production of isoprene and isoprenol,
respectively. In the latter study, the engineered PMD exhibited an
improved promiscuous activity towards mevalonate monophosphate
(MVAP), thereby directly generating isopentenyl monophosphate (IP)
from MVAP and “bypassing’’ the production of toxic IPP (Kang et al.,
2019). This “IPP-Bypass” pathway is capable of generating high titers of
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isoprenol, an appealing gasoline blend additive and a precursor to the
sustainable aviation fuel 1,4-dimethylcyclooctane (DMCO) (Baral et al.,
2021; Rosenkoetter et al., 2019). However, the IPP-bypass strictly limits
the pathway to isoprenol while prenol remains an appealing gasoline
blend additive and precursor to other chemicals (Carruthers et al., 2023;
Monroe et al., 2019).

Recently, isoprenoid alcohol utilization pathways were developed as
alternatives to the canonical MVA pathway (Chatzivasileiou et al., 2019;
Clomburg et al., 2019). One pathway was engineered through a de novo
approach, ultimately arriving upon a five enzyme cascade (LiuC, AibA,
AibB, and cbjALD from Myxococcus xanthus and YahK from E. coli) to
generate high prenol titers from 3-hydroxy-3-methylglutaryl
coenzyme-A (HMG-CoA) (Clomburg et al., 2019). Then, endogenous
prenol is then sequentially converted into DMAP and DMAPP by coex-
pression of an E. coli hydroxyethylthiazole kinase (thiM) and an archaeal
isopentenyl monophosphate kinase (IPK), respectively (Clomburg et al.,
2019). Another pathway involved a two-step process where coex-
pression of a choline kinase from Saccharomyces cerevisiae and an IPK
from Arabidopsis thaliana with addition of exogenous isoprenol and
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(Chatzivasileiou et al., 2019).

The isoprenoid alcohol utilization pathways reframe C5 alcohols as
intermediates rather than products. Of crucial relevance are their in-
clusion of highly active IPKs, which are integral to archaeal MVA
pathways and tend to favor IP as a substrate (Dellas et al., 2013). Two
archaeal IPKs from Methanothermobacter thermautotrophicus and Ther-
moplasma acidophilum have been kinetically characterized in vitro (Chen
and Poulter, 2010) with IPKt, further mutagenized for geranyl mono-
phosphate kinase activity (Mabanglo et al., 2012), prenol kinase activity
(Liu et al., 2016), and expressed to provide stringent growth-coupling in
IPP-bypass pathway engineering (Kang et al., 2017).

Here, we engineered two extensively optimized MVA pathways (the
“Original” MVA pathway and the “IPP-bypass” pathway) with a library
of phosphatases, kinases, and isomerases to recycle isopentenyl/prenyl
monophosphates with their respective diphosphates in the purported
“Original-Repass” and “IPP-Repass” pathways (Fig. 1).

While the phosphatase and isomerase act on both DMAPP and IPP
and the kinase acts on both DMAP and IP, we leveraged the reported in
vitro selectivity of IPKy and IPKy, towards IP over DMAP (64% and

prenol yield their respective mono and then diphosphates 96.4%, respectively) (Chen and Poulter, 2010) to significantly increase
o o o (o) OH O HO o
_CoA —_—> e & e
2 )J\s AtoB /U\/U\s/c‘)A HMGS HO 5" HMGR HO OH
acetyl-CoA acetoacetyl-CoA HMG-CoA MVA
lMK
PMD PMK
o @ HO, 0 - — 0 HO, o
- /P\ /P\ - /P\
071>071>0 OH 071 0 OH
o0 o)
MVAPP MVAP
.. PMD*
“Original” MVA IPP-Bypass
Pathway Pathway
)\/\ ‘r? ﬁ’ Isomerase )\/\ (E,' ﬁ‘
NNorho o < o oo
o O — > o 0
DMAPP IPP

Kinase
(IPK)

Repass Pathway

Phosphatase

(Nudix)
ATP

+ Phosphatase

Prenol

)\/\OH

Kinase
(IPK)

Repass Pathway

Phosphatase
(Nudix)

¢ Phosphatase

Isoprenol

A

Fig. 1. An overview of the repass pathways. The canonical MVA pathway (yellow box) condenses two acetyl-CoA precursors via an acetyltransferase to generate
acetoacetyl-CoA. Acetoacetyl-CoA is converted into hydroxymethylglutaryl-CoA (HMG-CoA) by HMG-CoA synthase, then reduced to mevalonic acid (MVA) by HMG-
CoA reductase and then phosphorylated to mevalonate monophosphate by mevalonate kinase (MK). The pathways diverge with the “Original MVA” pathway
(magenta line) proceeding to mevalonate diphosphate via a mevalonate monophosphate kinase (PMK) then to IPP via mevalonate decarboxylase (PMD). Alterna-
tively, the “IPP-Bypass” pathway (violet line) utilizes a promiscuous decarboxylase, (PMD*) to directly convert MVAP into IP. These pathways are characterized by
their final metabolite, IPP for the Original MVA pathway and IP for the IPP-Bypass pathway. When paired with a phosphatase, isomerase, and kinase, these MVA
pathways become the Original-Repass and IPP-Repass pathways. The recycling of metabolites by the kinase, isomerase, and phosphatase may be subdivided into
DMAP/DMAPP recycling (orange circle) and IPP/IP cycling (blue circle) with flux towards a terminal alcohol derived from the interplay of enzyme kinetics. Repass

pathway line width denotes proposed flux.
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flux towards DMAPP and ultimately prenol. Then, using simple enzyme
kinetics, we evaluated pathway sensitivity to isomerase and phospha-
tase kinetics. By exploring enzymes across different evolutionary do-
mains, we discovered a combination capable of generating 526 mg/L
prenol in a 72:1 ratio of prenol to isoprenol, which is the highest titer
and purity of canonically MVA-derived prenol to date. Finally, a Repass
pathway was paired with a selected prenyltransferase, acPT1, to
demonstrate its capacity to drive prenylation reactions. Such reactions
are crucial for generating certain small natural product derivatives from
indole alkaloids (Li, 2010), isoprenoids, and other aromatics, yet are
often limited by DMAPP supply (Munakata et al., 2019). Our successful
production of drupanin suggests that the repass pathways may be able to
drive a variety of other prenylation schemes. Overall, the repass path-
ways represent a significant new development in MVA pathway
engineering.

2. Materials and methods
2.1. Construction of plasmids and strains

Plasmids were assembled by amplifying genes and vectors from the
JBEI Registry, apart from the isomerases from T. acidophilum and
Methanosarcina mazei, which were codon optimized for Escherichia coli
(Twist Biosciences, South San Francisco). Specifically, genes of interest
were amplified via PCR using Q5 DNA polymerase (New England Bio-
labs (NEB), Ipswitch, MA) and oligos (Integrated DNA Technologies,
Redwood City, CA) with respective 15-30 bp 5’ overhangs for down-
stream assembly. Amplicons were purified (QIAquick PCR Purification
Kit, Qiagen Inc., Germantown, MD), digested with dpnI (Thermo Fisher
Scientific, Waltham, MA), assembled (NEBuilder HiFi DNA Assembly
Cloning Kit, NEB), and cloned into chemically competent XL-1 Blue
E. coli cells prepared by the UC Berkeley QB3 Core facility (Berkeley,
CA). Successful transformants were screened with routine PCR (OneTagq,
NEB), miniprepped (QIAPrep Spin Miniprep Kit, Qiagen), and analyzed
for sequence fidelity using either Sanger sequencing (Azenta Life Sci-
ences, Burlington, MA) or whole plasmid sequencing (Primordium Labs,
Monrovia, CA) depending on construct size. Following successful
sequence validation, plasmids were transformed (2500 V, 5 ms) via 2
mm cuvettes (BioRad Inc, Hercules, CA) into electrochemically compe-
tent E. coli production strains.

E. coli DH1 was selected owing to its historic use for isoprenoid
production. A secondary strain was also constructed harboring a
hydroxyethylthiazole kinase (thiM) deletion, which is the gene respon-
sible for conversion of prenol into DMAP (Clomburg et al., 2019). The
deletion strain was constructed by cloning a pSIM5 into E. coli DH1.
Briefly, pSIM5 harbors lambda-red recombineering genes under a
lambda phage promoter controlled by the cI857 temperature-sensitive
repressor. Overnight culture was diluted 100-fold into fresh LB with 25
mg/L chloramphenicol and grown to an ODgop of 0.4 at 30 °C.
Lambda-red genes were induced through incubation at 42 °C for 15 min
followed by immediate cooling in an ice slurry. The AthiM locus was
amplified from the specified Keio Collection strain (JW 2091 (Baba
etal., 2006)). Linearized single-stranded DNA was then transformed into
electrocompetent DH1 expressing lambda-red genes and plated on 50
mg/L kanamycin. Following curing of pSIM5 at 42 °C, the embedded
kanamycin resistance marker in AthiM was removed via FLP recombi-
nation by transformation and subsequent expression of pCP20. Finally,
the strain was cured by culturing at 42 °C to yield DH1 AthiM.

Plasmids constructed and used in this work are described in Table 1
and are available in the public domain of the JBEI Registry (htt
ps://public-registry.jbei.org).

2.2. Repass production culture conditions

All production screens were performed using freshly transformed
strains. For each assay, a single colony was inoculated into 5 mL of Luria-

263

Metabolic Engineering 88 (2025) 261-274

Table 1
Strains and plasmids used in this study.
Plasmid or JBEI Genotype Ref
Strain Registry
Part ID
Strain
DH1 - F~L endAl recAl relAl Wwild type
gyrA96 thi-1 glnv44 hsdR17
(rxmi)
JW2091 JBEI- F~ A(araD-araB)567, Baba et al. (2006)
006176 AlacZ4787(:rrnB-3), 1™,
AthiM729:kan, rph-1,
A(rhaD-rhaB)568, hsdR514
DH1 AthiM JBEI- F A" endAl recAl relAl This work
261224 gyrA96 thi-1 glnv44 hsdR17
(rxmg) AthiM
BL21 - F-ompT hsdSB (15, mg) gal Wild type
dem (DE3)
BL21 Star - F-ompT hsdSB (15, mg) gal Invitrogen™
(DE3) dcm rnel31 (DE3)
Plasmid
pCP20 JBEI-7585 repA101", FLP recombinase Cherepanov and
expression Wackernagel
(1995)
pSIM5 JBEI- repAlOl‘s, A-Red Datta et al. (2006)
14339 recombineering
Upper IPP- JBEI- pBbA5c-atoB-HMGSs,- Ma et al. (2011)
Bypass 17081 HMGRg,
Upper JBEI-6829 pBbA5c-atoB-HMGSs,- George et al.
OriMVA HMGRg,-MKg-PMKg. (2014)
IPP-Bypass JBEI- pTrc99a-PMD*s.-MKyim Kang et al. (2017)
17844
pDNC7 JBEI- pTrc99A-nudB-IDI1s.-PMDg,. Carruthers et al.
(OriRe- 231871 (2023)
Control)
OriRe- JBEI- pTrc99A-nudB-IDI1g.-PMDg, - This work
LacUV5- 260975 LacUV5-IPKy
IPKy
OriRe-IPKyy, JBEI- pTrc99A-nudB-IDI1g.-PMDg, - This work
260976 IPKppe
OriRe- JBEI- pTrc99A-nudB-IDI1g.-PMDg,- This work
LacUV5- 260977 LacUV5-IPKrt,
IPKry
OriRe-IPKt, JBEI- pTrc99A-nudB-IDI1g.-PMDg,- This work
(aka OriRe) 260978 IPKr,
OriRe-PMDge JBEI- pTrc99A-nudB-IDI1s.-PMDg, This work
260979
OriRe- JBEI- pTrc99A-nudB-IDI1g.-PMDg,- This work
PMDge- 260980 LacUVS5-IPKy
LacUV5-
IPKy
OriRe- JBEI- pTrc99A-nudB-IDI1g.-PMDg,- This work
PMDs.- 260981 LacUV5-IPKr,
LacUV5-
IPKry
OriRe-nudA JBEI- pTrc99A-nudA-IDI1g.-PMDg,- This work
260982 IPKr,
OriRe-nudC JBEI- pTrc99A-nudC-IDI1g.-PMDg,- This work
260983 IPKq
OriRe-nudD JBEI- pTrc99A-nudD-IDI1g.-PMDg,- This work
260984 IPKr,
OriRe-nudE JBEI- pTrc99A-nudE-IDI1g.-PMDg.- This work
261220 IPKr,
OriRe-nudF JBEI- pTrc99A-nudF-IDI1g.-PMDg,- This work
261221 IPKty
OriRe-nudG JBEI- pTrc99A-nudG-IDI1g.-PMDg.- This work
261223 IPKr,
OriRe-nudH JBEI- pTrc99A-nudH-IDI1g,- This work
261224 PMDs-IPK,
OriRe-nudI JBEI- pTrc99A-nudI-IDI1g.-PMDsg,- This work
260989 IPKr,
OriRe-nudJ JBEI- pTrc99A-nudJ-IDI15.-PMDg, - This work
260990 IPKa
OriRe-nudK JBEI- pTrc99A-nudK-IDI1g.-PMDg,- This work
260991 IPKr,
OriRe-nudL JBEI- pTrc99A-nudL-IDI1g.-PMDg,- This work
260992 IPKr,

(continued on next page)
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Table 1 (continued)

Plasmid or JBEI Genotype Ref Plasmid or JBEI Genotype Ref
Strain Registry Strain Registry
Part ID Part ID
OriRe-nudM JBEI- pTrc99A-nudM-IDI1g.- This work ATF1-Control JBEI- pTrc99A-nudB-ID2p-PMDg,- This work
260993 PMDs-IPKr, 261029 PMKs-LacUV5-ATF1
OriRe-aphA JBEI- pTrc99A-aphA-IDI1g.-PMDg,- This work ATF1-OriRe JBEI- pTrc99A-nudB-ID2g-PMDg,- This work
260994 IPKr, 261030 IPK-LacUV5-ATF1
OriRe-IDI2g¢ JBEI- pTrc99A-nudB-IDI2p-PMDg, .- This work ATF1-IPPRe JBEI- pTrc99A-nudJ-IDI1g.- This work
260995 IPKr, 261031 PMD*g-MKyj-IPK-LacUV5-
OriRe-IDI2g; JBEI- pTrc99A-nudB-IDI25;-PMDg,- This work ATF1
260996 IPKry, acPT1col JBEI- pBbS8k-acPT1col This work
OriRe-IDIlg.  JBEI- pTrc99A-nudB-IDI1-PMDg.-  This work 261032
260997 IPKr, acPT1co2 JBEI- pBbS8k-acPT1co2 This work
OriRe-IDI2g, JBEI- pTrc99A-nudB-IDI2g,-PMDsg,- This work (acPT1) 261033
260998 IPKt, acPT1- JBEI- pTrc99a-IDI1g.-PMD*g- This work
OriRe-IDI2x; JBEI- pTrc99A-nudB-IDI25-PMDsg,- This work Control 261034 MKpyim
260999 IPKr, acPT1-IPPRe JBEI- pTrc99a-IDI15.-PMD*g- This work
OriRe-IDI2t, JBEI- pTrc99A-nudB-IDI21,-PMDs.-  This work 261035 MKpyim-IPKt,
261000 IPKr, RFP-Control JBEI-2499  pBbESK-RFP Lee et al. (2011)
OriRe- JBEI- pTrc99A-nudB-IDI2,- This work
D12y 261001 PMDs-IPKr,
OriRe-nudJ- JBEI- pTrc99A-nudJ-IDI2g-PMDgc-  This work Bertani (LB) Miller medium (10 g/L tryptone, 5 g/L yeast extract and 10
IDI2g, 261002 IPKra g/L sodium chloride) with appropriate antibiotics (100 mg/L carbeni-
OriRe-nudJ- JBEI- pTrc99A-nudJ-IDI125;-PMDg,- This work i1ys . . .
D12y, 261003 IPKy, cillin, 25 mg/L chloramphenicol, or 50 mg/L kanamycin). Following
a .
IPPRe (IPP- JBEL- pTrc99a-nudB-IDI1g,- This work overnight growth at 37 °C at 200 RPM on a rotary shaker, 200 pL of seed
Repass) 261004 PMD*sc-MKnim-IPKr, culture was inoculated into the production medium in triplicate. The
IPPRe- JBEI- pTre99anudB-IDI1sc- This work production medium included M9 salts (6.78 g/L NayHPO4, 3 g/L
ILlj;UVF" 261005 f;‘f(D se-MKymeLacUV5- KH,PO4, 1 g/L NH4Cl, and 0.5 g/L NaCl), 1 mg/L thiamine, 2 mM
Mt Mt . . %1n-8
IPPRe-TPKyy JBEL pTre99a-nudB-IDI - This work MgSOg4, 10 pm FeSOg, 0.1 mM CacCl,, mlgronutnents (3*10 B M
261006 PMD*ge-MKypm-IPKpe (NH4)6Mo07024, 4*10°° M boric acid, 3*10"" M CoCl,, 1.5*107" M
IPPRe- JBEL- pTrc99a-nudB-IDI1s.- This work CuSO4, 8107 M MnCl,, and 110”7 M ZnSO,), as well as 75 mM 3-
?;;UV& 261007 PMD*se-MRym-LacUV5-TPRra morpholinopropane-1-sulfonic acid (MOPS), 20 g/L glucose, appro-
Ta . 1oe . .
PPRe-nudA  JBEL PTrc99A-nudA-IDI15.- This work priate antlblOthS., and, if stated, 5 g/.L yeast e)ftract.
261008 PMD*g.-MKygp-TIPK, Cultures for isopentenol production were inoculated and grown at
IPPRe-nudC JBEI- pTrc99A-nudC-IDI1g - This work 37 °C at 200 RPM on a rotary shaker, then induced at an ODgg (optical
261009 PMD*sc-MKyim-IPKra ) density at 600 nm with 1 ¢m path length) between 0.4 and 0.6 with 0.5
[PPRe-nudD ;]nglo ETMrgng;;dD'iPDII:SC' This work mM isopropyl $-D-1-thiogalactopyranoside (IPTG). Strains were then
Sc™ -Mm™ Ta . . .
IPPRe-nudE JBEL pTrc99A-nudE-IDI g- This work grown at 30 °C and 200 rpm. Isopentenol production did not require an
261011 PMD*g-MKygm-IPKra overlay. An oleyl alcohol overlay was used exclusively for isoprenyl and
IPPRe-nudF JBEL- pTrc99A-nudF-IDI1s.- This work prenyl acetate production cultures to avoid excessive product evapora-
PPRemudG igé?lz PTMD;;Z MK'A‘Z‘;PDI;T“ This work tion. Unless otherwise stated, production in 5 mL culture tubes was
e-nu - Ic -nu - - 1S WOr| . . . .
261013 EMD*S MKer-IPK s measured after 72 h with ODggg measured at induction and 72 h. Strains
™ -Mm™ Ta . . .
IPPRe-nudH JBEL- pTrc99A-nudH-IDI go- This work for prenylated compound production were instead induced at an ODggg
261014 PMD*5-MKpi-IPK, between 0.6 and 0.8 by addition of 500 mM IPTG and 2 g/L L-arabinose
IPPRe-nudl JBEI- pTrc99A-nudl-IDI1s - This work for MVA pathway and acPT1 expression, respectively. A 0.5 M stock
261015 PMD*5c-MKyim-1PKra . . .
solution of p-coumarate was prepared by continuously stirring p-cou-
IPPRe-nudJ JBEI- pTrc99A-nudJ-IDI1g.- This work . . p . . . prep L. Y Y g, p .
261016 PMD*5-MKypy TPKrs maric acid (Sigma-Aldrich) into deionized water, followed by titration
IPPRe-nudK JBEI- PTrc99A-nudK-IDI1 g This work with NaOH until the pH reached 8.6. The dissolved solution was then
261017 PMD*5-MKyimTPKra sterilized through a 0.22 pm cellulose acetate membrane filter. At in-
IPPRe-nudL ;2];:318 gﬁ;?%l'vr[‘;d“lggw This work duction, 1 g/L p-coumarate was also added to enable drupanin biosyn-
"se-MEMm-1FKTa : . .
IPPRe-nudM  JBEL PTre99A-nudM-IDI g - This work thesis. Prenylated production cultures were scaled to 200 mL in 1 L
261019 PMD*5-MKyg-TPK1y flasks to amass enough product for NMR spectroscopy.
IPPRe-aphA JBEI- pTrc99A-aphA-IDI1g,- This work
261020 PMD*sc-MKyim-IPKra 2.3. Quantification of isoprenoids by gas chromatography
IPPRe-IDI2p¢ JBEI- pTrc99A-nudB-IDI2g,- This work
261021 PMD*s-MKpgm-IPKr, . . .
IPPRe-IDI25; JBEL- pTrc99A-nudB-IDI2- This work Upon sampling, culture cells, aqueous medium, and, where appli-
261022 PMD* ge-MKpim-IPKr4 cable, overlay were separated by centrifugation at 13,000xg for 5 min.
IPPRe-IDIlg  JBEI- pTrc99A-nudB-IDI1g- This work Following centrifugation, 400 pL of aqueous phase was mixed with 400
PPReIDI2 ?}g’é?% PTMD;;Z MKZ‘;'IIEETE This work uL of ethyl acetate with 30 mg/L 1-butanol internal standard and vor-
e-. - rc -nudb- - 1S WOT' . . . pe . .
sa 261024 gMD* MK IPK sa w texed for 10 min at 3000 RPM (Scientific industries INC, USA). The
Sc™ -Mm™ Ta . . .
IPPRe-IDI2,,  JBEL PTrc99A-nudB-IDI2, This work aqueous phase and ethyl acetate mixture was then centrifuged again at
261025 PMD*g-MKpim-IPKra 13,000xg for 5 min and 200 pL of the ethyl acetate extraction was then
IPPRe-IDI2y,  JBEI- pTrc99A-nudB-IDI2r,- This work aliquoted into labeled GC vials with glass inserts for chromatography.
261026 PMD*sc-MRyim[PKr,q . Prenyl and isoprenyl acetate production required the addition of a
IPPRe- JBEI- pTrc99A-nudB-IDI2y,- This work | . ] levl alcohol d . d
D12y, 261027 PMD* s MKy IPKra nonpolar organic overlay, oleyl alcohol, to reduce evaporation an
IPPRe- JBEI- pTrc99A-nudJ-IDI1g.-PMDs.-  This work sequester product. There, 10 pL of overlay was carefully removed and
Control 261028 MKwim-PMKsc added to 990 pL of ethyl acetate with internal standard for a 1:100 final
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Isoprenoids were detected by gas chromatography - flame ionization
detection (GC-FID) using an Agilent 8890 with a DB-Wax column
(Agilent 123-7012; 15 m length, 320 pm diameter, and 0.25 pm film
thickness). The acquisition method included an inlet temperature of 250
°C, detector temperature of 300 °C, and 2.2 mL/min helium mobile
phase flow. The oven program consisted of an initial 1-min hold at 40 °C,
a ramp of 15 °C/min to 100 °C, a 30 °C/min ramp rate to 230 °C, and a
final 1-min hold at 230 °C. Normalized analyte peak areas were
compared against analytical grade standards run using the same
acquisition method.

2.4. Expression of acPT1

The full coding sequence of acPT1 from Artemisia capillaris as well as
two truncated sequences acPT1col (A150 bp) and acPT1lco2 (A243)
were codon optimized for S. cerevisiae. Sequences were truncated from
the N-terminus owing to remove the native transit peptide sequence.
Each sequence was fused with RFP and cloned into E. coli strains DH1,
BL21, and BL21(star) to ascertain protein localization. Images were
acquired using a Zeiss LSM 710 confocal microscope (Thermo Fisher
Scientific) (Fig. S4). Microscopy indicated no fluorescence in strains
harboring acPT1 or acPTlcol. Conversely, acPT1co2 demonstrated
minor and moderate fluorescence in E. coli DH1 and BL21, respectively.
Localization appeared comparable though attenuated compared to RFP
only controls, which provided compelling evidence for successful pro-
tein expression and further supported by soluble fraction partitioning of
RFP-tagged acPT1co2 during protein extraction.

2.5. Characterization of acPT1 derived products

Phenolic compounds were extracted according to previously
described methods (Munakata et al., 2019). Briefly, 5 mL cultures were
centrifuged at 3000xg for 10 min. The supernatant was aliquoted into a
separate tube and the cell pellet was resuspended in 5 mL DI Hy0O. Then
1 mL of each fraction was mixed with 200 pL of 3 N HCl and 1 mL of
ethyl acetate and vortexed for 2 min. Aqueous and organic fractions
were separated by centrifugation at 15,000xg for 5 min. After centri-
fugation, 500 pL of organic phase was separated and dried (Centrivap
Concentrator, LABCONCO). Dried organic phase was resuspended in
500 pL of MeOH, centrifuged at 15,000xg for 5 min, and 250 pL was
subjected to high performance liquid chromatography (HPLC; Agilent
Technologies). The mobile phase consisted of 0.1% (v/v) formic acid in
water (solvent A) and 0.1% (v/v) formic acid in methanol (solvent B).
Initially, 80% solvent A and 20% solvent B was run for 2.5 min, then
graduated to 90% solvent B over 15 min and 100% solvent B over 5 min
and then steady for an additional 7.5 min before returning to initial
conditions. The flow rate was maintained at 1 mL/min with an oven
temperature of 40 °C. A diode array detector was used to monitor
phenolic compounds at 315 nm.

Phenolic extracts were further analyzed using high-performance
LC-MS (HPLC-MS) using an Agilent 1260 infinity II system with mass
selective detector XT (MSD XT). The HPLC autosampler and column
compartment were maintained at 10 °C and 25 °C, respectively. A
Macherey Nagel Sphinx RP column (5 pm, 4.6 mm x 150 mm) was used
for analysis. The mobile phase consisted of 0.1% (v/v) formic acid in
water (solvent A) and 0.1% (v/v) formic acid in acetonitrile (solvent B).
The column was eluted with a gradient of 2% B to 100% B over 15 min,
held at 100% B for 1 min for separation and analysis, then reduced to 2%
B for 9 min to equilibrate the column.

Drupanin was extracted from five 1 L flasks with 200 mL medium
cultured over 72 h. Using the aforementioned extraction protocol, the
extract was separated using semi-preparative HPLC with a RediSep C18
Column (5 pm, 250 mm x 10 mm), suspected fractions containing
drupanin were confirmed via HPLC, then combined and dried. The
collected 3.5 mg of purified extract was resuspended in 250 pL of
methanol-d4, placed in a solvent matched 5 mm Shigemi NMR tube and
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analyzed using a Bruker NEO-500. The NMR spectra (*H, '3C, NOESY,
HSQC; Figs. S6-S9) matched that of the drupanin spectra in the litera-
ture, confirming its identity (Rodrigues et al., 2021).

2.6. Kinetic modeling

A kinetic model was built with the SciPy library (Virtanen et al.,
2020) in Python 3.10.6 using a Jupyter Notebook (Supplementary In-
formation). The model consists of 8 ordinary differential equations, one
equation for each of the 8 reactions. In order use Michaelis-Menten ki-
netics, we assumed that each reaction has a constant rate of product
formation, that the substrate concentration is typically higher than
enzyme concentration, and that the reactions are irreversible. Given that
we are under highly aerobic conditions, we also approximated the ki-
nase reactions as single substrate reactions by assuming that ATP is not
limiting. Several deep learning models were explored for enzyme ki-
netics, however these failed to reflect observed performance (e.g., IPKt,
vs. IPKy selectivity for IP vs. DMAP).

3. Results and discussion
3.1. Repass pathway overview

The Original MVA pathway (OriMVA) and IPP-Bypass pathways
were investigated for pathway engineering. As illustrated in Fig. 1, both
pathways begin with a Claisen condensation of two acetyl-CoA pre-
cursors by an acetyl-CoA acetyltransferase (AtoB, E. coli) to generate
acetoacetyl-CoA, which is sequentially converted to
hydroxymethylglutaryl-CoA (HMG-CoA) by a HMG-CoA synthase
(HMGS, S. aureus) and to mevalonic acid (MVA) by an HMG-CoA
reductase (HMGR, S. aureus). A codon optimized mevalonate kinase
(MK, S. cerevisiae) and mevalonate monophosphate kinase (PMK,
S. cerevisiae) sequentially phosphorylate MVA to MVAPP. Taken
together, these enzymes collectively comprise the upper OriMVA
pathway (Fig. 2A). Subsequent expression of a decarboxylase (PMD,
S. cerevisiae) ultimately converts MVAPP to IPP, which may be further
converted to isoprenol by phosphatases such as NudB (E. coli) or to
prenol through coexpression of an IDI1 (S. cerevisiae) via DMAPP. While
the upper OriMVA pathway is expressed by IPTG induction on a low
copy plasmid (Upper OriMVA, JBEI-6829; (George et al., 2014)), the
lower OriMVA pathway is expressed on a high copy plasmid (pDNC?7,
JBEI-231871; (Carruthers et al., 2023)).

Conversely, the IPP-Bypass pathway has a mutated PMD*
(S. cerevisiae) with characteristic promiscuity towards MVAP to directly
generate IP. The pathway circumvents PMK expression and, as a result,
bypasses the formation of toxic IPP while saving an ATP in the process.
Structurally, the upper IPP-Bypass pathway enzymes AtoB, HMGS, and
HMGR (Fig. 2A) are expressed by IPTG induction on a low copy plasmid
(JBEI-17081), while codon optimized MK (M. mazei) and PMD* are
coexpressed on a high copy plasmid (JBEI-17844 (Kang et al., 2016),).

Two IPK enzymes originating from M. thermautotrophicus and
T. acidophilum were selected owing to their promising in vitro kinetic
characterization (Chen and Poulter, 2010). Pairing the OriMVA pathway
with an IPK yields the Ori-Repass pathway. The analogous IPP-Repass
pathway requires further expression of nudB and IDI1. Although con-
trary in principle to the IPP-Bypass pathway, we considered whether
cycling of monophosphates and diphosphates in an IPP-Repass pathway
could also enhance prenol titer as, with the addition of an IPK, it remains
enzymatically shorter though now energetically equal to the original
pathway.

Summarily, the lower pathway consists of a strong IPTG inducible
promoter, phosphatase, isomerase, and decarboxylase then either IPK
(Ori-Repass; OriRe) or MK then IPK (IPP-Repass; IPPRe). We used
capitalized “Repass” to describe a specific pathway (e.g., Ori-Repass,
IPP-Repass) and “repass” to describe the overall approach. These con-
figurations of the Ori-Repass and IPP-Repass facilitated rapid assembly
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Fig. 2. Production of isoprenol and prenol from different Repass pathway constructs. (A) Plasmid maps of the different MVA pathways as two plasmid systems with
pathway variations striped gray. (B) Several decarboxylases (PMDg. and PMDs,), kinases (IPKt, and IPKyy), and operon configurations were explored in the Ori-
Repass pathway and compared to a control, pDNC7. (C) IPP-Repass pathway configurations with different kinases and operon configurations were again

explored and compared to the IPP-Bypass control.

and screening of homologous pathway enzymes. Selected IPKs were
cloned downstream of the lower MVA pathway genes (nudB, IDI1g. and
MKsg,) either constitutively or under a secondary lacUV5 promoter. An
alternative PMD from Staphylococcus epidermidis (PMDg.) was also
evaluated owing to its more stringent selectivity towards MVAPP over
MVAP (Kang et al., 2016). Isoprenol, prenol, and combined isopentenols
(i.e., the sum of isoprenol and prenol) were compared to control strains
which lacked IPK expression (Carruthers et al., 2023) (Fig. 2).

Polycistronic expression of IPK, with the OriMVA pathway yielded
a 50:1 ratio of prenol to isoprenol achieving a final titer of 90.7 mg/L.
Although 4.5-fold lower prenol titer and 7.2-fold lower total iso-
pentenols compared to the pDNC7 control strain, the enrichment of
prenol over isoprenol validated that the polycistronic IPKt, was more
selective towards IP than DMAP in vivo, thereby driving prenol pro-
duction. Expressing IPKt, or IPKy;; under a secondary lacUV5 promoter
significantly reduced isopentenol titers. The observed titer reduction
may stem from higher IPK expression, which leads to more stringent
diphosphate and monophosphate recycling. Previous studies have also
reported poor IPK solubility in E. coli (Clomburg et al., 2019) such that
attenuating expression may be more favorable. Substitution of PMDg,
with PMDg, yielded lower overall isopentenol production both with and
without IPKp, expression. As a result, the best Ori-Repass circuit
involved polycistronic IPKr, expression in an operon with NudBg,
IDI1g,, and PMDg.

Following the success of the Ori-Repass pathway, we then explored
whether the IPP-Bypass pathway could be harnessed to generate prenol
(Fig. 2C). Prenol production from the IPP-Bypass was intuitively un-
likely owing to the single enzymatic step required to convert IP to iso-
prenol. Nonetheless, we hypothesized that the affinity of IPK towards IP
over DMAP could drive prenol generation. Indeed, when paired with the

266

IPP-Bypass pathway both IPKs again efficiently converted IP to IPP,
achieving prenol titers of 342.9 mg/L and 522.2 mg/L at a ratio of 3:1
and 36:1 prenol to isoprenol for IPKy;; and IPKr,, respectively. As in the
OriMVA pathway, the expression of IPKy; yielded lower, less pure pre-
nol titers compared to IPKr,. Expression of IPKy, under a secondary
lacUV5 promoter produced marginally higher prenol compared to its
polycistronic counterpart (p = 0.28). The polycistronic IPKt, configu-
ration was selected for future pathway engineering to facilitate inclusion
of other genes under the secondary promoter (e.g., ATF1, acPT1, GPPS,
etc.). This configuration is also more comparable to the Ori-Repass
pathway. Although producing 2.7-fold lower total isopentenols
compared to the control, the IPP-Repass strain harboring IPKr, yielded
the highest and purest MVA-derived prenol to date.

The in vivo selectivity of IPKy; and IPKp, towards DMAP over IP was
broadly reflective of published in vitro data (Chen and Poulter, 2010).
Specifically, the OriMVA pathway yielded 11-fold and 50-fold more
prenol while the IPP-Bypass pathway yielded 3-fold and 36-fold more
prenol when paired with IPKt, or IPKyy, respectively. Characterized by
their polycistronic expression of IDI1g., IPKy,, and NudBg., these initial
pathway designs established the baseline Ori-Repass and IPP-Repass
pathways.

3.2. Modeling the repass pathways

Prenyl/isopentenyl diphosphate recycling is the crux of the repass
pathways, however the intracellular diphosphate ratio depends on
various factors, including enzyme activity, pathway feedback inhibition,
growth phase, precursor toxicity, and MEP/MVA pathway coexpression
(George et al., 2018; Martin et al., 2003; Ma et al., 2011). High resolu-
tion quantification of monophosphate and diphosphate intermediates is
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complicated by the chromatographic challenge of separating isomers.
Nonetheless, several studies have quantified IPP/DMAPP ratios, finding
that the native MEP pathway generates 5:1 IPP:DMAPP, equilibrating to
3:7 with addition of native IDI (Rohdich et al., 2003). Few studies have
quantified IP:DMAP ratios. While the native IPP:DMAPP ratio is sup-
ported by in vivo studies (Zhou et al., 2013), how the ratio shifts in the
presence of a heterologous, IPK-coupled MVA pathway is uncertain.

Given these challenges, a simple kinetic model was constructed using
Python to assess how enzyme kinetics influence bifurcation of pathway
intermediates into their respective alcohols. This approach enabled us to
understand the relative impact of each enzyme on pathway engineering
without the need for direct metabolite measurements. Each enzyme was
assumed to strictly follow Michaelis-Menten enzyme kinetics, devoid of
a biological context.

A sensitivity analysis was performed with this kinetic model by
randomly varying keat* and Ky, parameters for each of the eight enzy-
matic reactions (Fig. 3A). Enzyme concentration, assumed constant, and
Vmax were aggregated into the k¢, parameter for simplicity. Parameters
were varied randomly between 1 and 1000-fold with Latin hypercube
sampling (LHS) to broadly reflect kinetic parameters typical of second-
ary metabolism (Bar-Even et al., 2011). From this sampling, a Monte
Carlo simulation was performed by iterating the kinetic model 10,000
times with the LHS parameter set. Finally, a Spearman’s rank correlation
was conducted for both the Repass pathways to assess the relationship
between enzymatic parameters (keyt*, Kp) and the prenol/isoprenol
outputs (Fig. 3A).

In the simplified kinetic model, reactions 1 and 6 describe kinase
activity, 2 and 7 describe diphosphatase activity, 3 and 4 describe
isomerase activity, and finally 2 and 8 describe monophosphatase ac-
tivity. The IPP and Ori-Repass pathways were modeled with an initial
[IP] or [IPP] of 10 arbitrary units, respectively. Running the model to
completion resulted in complete bifurcation of metabolites into either
prenol or isoprenol (Fig. 3B). As a result, the Spearman’s rank correla-
tion coefficients between the final concentrations of isoprenol and pre-
nol were mostly equal and opposite (Fig. 3C). Coefficients deviate from
opposite parity due to simulations with exceptionally slow kinetics.
Over 10,000 iterations of the IPP-Repass model, approximately 75% of
initial IP was converted to isoprenol while in the Ori-Repass model, 58%
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of IPP was converted to isoprenol. The relative fractionation of starting
substrate into isoprenol aligns with the relative proximity of the inter-
mediate to the output alcohols.

Crucially, the analysis enabled a clearer understanding of the relative
impact of kinetics to the production of either alcohol. In particular, the
Ori-Repass is most impacted by conversion of IPP to IP by reaction 2
(Prsoprenol = 0.33, Pprenol = —0.32) and the conversion of IPP to DMAPP
by reaction 4 (prsoprenol = —0.32, pprenol = 0.33), which are also reflected
by parametric variation of their respective Ky, values. Conversely, we
saw that reactions 2 and 4 are overshadowed by reactions 1 and 5 in the
IPP-Repass pathway for which IPP is converted to IP (prsoprenol = —0.32,
Pprenol = 0.32) and IP to Isoprenol (PIsoprenol = —0.32, pprenol = 0.30),
respectively. Although markedly weaker, the IPP-Repass pathway also
displayed a correlation in reaction 2 (prsoprenol = 0.23, pprenol = 0.22) and
reaction 4 (prsoprenol = —0.24, Pprenol = 0.24). In enzymatic terms, har-
nessing the Ori-Repass for prenol production is most influenced by the
selection of phosphatase and isomerase whereas the IPP-Repass is more
strongly influenced by the kinase and unknown phosphatase(s)
responsible for the dephosphorylation of monophosphate intermediates.
Informed by this kinetic model, we next sought to explore different
isomerases and phosphatases that might improve prenol production.

3.2.1. Optimization of the repass pathways

A library of 13 E. coli Nudix (Nucleoside diphosphate linked to a
variable moiety X) hydrolases were selected for expression with IPKr,
due to their general promiscuity and demonstrable activity on DMAPP/
IPP (Bessman, 2019; Chou and Keasling, 2013). While nudB is typically
expressed in tandem with the Original MVA pathway (Zada et al., 2018)
for isopentenol production, prediction of diphosphatase efficacy in
directing pathway intermediates towards prenol was uncertain. Over-
expression of a monophosphatase was not explored owing to the back-
ground efficacy of native E. coli monophosphatases for the production of
isopentenols (Chou and Keasling, 2012; Kang et al., 2017) (Fig. 2) and
the relative importance of the monophosphatase compared to other
enzymes in yielding isoprenol over prenol in the kinetic model (Fig. 3).

Another library of isomerases was comprehensively reviewed. IDIs
are a broad and ubiquitous class of enzymes typified by two unique
isomerization mechanisms (Neti et al., 2018). Although both types
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Fig. 3. A kinetic model of the repass pathways. (A) Overall reaction network with each reaction defined by Michaelis-Menten kinetics. (B) Example output from the
kinetic model of the Ori-Repass pathway for a given parameter set with an initial IPP concentration of 10 arbitrary units. (C) Spearman’s Rank Correlation co-
efficients for each parameter with regards to the final titer of isoprenol and prenol in the Ori-Repass and IPP-Repass pathways.
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proceed via 1,3-proton addition/elimination, they differ in cofactors.
Type-1 IDIs (IDIls) utilize two divalent metal cations to facilitate a
putative antarafacial proton elimination/addition (Berthelot et al.,
2012). A far more recent discovery, type-2 isomerases (IDI2s) utilize a
single divalent cation and are contingent upon a fully reduced flavin
mononucleotide (FMN) cofactor. The FMN cofactor then serves as both
the acid and the base catalyst for deprotonation-protonation (Neti et al.,
2018). Historically, both IDI1 and IDI2 have been harnessed for iso-
prenoid production with checkered improvements in titers. One study
demonstrated 1.57-fold improvement of isoprene titer by IDI2 from
Staphylococcus aureus compared to IDI1g. with noted reductions in titer
by IDI2s from Bacillus subtilis and Bacillus Licheniformis (Li et al., 2019).
Others have demonstrated that IDI2p can improve lycopene titer
compared to IDIg., but IDI2p fails to improve astaxanthin yields (Park
et al.,, 2018; Rad et al., 2012). Collectively, these results underline that
predicting MVA pathway performance is challenging and non-intuitive.

In light of these disparate mechanisms and difficulty in anticipating
selectivity, our isomerase selection included three isomerases from iso-
prenoid production chassis (E. coliy IDI1, B. subtilis; IDI2, and
B. licheniformis; IDI2), two type-2 isomerases from archaea (M. mazei and
T. acidophilum), and two type-2 isomerases from eukaryotes (S. aureus
and A. thaliana). Specifically, the two archaeal IDI2s were selected
because their native isomerases and kinases are polycistronic. This
arrangement implies a potential preference for DMAPP production,
particularly as these organisms lack alternative mechanisms for DMAPP
biosynthesis.

The Ori-Repass pathway was initially investigated by examining the
Nudix hydrolases along with a control monophosphatase, AphA, all
paired with IDI1g.. Secondly, the 7 isomerases were paired with NudB.
All plasmids were cloned into an E. coli DH1 AthiM strain harboring the
Upper OriMVA plasmid, JBEI-6829 (Fig. 4).

Two Nudix hydrolases, Nudl and NudJ, enhanced prenol titer to
108.7 mg/L and 238.6 mg/L, respectively while maintaining a high
prenol:isoprenol ratio (Fig. 4B). In general, most phosphatases led to a
substantial decrease in isopentenol titer compared to the NudB control.
Notably, NudF, previously reported for its specificity towards DMAPP
(Zheng et al., 2013), exhibited significantly lower prenol production in
the Ori-Repass pathway compared to the NudB control. The deletion of
thiM had a negligible overall effect on prenol titer (p = 0.44).

Four isomerases, IDI2gs, IDI2p), IDI1g., and IDI2g,, also improved
prenol titer. IDI2g) and IDI2g improved prenol titer by 3.3-fold (300.0
mg/L) and 3.1-fold (283.8 mg/L), respectively (Fig. 4C). Despite genetic
locality to IDI2 in their archaeal hosts, neither IDI2t, nor IDI2py
improved prenol titer. Their reduction in total isopentenol titer is
perhaps owing to difficulties in recombinant expression as reported
elsewhere (Yoshida et al., 2020). Conversely the other IDI2s increased
isopentenol titer, with IDI25¢ remarkably reversing pathway selectivity.
The overproduction of prenol by IDI1g, is seemingly at odds with the
2-fold decrease in titer reported when paired with the standard OriMVA
pathway production scheme (Carruthers et al., 2023). Again, the devi-
ation likely stems from isomerase’s role in balancing the diphosphate
recursion. Curiously, combining the best combinations of phosphatase
and isomerase failed to realize additive titer gains over their isomerases
alone (Fig. 4D).

Following exploration of the Ori-Repass pathway, we then explored
the same combinations of isomerases and phosphatases in the IPP-
Repass pathway configuration, this time coexpressing the Upper IPP-
Bypass plasmid, JBEI-17081, in E. coli DH1 AthiM (Fig. 5).

Contrary to the Ori-Repass pathway, the deletion of thiM from E. coli
DH1 yielded a 15%improvement in prenol titer (506.2 mg/L, p = 0.02).
This difference may arise from the higher overall alcohol titer of the IPP-
Repass pathway, where ThiM activity becomes more pronounced. Pre-
nol titers in DH1 AthiM were further improved by substitution of NudB
with NudI and NudJ, yielding 541.0 mg/L (p = 0.04) and 526.3 mg/L (p
= 0.01) prenol, respectively (Fig. 5B). NudJ also demonstrated signifi-
cant selectivity towards prenol:isoprenol with a final ratio of 72:1.

268

Metabolic Engineering 88 (2025) 261-274

Exploration of different isomerases strictly reduced overall alcohol titer
and selectivity (Fig. 5C). The best performing isomerase, IDI2p,, reduced
titer by about 50% compared to IDI1g., yielding 294.7 mg/L prenol in a
poor 5.1:1 ratio with isoprenol. As in the Ori-Repass pathway, IDI2x;
dramatically decreased selectivity, IDI27, and IDI2y;, both performed
poorly and, despite lower overall titer, IDI2g, maintained strong selec-
tivity towards production.

Of the Nudix hydrolases studied, NudI and NudJ enriched prenol
production in both pathways, with NudM (i.e., yfcD or Orfl180)
improving titer in the IPP-Repass alone. Despite being from the same
family, the best phosphatases maintain an amino acid identity at or
below 20%. Nudl, NudJ, and NudB have purported activity upon
nucleoside di- and triphosphates, though are well known for their pro-
miscuity towards IPP/DMAPP and geranyl diphosphate (GPP). A recent
study showed that Nudl and NudH maintain higher catalytic activity on
DMAPP and GPP compared to its native NDP-x derivatives with NudM
also displaying low but significant DMAPP/GPP activity (Bessman,
2019). Phosphatase expression is also contingent on a cellular context
such that the overexpression of NudH, which hydrolyses mRNA as one of
anumber of functions, is detrimental. If, as hypothesized by George et al.
(2018), IPP toxicity arises due to hybridization with ATP to form Appl, it
is possible that certain hydrolases may relieve toxicity by acting upon
Appl. This activity, however, was purportedly not seen by NudM
(Bessman, 2019) nor by NudB (George et al., 2018).

As for the isomerases, IDI2pg and IDI2p; improved titer in the Ori-
Repass pathway alone. Unlike with the Nudix hydrolases, no IDI
improved production in the IPP-Repass. Instead, all reduced overall
isopentenols and, apart from IDIlg,, dramatically reduced the selec-
tivity. Even in analogous Ori-MVA C5 alcohol production schemes,
IDI1g, yielded substantially higher isoprenol titer compared to IDI1g.
(Carruthers et al., 2023). Here, the inclusion of IPK reversed those
trends. The efficacy or inadequacy of various IDI/nudix permutations in
redirecting MVA flux towards prenol seems to hinge upon a nuanced
equilibrium of pathway intermediates and enzyme expression, the in-
tricacies of which remain ambiguous.

Following empirical pathway analysis, top performing Repass
pathway strains (Ori-Repass with NudB and IDI2gg IPP-Repass with
NudJ and IDI1g.) were analyzed for growth and production against
representative controls without IPKr,. Both the IPP-Repass and its
control express the Upper IPP-bypass plasmid, however the downstream
plasmid of the control is configured pTrc99-nudB-IDI1g.-MKpjm-PMKge.
The configuration deviates from the IPP-Repass pathway only in the
substitution of PMKg. with IPKy, and PMDg. with PMDg.*. This config-
uration does not, therefore, bypass IPP yet remains the best candidate
control from which prenol could be generated (Fig. 6).

Both repass pathways exhibited distinct growth defects compared to
the controls (Fig. 6A) likely due to the recursion of toxic intermediates.
Despite growth inhibition, both pathways demonstrated a strong pref-
erence for prenol over isoprenol (Fig. 6B and C). The repass pathways
exhibited a lower final ODgop compared to the controls, reaching sta-
tionary phase at around 36 h, which supports the continued toxicity of
IPP/DMAPP and/or the formation of Appl (George et al., 2018). While
the Ori-Repass pathway reached a maximum titer by approximately 24
h, the IPP-Repass pathway remarkably continued to produce prenol
throughout the stationary phase. As observed previously, the Ori-Repass
Control (pDNC7, Upper OriMVA plasmid) displayed marginally higher
prenol production compared to isoprenol with the IPP-Repass Control
exhibiting a much more gradual, isoprenol-biased alcohol accumulation.
Trace amounts of geraniol (25.3 + 2.6 mg/L) were also detected in
IPP-Repass cultures after 72 h, suggesting increased cogeneration and
subsequent dephosphorylation of geranyl diphosphate.

Overall, these experiments marked the first instance of highly se-
lective prenol production in a microbial host. While prenol is a valuable
compound, we sought to investigate whether prenol or its precursor,
DMAPP, could also be utilized in other production pathways, such as the
biosynthesis of prenyl acetate and other prenylated compounds.
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3.3. Production of prenyl acetate

Given the success of the repass pathways in generating MVA-derived
prenol, we sought to explore the production of valuable DMAP/DMAPP
derivatives. An initial candidate was prenyl acetate, a valuable olefinic
blend additive with favorable gasoline blend characteristics (Carruthers
et al., 2023). Analogous to the biosynthesis of isoprenyl acetate, ATF1
from S. cerevisiae was coexpressed with both the IPP- and Ori-repass
pathways (Fig. 7). As the prenyl acetate is more hydrophobic than
prenol, we used organic solvent, oleyl alcohol, as an overlay for in situ
product extraction as previously described (Carruthers et al., 2023). The
control strain was assembled with a PMKg, in an analogous position to
the IPKr, of the Ori-Repass pathway, then coexpressed with the Upper
OriMVA plasmid (JBEI-6829). A true IPP-Repass control was not
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included owing to the lack of basal prenol production via the IPP-bypass
(Fig. 2) and the similar production between Repass controls (Fig. 6). In
all strains, ATF1 was expressed under a secondary lacUV5 promoter and
20% oleyl alcohol overlay was added upon induction to sequester the
volatile ester products.

Most of the volatile esters partitioned to the organic phase with the
ATF1-Control strain yielding an approximately 1:1 ratio of alcohols and
their respective esters. Conversely, both the Ori-Repass and IPP-repass
pathways significantly enriched prenol (214 and 25 mg/L, respec-
tively) and prenyl acetate production (128 and 99 mg/L, respectively)
while yielding only trace amounts of isoprenol. While both repass
pathways were selective for prenyl acetate, appreciable prenol accu-
mulation suggests a poor initial balancing of ATF1 with the broader
MVA pathway. Expression of ATF1 downstream of IPKr, in the operon
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mirroring a high titer isoprenyl acetate strain (Carruthers et al., 2023)
failed to improve titer (data not shown). While these strains demonstrate
production of repass derived prenyl acetate, higher titers will require
further tuning.

3.4. Production of prenylated compounds

Prenylation reactions are characterized as the addition of a hydro-
phobic prenyl, geranyl, or farnesyl group to a protein or small molecule.
Many plants express prenyltransferases that prenylate small often aro-
matic molecules to generate valuable products as epitomized by bitter
acid biosynthesis in Humulus lupulus (HIPT1L, HIPT2) as well as in the
production of cannabigerolic acid by Cannabis sativa (CsPT4) (Luo et al.,
2019). A previous report elucidated and expressed a
phenylpropane-specific prenyltransferase from Artemisia capillaris
(acPT1, NCBIL: BBG56301.1) in Saccharomyces cerevisiae (Munakata
et al., 2019). Expression of this enzyme in yeast with p-coumaric acid
feeding yielded monoprenylated drupanin and diprenylated artepillin C
(Fig. 8A), both of which are potential anticancer precursors (Rodrigues
et al., 2021).

Although successful in yeast, acPT1 is a membrane bound eukaryotic
protein. Given the challenges of expressing eukaryotic proteins in pro-
karyotic organisms, we sought to further truncate the previously pub-
lished, codon-optimized S. cerevisiae acPT1co (A150 bp). Informed by
DeepLoc-2.0, a tool of characterizing subcellular localization, a further
93 bp was truncated to remove the entirety of the predicted transit
peptide to yield acPT1co2 (A243 bp) (Thumuluri et al., 2022). Both
genes were then cloned upstream of RFP under an arabinose inducible
promoter and expressed in E. coli DH1, BL21 and BL21 Star™ to probe
protein solubility and localization (Fig. S4). Although RFP fused
expression of acPTlco and wild-type acPT1 yielded no discernible
fluorescence in any strain, acPT1co2-RFP fluorescence was detected and
broadly localized to the cytoplasm of E. coli BL21 and partitioned to the
soluble fraction upon protein purification.

Next, we designed an IPP-Repass pathway lacking a diphosphatase to
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yield DMAPP as the terminal product. We then designed several controls
and paired the pathway with acPT1co2 (henceforth termed acPT1) on a
tertiary plasmid in BL21 and fed 1 g/L p-coumarate upon induction
(Fig. 8C). After 72 h of cultivation, strains were analyzed by HPLC
against coumarate and drupanin standards (Fig. 8B).

Only pairing the IPP-Repass with acPT1 yielded detectable levels of
prenylated product compared to the controls, with L-arabinose induced
acPT1-IPP-Repass generating a final titer of 48.3 mg/L drupanin. Dru-
panin production was initially validated by LCMS (Fig. S5). Production
conditions were then scaled to 1-L. The resulting drupanin product was
purified and characterized by NMR (Figs. S6-S9) for conclusive vali-
dation. Notably, there was significant growth inhibition in strains
expressing the acPT1-IPP-Repass for which the terminal product is
DMAPP. This growth inhibition was then exacerbated by acPT1 induc-
tion as compared to the RFP control (Fig. 8F). The relative ODggq of
strains coexpressing acPT1 and either the acPT1-Control or acPT1-IPPRe
indicates that growth inhibition stemmed largely from acPT1 expression
as opposed to drupanin toxicity. A decrease in p-coumaric acid titer as a
consequence of drupanin production was not discernible in part due to
the coumarate extraction efficiency and the generally low drupanin
titer.

Previous studies have reported higher selectivity of acPT1 towards
diprenylated artepillin C compared to monoprenylated drupanin in
yeast (Rodrigues et al., 2021). In our case, only small peaks were
observed at later retention times (r.t. = 29 min and r.t. = 32 min, Fig. S5)
where an artepillin C signal might be expected. However, these peaks
were too small to warrant purification. It is possible that drupanin was
exported before sequential prenylation or that either enzyme truncation
or simply the use of E. coli as the host chassis may have contributed to
selective drupanin production. Indeed, our repass generated drupanin is
the highest microbially generated titer to date. Importantly, the
demonstrated funneling of DMAPP towards drupanin implies that the
recycling of prenyl and isopentenyl mono/di-phosphates could enable
precise modulation of precursors for production of monoterpenoids,
sesquiterpenoids, or other prenylation reactions.

4. Conclusion

Over-production of DMAPP via the mevalonate pathway has
remained a formidable challenge, largely due to the intricate balancing
of toxic diphosphate and monophosphate precursors. Nevertheless,
DMAPP plays a crucial role not only in the biosynthesis of prenol but
also in the initiation of isoprenoid chain elongation and prenylation
reactions. To date, the most efficacious strategies for DMAPP bio-
production have involved conversion of endogenous prenol or addition
of exogenous, petrochemical derived prenol to DMAPP. In this study, we
introduced an innovative alternative strategy that employed an iso-
pentenyl monophosphate kinase from T. acidophilum to selectively
recycle isopentenyl phosphate into isopentenyl diphosphate. We then
applied a simple kinetic model to identify bottleneck enzymes and
optimize pathways, leading to appreciable improvements in prenol titers
for both the Ori-Repass and IPP-Repass pathways. These selective prenol
production pathways were further utilized to produce prenol de-
rivatives, successfully yielding the promising fuel additive prenyl ace-
tate and the pharmaceutical compound drupanin. Overall, the
demonstrated capacity for the repass pathways to generate isoprenoids
and provide prenyl substrates marks a new frontier for MVA pathway
engineering.
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HPLC high-performance liquid chromatography
HSQC  heteronuclear single quantum coherence

IDI isoprenyl diphosphate isomerase

P isopentenyl monophosphate

IPK Isopentenyl monophosphate kinase

IPP isopentenyl diphosphate
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