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ABSTRACT

The 2C-methyl-D-erythritol 4-phosphate (MEP) pathvig a carbon-efficient route
for synthesis of isopentenyl diphosphate (IPP) atiwhethylallyl diphosphate
(DMAPP), the building blocks of isoprenoids. Howevpractical application of a
native or recombinant MEP pathway for the mass gebdn of isoprenoids in
Escherichia coli has been unsatisfactory. In this study, the eméoembinant MEP
pathway was established with plasmids and useth&production of an isoprenoid,
protoilludene.E. coli harboring the recombinant MEP pathway plasmid (ME) a
protoilludene synthesis pathway plasmid (AO) pratld0.4 mg/L of protoilludene
after 48 h of culture. To determine the rate-lingtigene on plasmid ME, each
constituent gene of the MEP pathway was additigralerexpressed on the plasmid
AO. The additional overexpression of IPP isomer@B¢) enhanced protoilludene
production to 67.4 mg/L. Overexpression of the Bpd FIdA protein complex,
which could mediate electron transfer from NADPH-® S cluster proteins such as
IspG and IspH of the MEP pathway, increased piatiéine production to 318.8
mg/L. Given that it is required for IspC as well lapG/H, the MEP pathway has
high demand for NADPH. To increase the supply oftNPM, a NADH kinase from
Saccharomyces cerevisiae (tPos5p) that converts NADH to NADPH was introdiice
along with the deletion of a promiscuous NADPH-degent aldehyde reductase
(YjgB) that consumes NADPH. This resulted in a piltdene production of 512.7
mg/L. The results indicate that IDI, Fpr-FIdA redgroteins, and NADPH
regenerators are key engineering points for bogdtie metabolic flux towards a
recombinant MEP pathway.

Keywords: MEP pathway; isoprenoidfscherichia coli; Fe-S cluster protein;
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1. Introduction

Isoprenoids are a large family of over 55,000 vialeianatural compounds with
potential as pharmaceuticals, insecticides, fragganand ideal fuel alternatives
(McGarvey and Croteau, 1995, Peralta-Yahya and IKkea2010). They are derived
from the universal building blocks, isopentenyltdgphate (IPP) and dimethylallyl
diphosphate (DMAPP). These building blocks aretsgsized from two well-known
biosynthetic pathways, namely the mevalonate (MVAathway and the
2C-methyl-D-erythritol 4-phosphate (MEP) (also kmowas DXP) pathway
(Goldstein and Brown, 1990, Rohmer, 1999). As camegao the MVA pathway, the
MEP pathway is theoretically more efficient forpsenoid production, especially in
terms of carbon efficiency (Partow et al., 2012heTMEP pathway, which is
composed of seven enzymes (Dxs, IspC, IspD, IsgiF,|IspG, and IspH),
synthesizes IPP and DMAPP from pyruvate and D-ggldehyde-3-phosphaie a
ratio of 5-6:1 (Rohdich et al., 2003) (Fig. 1A).iFmatio can be shifted to 3:7 by
overexpression of an isopentenyl diphosphate isaseer(IDl) catalyzing the
reversible isomerization of IPP to DMAPP (Rohditlak, 2003).

In recent decades, microbial engineering has erdeagea promising method for
sustainable mass production of rare natural comg®uincluding isoprenoids.
Synthesis of IPP and DMAPP for isoprenoids produrcthas been augmented in
some model microorganisms such Bscherichia coli and Bacillus subtilis by
manipulation of their endogenous MEP pathways (kKimd Keasling, 2001, Xue and
Ahring, 2011). Early studies suggest that Dxs, Isp@ IDI are the key enzymes of
the MEP pathway to enhance production of isoprenfimmE. coli (Kajiwara et al.,
1997, Kim and Keasling, 2001, Reiling et al., 2004pwever, further increase in

4
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isoprenoid production has not been achieved bylsimyerexpression of several key
enzymes of the MEP pathway because the metabotimegring-confined MEP
pathway itself is blocked by an unknown metabolicegulatory obstacle (Martin et
al., 2003). Metabolite profiling oE. coli overexpressing Dxs, IDI, IspD, and IspF
showed a large accumulation of 2-C-methyl-D-erytin2,4-cyclodiphosphate
(MECcPP), the substrate of IspG (Zhou et al., 2012). Thelaarpf MEcCPP was not
reduced by simple overexpression of its downstreagymes, IspG and IspH (Zou
et al., 2013). Thus, the catalytic activities gidsand H are suspected to be limited
to either nonfunctional expression or an insuffitieedox recycling reaction via
flavodoxin (Fig. 1B).

IspG and H are iron-sulfur (Fe-S) cluster protermntaining a [4Fe-4S]
prosthetic group (Wolff et al., 2003). Multiple Fee€luster building and trafficking
pathways are involved in the maturation procesdespmG and H (formation of
holo-IspG/H) (Py and Barras, 2010). ISC (iron sulfiduster) and SUF (sulfur
utilization factor) help Fe-S proteins to acquire-& clusters irk. coli (Py and
Barras, 2010). Co-overexpression of ISC and Isp@itteased the functional
formation of IspG/H, suggesting enhanced Fe-S etustquisition (Grawert et al.,
2004, Zepeck et al., 2005). However, there waseithsevere reduction or only a
negligible increase in amorphadiene productionrafite overexpression of ISC
proteins in strains with overexpression of a recoatt MEP pathway (Zou et al.,
2013). The additional Fe-S cluster acquisition s§G/H is not suspected to be a
critical engineering point for the MEP pathway.

Both IspG and IspH reactions have to be couplet witeduction system, which

shuttles electrons from a reduced donor to theipxid Fe-S cluster of IspG/H
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(Rohdich et al., 2003). IspG and IspH are knownrdoeive electrons from the
reduced form of flavodoxin | encoded by tli@lA gene (Puan et al.,, 2005).
Flavodoxin | is reduced by a flavodoxin/ferredoMDP" reductase, encoded by
the fpr gene, using NADPH as the preferred electron doather than NADH
(Grawert et al., 2004, Wolff et al., 2003). FldAprFand NADPH thus compose an
efficient E. coli electron transfer system, known as the NADPH-AgAFeducing
system, responsible for the activation of IspG/Haifert et al., 2004, Zepeck et al.,
2005) (Fig. 1B).

NADPH is also indispensable to the maturation psecef all Fe-S cluster
proteins during Fe-S cluster trafficking (Kim et,a2013, Yan et al.,, 2013). An
oxidized ferredoxin (Fdx) receives one electronmfréNADPH and delivers the
electron to an Fe-S cluster via physical interaxtiavith both Fpr and the ISC
machinery protein (IscS, cysteine desulfurase) (i€imal., 2013, Yan et al., 2013).
The electron transfer pathway composed of NADPHi, lBmd Fdx is thereby
required for the maturation of IspG/H. Taken togetitNADPH plays a critical role
in both the maturation and activation processesp&/H. Besides IspG and IspH,
another MEP pathway enzyme, IspC, also requires RIARs the cofactor for its
catalytic activity (Rohdich et al., 2003, Takahastti al., 1998). The tight
NADPH-dependent activity of the MEP pathway hightigthe potential importance
of engineering NADPH regenerators.

In this study, we focused on engineering the atitimaprocess of IspG/H and

NADPH regenerators to establish a robust recombik&P pathway irk. coli.

2. Materialsand methods
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2.1. Bacterial strains and culture conditions

E. coli DH5a (F,®80dacZAM15, A(lacZYA-argF)U169, deoR, recAl, endAl,
hsdR17(fk” mk"), phoA, supE44, 1", thi-1; ATCC 98040) was used as the parent strain.
For knockout ofyjgB from the chromosome oE. coli DH50, a FRT-flanked
kanamycin resistance cassette was amplified frasnpid pKD13 (Baba et al., 2006)
with a primer pair of yjgB-KO-F/yjgB-KO-R and traiesmed into DHo cells
harboring plasmid pRedET for homologous recombamatiaccording to the
instructions of the Quick and Easy Red/ETcoli Gene Deletion Kit (Gene Bridges,
Heidelberg; Cat. No. KOO6). The kanamycin resistantarker was removed from
the chromosome to finally establigh coli DH5aAyjgB. Antibiotics (100 mg/L
ampicillin, 50 mg/L kanamycin, and 25 mg/L gentamyavere added as required in
experiments. Both seed and main cultures were malgbperformed in glass tubes
(2.5 cm x 15 cm) with plastic caps. For seed caltimdividual colonies grown on
solid LB medium (10 g tryptone, 10 g sodium chleri® g yeast extracts, and 17 g
agar per 1 L) were picked to inoculate 5 mL of 2ii&dium (16 g tryptone, 5 g
sodium chloride, and 10 g yeast extracts per ldntaining 2% glycerol, followed
by incubating at 30°C and 250 rpm overnight. Fomientation, the seed culture was
then inoculated into the same fresh medium to yéefohal volume of 4 mL with an
initial optical density at 600 nm (QR) of 0.1 and was cultivated at 30°C and 250
rpm for 48 h. The fermentation was performed usimgphase culture by overlaying
1 mL decane over 4 mL culture broth (Yang et al0l1€&). For induction,
isopropyl$-D-thiogalactoside (IPTG) was initially added intalture broth at a

concentration of 0.1 mM.
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2.2. Gene cloning and plasmid construction

Genomic DNA used for gene cloning was extractethfio coli MG1655 (ATCC
700926) andSaccharomyces cerevisae (ATCC 200589).E. coli DH5a cells were
used for the construction of all recombinant plasniPCR primers and plasmids
used in this study are listed in Table | and Tdbleespectively. All enzymes used for
recombinant gene cloning and plasmid constructsuch as Phusion high-fidelity
DNA polymerase, T4 DNA ligase, and restriction engg, were purchased from
New England Biolabs. Restriction sites for Pacl,ePnand Notl were introduced
into plasmid pSTV28K by PCR using a primer pair p8-PmXh-F/pS-PmPa-R,
which was followed by digestion with Pmel and ligat resulting in plasmid
pSTV28K2. Using a similar method, plasmid pTrc994ds derived from pTrc99A
by PCR using a primer pair of pT-PmXhNtl-F/pT-PniR&e introduce the restriction
sites for Pacl, Pmel, Notl, and Xhol.

For construction of the recombinant MEP pathwaysplia ME, first, the MEP
pathway genesdks, ispC, ispDF, ispE, ispG andispH) andidi were amplified from
the genomic DNA of MG1655 with the primer pairs ais-Sacl-F/dxs-R,
ispC-F/ispC-R, ispDF-F/ispDF-R, iSpE-F/ispE-Pstl-R, ispG-F/ispG-R,
ispH-Kpnl-F/ispH-R, and idi-F/idi-KpnI-R; secondhe resulting DNA fragments
were fused into two multi-gene DNA fragments, nameks-ispDF-ispC-idi and
ispH-ispG-ispE, by overlap PCR; finally, the two fused DNA fragm®e were
sequentially assembled into pSTV28K2 using theriigtin sites of Sacl/Kpnl and
Kpnl/Pstl. A protoilludene synthesis operon, whishs previously constructed by
Yanget al. (Yang et al., 2016), was inserted into pTrc99Aihg the restriction sites

of EcoRI and Sall, resulting in plasmid AO. To de@lasmids of AODxs, AOC,

8

Page 8 of 31



AODF, AOE, AOG, AOH, and AQOI, the MEP pathway gereslidi were amplified
with their corresponding primer sets containingrieion sites of Notl/Xhol (fordxs
and ispC/DF/E/G) and Pacl/Pmel (foiispH and idi), and introduced into the
corresponding restriction sites of plasmid AO. TpBBR1MCS-5 vector was
modified to remove the restriction sites for SadtlaXhol by digestion with Sall and
Xhol followed by self-ligation. ThéldA andfpr genes fromE. coli MG1655 were
amplified by PCR using the primer pairs of fldA-Rsitl-F/fldA-BmHI-R and
fpr-BmHI-F/fpr-XhIXbl-R and were cloned into the mified pPBBR1MCS-5 vector
using the restriction sites Pstl/BamHI and BamHHBXKbrespectively, resulting in
plasmid pBLP. The DNA fragments containibgth fldA and fpr were amplified
from pBLP with two different primer pairs. fldA-PRE/fpr-Pmel-R and
fldA-NtIPstl-F/fpr-XhIXbl-R, and were cloned intolgsmids of ME and AOI using
restriction sites Pacl/Pmel and Notl/Xhol, respeati, to generate plasmids MELP
and AOILP. Plasmid ME-LP, which contains an addiblac promoter leading to
additional expression dildA and fpr as compared with the plasmid MELP, was
constructed by amplifying the DNA fragment contamildA andfpr along with its
lac promoter region from pBLP with the primer pair pBlacPmelF/pB-Xhol-R
and introducing it into the restriction sites Bmel/Xhol of plasmid ME. For the
construction of plasmids AOIM, AOIU, and AOItthe maeB andudhA genes oE.
coli and tPosP5 gene of S cerevisae were amplified from their corresponding
genomic DNA with the primer pairs of maeB-Pmel-FaBaxhol-R,
udhA-Pmel-F/udhA-Xhol-R, and tPos5P-Pmel-F/tPosEfPHR, respectively, and

were introduced into the restriction sites of Nattl Xhol of the plasmid AOI.
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2.3. Quantification of protoilludene by gas chromatogsaph

After the two-phase culture, the decane phase wiexcted by centrifugation at
10,000 x g for 15 min to remove cell debris and subsequestilgjected to gas
chromatography (GC). Most of the protoilludene proed from the recombinant
cells was extracted into the decane phase, andwrdgtectable or trace amounts
remained in the cell pellets. Protoilludene was ngjiad using an Agilent
Technologies 7890A Gas Chromatograph equipped avilame ionization detector
(FID) following our previously reported procedume which 2puL of each sample
were separated on a 19091N-133 HP-INNOWAX colunamdth, 30 m; internal
diameter, 0.25 mm; film thickness, 0.28n) (Yang et al., 2016). The oven
temperature was initially held at 50°C and seqadgtincreased at the rates of
20°C/min to 90°C, 15°C/min to 150°C, 20°C/min ta018, and 10°C/min to 260°C.
Nitrogen was used as the carrier gas with an ipletssure of 39.0 psi. The

temperature of the detector (FID) was maintaine2BafC.

3. Results and discussion

3.1. Recombinant MEP pathway for production of protaitne

To evaluate the capacity of an engineered MEP pathiw E. coli, a strong
isoprenoid synthesis pathway draining IPP/DMAPRusthte coupled with the MEP
pathway to prevent an intracellular accumulationoaic IPP/DMAPP. Our previous
report showed that a high-copy, plasmid-based phadene synthesis operon (AO in
Fig. 2A), encodingE. coli farnesyl diphosphate synthase (IspA) abwmiphalotus
olearius protoilludene synthase (Omp7) under a strémgpromoter, was highly

efficient for conversion of IPP/DMAPP to protoillede inE. coli with an exogenous
10
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MVA pathway (Yang et al., 2016). Protoilludene isauable sesquiterpene, and its
derivatives are known to exert antitumor and ardinbial activities (Bohnert et al.,
2014). Protoilludene is produced in a trace amdumn a recombinang&. coli
harboring only the plasmid AO encoding the protmi#ne synthesis operon (data not
shown here). This indicates a poor supply of IPPABM® from the native
chromosomal MEP pathway for protoilludene synthesighe cells. In order to
augment MEP pathway, all MEP pathway gergs, (ispC, ispD, ispE, ispF, ispG
andispH) andidi were assembled together in a single operon undeoderatdac
promoter in the low-copy plasmid pSTV28K, resultinghe plasmid ME (Fig. 2A).
Co-overexpression of ME and AO resulted in pratoiéine production of 10.4 mg/L
after 48 h of culture (Fig. 2B). Although there was increase of protoilludene
synthesis by the plasmid ME, the production titaiswot satisfactory. To determine
the bottleneck in the recombinant MEP pathway, egaie of the recombinant ME
pathway was cloned after tloenp7 gene in the plasmid AO (Fig. 2A). Protoilludene
production was not improved by the additional oxpression of any of the MEP
pathway genes except for thdi gene (Fig. 2B). The additional overexpression of
IDI using the plasmid AOI significantly increasedoilludene production to 67
mg/L after 36 h of culture. There were also siguifit differences in cell growth
between the strain ME/AOI and the other recombinatrains. Cell growth
retardation or inhibition was observed in the reborant strains with no additional
overexpression of IDI, which might be due to thedity of IPP, accumulated by the
imbalance of IPP/DMAPP synthesis from the recomiin®EP pathway and
IPP/DMAPP consumption for protoilludene synthess®prenyl diphosphates such

as IPP are known to be toxic to cells when theyiaedate (Martin et al., 2003). The

11
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MEP pathway generates IPP and DMAPP in ratio of. 5{Rohdich et al., 2003),
whereas protoilludene synthesis consumes IPP andEMMn ratio of 2:1 (Fig. 1A).
If the IDI expression from the plasmid ME is noffgient, the imbalance between
the synthesis and consumption ratios of IPP and BPRAwould cause an
accumulation of IPP. Therefore, the improved celbwgh and protoilludene
production of the strain ME/AOI could be ascribeda balanced metabolism of
IPP/DMAPP when IDI, catalyzing a reversible isormation of IPP to DMAPP at a
ratio of 3:7, is sufficiently expressed. An increasf DMAPP through the
overexpression of IDI could also be a benefit t®®ynthase (IspA) possessing a
higher Km of 50uM to DMAPP than 4uM to IPP (Fujisaki et al., 1986).
Furthermore, DMAPP would initiate FPP synthesis enas the reaction priming
molecule. The additional overexpression of IspGrfrthe plasmid AOG caused a
retardation of cell growth, but a lower growth ibition than those of the additional
overexpression of other MEP pathway genes. Howelerprotoilludene production
was negligible, which indicates a reduced synthesiSPP by unknown mechanism
or mutation. The recombinant strains with the addél overexpression of other
MEP pathway genes than IDI and IspG presented @esugrowth after 12 or 24 h of
culture, also indicating an unknown metabolic sbiftmutation due to the imbalance

of generation and consumption of IPP/DMAPP.

3.2. Effect of FIdA and Fpr on the performance of a rmbmant MEP

pathway

A large accumulation of MECPP, the substrate o6G)dpas been observed i

coli harboring a recombinant MEP pathway with high géosage (Zhou et al., 2012,

12
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Zou et al., 2013). This indicates that IspG is ta-taniting step of the recombinant
MEP pathway, although its gene dosage is sufficiEntis, a bottleneck is suspected
to be present in the reducing system of FIdA and kpown to responsible for
functioning of Fe-S cluster proteins such as Isp@ BpH (Fig. 1B). The effect of
the Fpr-FIdA reducing system on the MEP pathway wagestigated by
overexpression didA andfpr in the protoilludene production strains (Fig. Bith
fldA andfpr genes were sequentially assembled downstreanea$gh gene on the
plasmid ME with dac promoter and low copy number, resulting in a plasmELP.
Recombinante. coli harboring plasmids MELP and AOI produced 115.1 Lmaujf/
protoilludene, which is an increase of 41% compatedE. coli ME/AOI. An
additionallac promoter was introduced in front of tHdA/fpr genes on the plasmid
MELP to make plasmid ME-LP. Production of protodane from E. coli
ME-LP/AQOI was significantly increased to 318.8 mgythich is 4.7-fold higher than
that of E. coli ME/AOI (67.4 mg/L). In order to further increasepeession of FIdA
and Fpr, thefldA/fpr genes were cloned into the plasmid AOI with argrac
promoter and high copy number, resulting in plasi@ILP. E. coli ME/AOILP
produced 183.1 mg/L of protoilludene, which was éowthan the highest production
obtained fromE. coli ME-LP/AQI. This suggests that the optimal overegsion of
FIdA and Fpr is a very effective way to enhance peeformance of the MEP
pathway through activation of IspG/H reactions. |@gbwth is also favored with
overexpression of FIdA and Fpr. Cell growthiofcoli ME-LP/AOI was an Olbhonm
of 18, which is almost 2-fold higher than that (§dam of 10) of E. coli ME/AOI.
The improved cell growth by overexpression of FldAd Fpr is probably due to

accelerated electron transfer, which favors aenmspiration.
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3.3. Effect of NADPH regeneration on the performance &f
recombinant MEP pathway

Fe-S cluster proteins, such as IspG/H, are redbgetthe complex of Fpr-FIdA
using NADPH as an electron donor. The conversion ledeoxy-D-xylulose
5-phosphate (DXP) to 2-C-methyl-D-erythritol 4-ppbate (MEP) is catalyzed by
IspC, which is a NADPH-dependent reaction. Threzyeres (IspC, IspG, and IspH)
in the MEP pathway require NADPH as the electronaddor their catalytic reaction
(Rohdich et al., 2003, Takahashi et al., 1998).sTmageneration of NADPH could
be another factor determining the performance @MIEP pathway.

The regeneration of NADPH can be enhanced by thieg¢egies: 1) enhancing
the reduction of NADPto NADPH, 2) phosphorylation of NADH to NADPH, and
3) reducing the undesired waste of NADPH. FirsteBland UdhA were targeted to
enhance the reduction of NADR NADPH. MaeB is a NADRdependent malate
dehydrogenase converting NADBNnd §-malate into NADPH and pyruvate B
coli (Bologna et al., 2007, Csonka and Fraenkel, 19¥8@eB was found to be
important for the regeneration of NADPH i coli during growth on two-carbon
compounds, such as acetate (Wang et al., 2011yefquession of MaeB is thus
expected to facilitate regeneration of NADPH amdwdtaneously drive a carbon flux
from the tricarboxylic acid (TCA) cycle to the MEfathway through the formation
of pyruvate (Fig. 1A). UdhA is a cytosolic pyridinaucleotide transhydrogenase
catalyzing the reversible conversion of NATWADH to NADPH/NAD" in E. coli
(Schomburg et al., 2013). Overexpression of Udha lbeen reported to enhance the
availability of NADPH for several NADPH-dependentetabolic pathways in an

14
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engineeredt. coli (Lee et al., 2010, Sanchez et al., 2006). Plasi@i$/ and AOIU
were constructed by insertimgaeB andudhA, respectively, afterdi in the plasmid
AOI (Fig. 4A). In contrast with our expectationsyepexpression of MaeB in the
strain ME-LP/AOIM also harboring plasmids ME-LP ar&DIM resulted in
significant decreases in protoilludene production aell growth (Fig. 4B). In the
strain ME-LP/AOIU, protoilludene production and logtowth were not affected by
overexpression of UdhA. The negative effect of Mae@Brexpression could be due
to depletion of H-malate by its overconsumption through MaeB, aayisan
imbalance of cellular metabolism including the TE€¥cle. Thus, $-malate was
supplemented in the culture broth at a concentraifdd.1 and 1 mM (Fig. 4C). The
protoilludene production and cell growth were restioby the supplementation of
(S-malate, although there was no increase in ptat®he production or cell growth
compared to the strain ME-LP/AOI with no overexgies of MaeB. The lack of
effect of the overexpression of UdhA on protoillndeproduction and cell growth
could be ascribed to its reversible reaction chiaregtics favoring the reaction
direction of NADPH/NAD to NADP'/NADH (Sauer et al., 2004).

Second, in order to increase the pool size of NARRDPH, direct
phosphorylation of NADH to NADPH was addressed bserexpression of an
NADH kinase. This has been successfully applied fADPH-dependent
biotransformation processes in enginedtedoli by heterologous overexpression of
tPos5p, a NADH kinase @& cerevisiae lacking the mitochondrial targeting sequence
(Lee et al., 2013, Strand et al., 2003). The gemwoding tPos5p was cloned after
idi on the plasmid AOI, resulting in a plasmid AOItPig, 4A). Production of

protoilludene was increased to 479.5 mg/L by overession of tPos5p in the strain
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ME-LP/AOQItP (Fig. 4B).
Third, theyjgB gene was deleted to reduce the undesired wast&DbPH. YjgB

is a non-essential NADPH-dependent aldehyde res@ctaith broad substrate
specificities (Pick et al., 2013). Although the plofogical function of YjgB remains
unclear, it was found to have significant catalyictivity in E. coli (Zhou et al.,
2014). Thus, deletion gigB gene is expected to reduce the waste of NADPkhdn
yjgB knockout mutant, E. coli DH5aAyjgB, the plasmid combinations of
ME-LP/AOI and ME-LP/AOItP produced 424.5 mg/L andl25/ mg/L of
protoilludene, respectively, which are increases3®2% and 7.0% compared to
those of the same combinations in the parental dH&ain. Production of
protoilludene was increased with the reduced waktdADPH. Taken together, the

performance of MEP pathway significantly dependshansupply of NADPH.

4. Conclusions

We have provided a new insight into the engineedhthe MEP pathway with
manipulation of its peripheral metabolic systemsheW direct manipulations of a
target pathway are confronted with limits in in@ea the pathway performance, the
manipulation of peripheral metabolic systems cdutdan alternative approach of
metabolic engineering. In this study, an entireonebinant MEP pathway was
constructed on the plasmid ME, where additionalrexgression of IDI from the
plasmid AOI was required to balance the ratio ¢ t8 DMAPP for their generation
(5-6:1) and consumption (2:1) through the MEP pathend protoilludene synthesis,
respectively. Overexpression of the redox recycbygtem composed of FIdA and
Fpr was also required for optimal function of Ispghd IspH. Heterologous

16

Page 16 of 31



overexpression of the NADH kinase tPos5p and demletf the non-essential
NADPH-dependent aldehyde reductase YjgB was negegs&nhance performance
of the MEP pathway with the three NADPH-dependeaictions of IspC, IspG, and
IspH. Through the engineering of the peripheralabelism of the MEP pathway,
protoilludene production was increased from 10.4Lng 512.7 mg/L, which is an

improvement of 49-fold in the performance of theambinant MEP pathway.
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Figure legends

Fig. 1. MEP pathway and its relevant metabolism for pthtdene synthesis. (A)
Synthesis of protoilludene from glycerol througle tMIEP pathway. PYR and G3P,
which can be synthesized from glycerol, are comeermto the isoprenoid building
blocks of IPP/DMAPP through the MEP pathway. IPP/SRMP are used for
protoilludene synthesis by IspA and Omp7. (B) Reéidacof Fe-S clusters of IspG/H
by Fpr-FIDA complex and NADPH. (C) Enhancing availity of NADPH for MEP
pathway by reduction of NADPo NADPH, phosphorylation of NADH to NADPH,
and deletion of an unnecessary reaction of NADPbbrAviations used here are as

follows.  Metabolites are  G3P, D-glyceraldehyde-®gpphate; PEP

phosphoenolpyruvate; PYR, pyruvate; MAL, malate; X
1-deoxy-D-xylulose-5-phosphate; MEP, 2-C-methylipteritol 4-phosphate;
CDPME, 4-diphosphocytidyl-2-C-methyl-D-erythritol; CDPMEZ2P,
2-phospho-4-diphosphocytidyl-2-C-methyl-D-erythkito MECPP, 2-C-methyl-D-
erythritol-2,4-cyclodiphosphate; HMBPP, 1-hydroxyrrethyl-butenyl-
4-diphosphate; IPP, isopentenyl diphosphate; DMAdR®ethylallyl diphosphate;
and FPP, farnesyl diphosphate. Enzymes are Dxs, ByRhase; IspC, DXP
reductoisomerase; IspD, CDPME synthase; IspE, CDRftase; IspF, MEcPP
synthase; IspG, HMBPP synthase; IspH, HMBPP redeci®I|, IPP isomerase; ISpA,
FPP synthase; Omp7Omphalotus olearius protoilludene synthase; MaeB,
NADP'-dependent malate dehydrogenase; UdhA, pyridine leatide
transhydrogenase; tPos5p, NADH kinaseSoterevisiae lacking of mitochondrial

targeting sequence; and YjgB, NADPH-dependent gidielheductase.
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Fig. 2. Recombinant MEP pathway construction and genegdosgtimization for
protoilludene production. (A) Schematic diagram @hulti-gene operons
corresponding to each plasmid. MEP pathway gedes (spC, ispD, ispE, ispF,
ispG, andispH) andidi were assembled into a low-copy plasmid (pSTV28#rax.

10 copies) and transcribed under a model@tepromoter. Protoilludene synthesis
geneg(ispA andomp?7) were assembled into a high-copy plasmid (pTrcO&gprox.
20 copies) and transcribed under a strowgoromoter. An additional copy of each
MEP pathway gene was added to the protoilludenethegis operon. (B)
Protoilludene production fromE. coli engineered with the recombinant MEP

pathways. Error bars represent the standard dewiafitriplicate experiments.

Fig. 3. Effect of fpr and fldA overexpression on protoilludene productidA)
Schematic diagram of multi-gene operons correspontb each plasmid. Botipr
andfldA genes were co-overexpressed under a single/dtadpromoter or a single
trc promoter in different plasmids. (B) Protoilludgm®duction from recombinari.

coli with overexpression dpr andfldA. Results were obtained after 48 h of culture.

Error bars represent the standard deviation didafe experiments.

Fig. 4. Effect of manipulation of NADPH regeneration orofmilludene production.
(A) Schematic diagram of multi-gene operons coimginthe maeB, udhA, and
tPos5p genes. (B) Effect of overexpression roéeB, udhA, andtPos5P genes on
protoilludene production and cell growth in wildsty DH% and ayjgB knockout

mutant (DHD AyjgB). The DH% strain harboring plasmids ME-LP and AOI was
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used as a control. (C) Effect of5{malate supplementation on protoilludene
production and cell growth in the DkStrain harboring plasmids ME-LP and AOIM.
Results of (B) and (C) were obtained after 48 lrwdfure. Error bars represent the

standard deviationof triplicate experiments.
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Tablel

Primers used in this study.

Primers Sequences References
pS-PmXFt-F GTGTTAgtttaaacCTTctcgagGGCCGTCGTTTTACAACG This stud
pS-PmP«R GTGTTAgtttaaacTCttaattaaAGTGCCAAGCTTGCATG This stud
pT-PmXhNtl-F  AAAGAgtttaaacCTTctcgaggcggccgcGATGAGABGATTTTCAGCCTG Thi

ATAC is study
pT-PmPa-R GAAGgtttaaacTCTttaattaaAAACAGCCAAGCTTGGZCT This study
dxs-Sacl-F CGgagctcGCGGACTACATCATCCAGC This study
dxs-R TTATGCCAGCCAGGC( This stud
ispDF-F GGCCTGGCTGGCATAACAACAGGTACTATATGGCAACCACTCIAIT .

GG This study
ispDF-R CCTCCTTCATTTTGTTGCCTTAATGAGTA This study
ispC-F TAAGGCAACAAAATGAAGGAGGAATCTGATGAAGCAACTCACCAT .

TC This study
ispC-R TCAGCTTGCGAGACGC This study
idi-F GCGTCTCGCAAGCTGAGGAAGGATTAAGGAGGTTAAACATGCAAA This study

CGGAACACGTC
idi-KpnI-R GGggtaccTTATTTAAGCTGGGTAAATGCA This styd
ispH-Kpnl-F GGggtaccTTTAAGGAGGATAGAACATGCAGATCCTGTEGCCAA This study
ispH-R TTAATCGACTTCACGAATATCGAC This study
ispG-F GTCGATATTCGTGAAGTCGATTAAAAAAGAAGGAGGATCAGATGCA This study

TAACCAGGCTCCAAT
ispG-R TTATTTTTCAACCTGCTGAA This study
ispE-F TTCAGCAGGTTGAAAAATAAGGAGATTACGTatgCGGACACAGTGG .

C This study
ispE-Pst-R AActgcagTTAAAGCATGGCTCTGTGC, This stud
dxs-Notl-F TAgcggccgcAATAAGTATTAATAGGCCCCTGAT This stud
dxs-Xhol-R TCGctcgagTTATGCCAGCCAGGCCTTG This study
ispC-Notl-F ATAgcggccgcAGGAGGAATCTGATGAA This study
ispC-Xhol-R TAGctcgagTCAGCTTGCGAGACGCAT This study
ispDF-Notl-F TAgcggccgcACAACAGGTACTATATGGCA This sdy
ispDF-Xhol-R TAGctcgagTCATTTTGTTGCCTTAATGAG This stud'
ispE-Notl-F TAgcggccgcAAAAATAAGGAGATTACGTATGC Thistudy
ispE-Xhol-R TAGctcgagTTAAAGCATGGCTCTGTG This study
ispG-Notl-F TAgcggccgcAAAAAGAAGGAGGATCAGATG This sty
ispG-Xhol-R TAGctcgagTTATTTTTCAACCTGCTGAAC This sty
ispH-Pacl-F CATttaattaaTTTAAGGAGGATAGAACATGCAGATC his study
ispH-Pme-R TCTCAT(gtttaaacTTAATCGACTTCACGAATATCGACA! This stud'
idi-Pacl-F CATttaattaaGAGGAAGGATTAAGGAGGTTAAACATG Ais study
idi-Pmel-R TCTCAT(tttaaacTTATTTAAGCTGGGTAAATGCAGATATCG This study
fldA-NtIPstI-F ATAgcggecegectgcagCTTTATCCGTGGGCAATTT This study
fldA-BmHI-R TTggatccTCAGGCATTGAGAATTTCG This study
fpr-BmHI-F TTggatccATTTTTTTGTTCGGAGAACG This study
fpr-XhIXbl-R TAGctcgagtctagaTTACCAGTAATGCTCCGCT This stud'
fldA-Pacl-F CTCATgtttaaacCTTTATCCGTGGGCAATTTTC Thesudy
fpr-Pmel-R TCTCATgtttaaacTTACCAGTAATGCTCCGCTG Thetudy
pBlac-Pmel-F AGCCTTgtttaaacTACGCAAACCGCCTCTCC Thiady
pB-Xhol-R AATctcgagGGCCAGTGAGCGCGCGTA This study
maeE-Pme-F TCTCATgtttaaacCGTTACGTGAAAGGAACAAC! This stud'
maeB-Xhol-R TCActcgagTTACAGCGGTTGGGTTTGCG This sfud
udhA-Pmel-F TCTCATgtttaaacAGAACAGGTAAGCCCTACCA Thesudy
udhA-Xhol-R TCActcgagTTAAAACAGGCGGTTTAAACCGT Thistady
tPos5P-Pmel-F  TCTCATgtttaaacAAGGAGATATATCAAATGAGTART TGGATTCACAT Thi

TCC is study
tPos5-Notl-R TAgcggccgc TTAATCATTATCAGTCTGTCTCTT( This stud'
yjgB-KO-F CTGCCATGCTCTACACTTCCCAAACAACACCAGAGAAGGACAAA  (Zhou et al.,

AAATGATTCCGGGGATCCGTCGACC 2014)
yjgB-KO-R GCGCCTCAGATCAGCGCTGCGAATGATTTTCAAAAATCGGETTCA  (Zhou et al.,
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ACACTGTAGGCTGGAGCTGCTTCG 2014)

& Overlapped nucleotide sequences for fusion PCRuaderlined. Restriction sites are presented in
lowercase.

Table2

Plasmids used in this study.

Plasmid Description Reference
pSTV28K Derived from pSTV2&,,. cloning vector, pACYC184 (Zhou et
origin, LacZ, Km' (Takara Bio Inc., Otsu, Japan) al., 2014)
pSTV28K2 Derived from pSTV28K; its multiple clonirsife contains
unigue sites foEcoR |, Sacl, Kpn |, BamH |, Sal |, Pst |, (Amann et
Sof 1, Sph I, Hind 1ll, Pac |, Pmel andNot | in a sequential al., 1988)
ordel
pTrc99A Py expression vector, pBR322 origin, I§mp This study
pTrc99A4 Derived from pTrc99A; its multiple cloniife contains

unigue sites foNco |, EcoR |, Sac |, Kpn I, Sma |, BamH |,
Xbal, Sal 1, Pst I, Hind lll, Pac |, Pme I, Not | andXho | in
a sequential order

pBBR1MCS-5 A broad-host-range cloning vect®,. expression, Gn (Kovach et

This study

al., 1995)
AO ]E)Trc99A4 contalnlngspA from E. coli MG1655 andOmp7 This study
rom Omphalotus olerius
ME pSTV28K2 containinglxs, ispDF, ispC, idi, ispH, ispG and This stud
ispE from MG1655 in a sequential order y
pBLP pBBR1MCS-5 containinfydA andfpr in a sequential order  This study
AODxs AO containingixs This study
AOC AO containingspC This study
AODF AO containingispDF This stud
AOE AO containingspE This study
AOG AO containingspG This study
AOH AO containingispH This stud
AOI AO containingidi This study
pBLP pBBR1MCS-5 containinfjdA andfpr This study
MELP ME containingldA andfpr from MG1655 in a sequential :
order This study
ME-LP An additional moderat@c promoter was inserted between This stud
ispE andfldA in MELP y
AOILP AOI containingfldA andfpr in a sequential ord This stud
AOIM AOI containingmaeB from MG1655 This study
AOIU AOI containingudhA from MG1655 This study
AOItP AOI containingPosbp, a truncated form dPos5p from S :
U This study
cerevisae
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Highlights

® A new insight into the engineering of the MEP patlgwis provided with
manipulation of its peripheral metabolic systems.

® Overexpression of the redox recycling system comgosf FIDA and Fpr is
required for optimal function of IspG and IspH.

® Heterologous overexpression of the NADH kinase $Boand deletion of the

non-essential NADPH-dependent aldehyde reductasegB Yjenhance

performance of the MEP pathway.
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