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Abstract

Background: Terpenes are industrially relevant natural compounds the biosynthesis of which relies on two well-
established—mevalonic acid (MVA) and methyl erythritol phosphate (MEP)-pathways. Both pathways are widely
distributed in all domains of life, the former is predominantly found in eukaryotes and archaea and the latter in
eubacteria and chloroplasts. These two pathways supply isopentenyl diphosphate (IPP) and dimethylallyl diphosphate

(DMAPP), the universal building blocks of terpenes.

Results: The potential to establish a semisynthetic third pathway to access these precursors has been investigated

in the present work. We have tested the ability of a collection of 93 isopentenyl phosphate kinases (IPK) from the
biodiversity to catalyse the double phosphorylation of isopentenol and dimethylallyl alcohol to give, respectively IPP
and DMAPP. Five IPKs selected from a preliminary in vitro screening were evaluated in vivo in an engineered chassis

E. coli strain producing carotenoids. The recombinant pathway leading to the synthesis of neurosporene and lyco-
pene, allows a simple colorimetric assay to test the potential of IPKs for the synthesis of IPP and DMAPP starting from
the corresponding alcohols. The best candidate identified was the IPK from Methanococcoides burtonii (UniProt ID:
Q12TH9) which improved carotenoid and neurosporene yields ~ 18-fold and > 45-fold, respectively. In our lab scale
conditions, titres of neurosporene reached up to 702.1 +44.7 ug/g DCW and 966.2 +61.6 pug/L. A scale up to 4 L in-
batch cultures reached to 604.8 +68.3 ug/g DCW and 430.5 £48.6 pg/L without any optimisation shown its potential
for future applications. Neurosporene was almost the only carotenoid produced under these conditions, reach-

ing ~90% of total carotenoids both at lab and batch scales thus offering an easy access to this sophisticated molecule.

Conclusion: IPK biodiversity was screened in order to identify IPKs that optimize the final carotenoid content of engi-
neered E. coli cells expressing the lycopene biosynthesis pathway. By simply changing the IPK and without any other
metabolic engineering we improved the neurosporene content by more than 45 fold offering a new biosynthetic

access to this molecule of upmost importance.

Keywords: IPK, Terpene biosynthesis, Neurosporene, Microbial production

Background

Terpenes are known as a large family of natural products
with a broad range of complexities and functionalities [1,
2]. They possess many industrial applications in the fields
of cosmetics, nutrition and pharmaceutics [3-5]. Neu-
rosporene is a tetraterpene molecule that belongs to the
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widely commercialized carotenoid family of pigmented
antioxidants. Other, commonly produced, members of
this family are lycopene and beta-carotene. Unlike these,
microbial production of neurosporene has been rarely
described, probably because neurosporene is often a
bound intermediate of lycopene synthase Crtl [6]. Like
all terpenes, carotenoids are composed of C5 isoprene
units and are naturally synthesized from the two common
building blocks, isopentenyl diphosphate and dimethylal-
lyl diphosphate (IPP and DMAPP). These two compounds
are naturally synthesized through one of two possible and
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distinct routes, the mevalonic acid (MVA) pathway and
the methyl erythritol phosphate (MEP) pathway. Both of
these pathways have been extensively engineered for the
production of a number of terpenes, including carote-
noids, with different levels of success [7-9].

In this work, we propose an alternative way to pro-
duce IPP and DMAPDP, the building blocks for terpenes.
The capability of several putative isopentenyl phosphate
kinases (IPKs) to produce these molecules from the
industrially available and low cost precursors isopente-
nol and dimethylallyl alcohol (IOH and DMAOH) was
measured. Many advantages can be expected from this
production method for IPP and DMAPP. The biosynthe-
sis of terpenes can be decoupled from the central metab-
olism and thus will have less impact on the production
of biomass, since glucose (or another carbon source) can
be reserved for the primary metabolism. Moreover, the
need to produce (or overproduce) only one enzyme, the
IPK, should lead to a simplification of any engineering
study on this new route to the universal terpene precur-
sors, DMAPP and IPP. In contrast, the natural pathways
to synthesize these two compounds, the MEV and the
MEP pathways, use 18 enzymes to transform glucose into
DMAPP and IPP. An additional advantage of this route to
terpenes is the possibility of controlling the ratio between
DMAOH and IOH so as to adapt the method to the bio-
synthesis of either monoterpenes (C10, 1 DMAOH for
1 IOH), sesquiterpenes or triterpenes (C15 and C30, 1
DMAOH for 2 IOH), or diterpenes or tetraterpenes (C20
and C40, 1 DMAOH for 3 IOH). Finally, it provides an
opportunity to regulate the addition of the carbon source
(DMAOH, IOH) over time thus limiting the formation of
DMAPP and IPP, compounds toxic to the cell [10].

We selected, using sequence-driven in silico approach,
93 IPKs from the available biodiversity, and the number of
candidate IPKs was reduced to 5 after considering protein
expression in E. coli, protein solubility and activity. The
in vivo performance of these five most promising candi-
dates was tested in E. coli cells bearing the full recombinant
lycopene biosynthetic pathway. Around 18-fold improve-
ment of total carotenoid biosynthesis was observed. It is
noteworthy that while the full lycopene biosynthesis path-
way was present, neurosporene was the most abundant
terpenoid produced by the E. coli strains expressing IPKs,
in culture medium supplemented with IOH and DMAOH.
Carotenoid production reached a more than 45-fold spe-
cific improvement, with a~90% relative abundance for
neurosporene in the carotenoid fraction of cell extracts.

Materials and methods

Bacterial strains and chemicals

Escherichia coli DH5a was used for cloning and plasmid
propagation. Escherichia coli BL21 (DE3) was used for
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protein expression and carotenoid biosynthesis. LB broth
medium was purchased from Fisher Bioreagents . Tryp-
tone and yeast extract were from BD"".

Adenosine triphosphate (ATP), phosphoenolpyruvic acid
monopotassium salt (PEP), reduced B-Nicotinamide ade-
nine dinucleotide (NADH) and oxidized B-Nicotinamide
adenine dinucleotide (NAD), isopropyl--D-thiogalactoside
(IPTG), 2-(N-morpholino)ethanesulfonic acid (MES), the
enzymes lactate dehydrogenase (LDH) and pyruvate kinase
(PK) from rabbit muscle, glycerol, KH,PO,, K,HPO,, iso-
pentenol, dimethylallyl alcohol, streptomycin, kanamycin,
ampicillin and chloramphenicol were purchased from Sigma
Aldrich (Millipore Sigma, St Louis, USA). Bovine serum
albumin was purchased from Bio-Rad. Oligonucleotides
were from Sigma-Aldrich (Millipore Sigma, St Louis, USA).
E. coli strains BL21-CodonPlus (DE3)-RIPL were from Agi-
lent technologies (Santa Clara, USA). Phusion® High-Fidel-
ity DNA Polymerase was from Fisher, T4 DNA ligase and
restriction enzymes were provided by New England Biolabs®
Inc. and used according to manufacturer instructions.

IPK collection from biodiversity

A sequence driven approach [11] was used with IPK experi-
mentally described as references: IPK from Thermoplasma
acidophilum (UniProt ID: Q9HLX1) [12], Methanocaldoc-
occus jannaschii (UniProt ID: Q60352) [13], Methanother-
mobacter thermautotrophicus (UniProt ID: 026153) [12],
Haloferax volcanii (UniProt ID: D4AGW'T7) [14]. Primers
were chosen for 93 genes corresponding to the proteins
selected from the UniProt database. Genes were cloned with
a N-terminal histidine tag in a pET22b(4) (Novagen) modi-
fied for ligation independent cloning as already described
[15]. All primers and strains are listed in Additional file 1:
Table S1. All the bacterial strains were purchased from
DSMZ collection. Each protein expression plasmid was
transformed into E. coli BL21-CodonPlus (DE3)-RIPL. Cell
culture, protein production and cell lysis was performed as
previously published [15] in 96-well microplates. The lysis
buffer contained Tris 50 mM pH 6.0, NaCl 50 mM, glycerol
10%, 0.2 uL Lysonase " Bioprocessing Reagent (Novagen)
and Pefabloc 1 mM. After centrifugation and recovery of
the supernatant, the induction of the protein was checked
using E-PAGE™ 8% Protein Gels, 48-well system from Inv-
itrogen. Protein concentration was determined by the Brad-
ford method, with bovine serum albumin as the standard
(Bio-Rad). Gel analysis showed that, from 93 over-expressed
proteins, 66 were correctly induced after IPTG addition but
only 24 are always visible in cell free extract.

Enzymatic screening by LC-MS analysis
Biochemical assays were performed in 96-well micro-
plates. Enzyme assays were performed in a final volume
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of 100 pL containing MES buffer 50 mM pH 6.0, 10 mM
of substrates (isopentenyl phosphate and dimethylal-
lyl phosphate), ATP 2.5 mM, MgCl, 5 mM, PEP 5 mM,
pyruvate kinase 1U and cell lysate (0.05 to 0.1 mg/mL of
total proteins). The coupled enzymatic system with pyru-
vate kinase was used in order to avoid potential ADP
inhibition on kinase activity. Reactions were performed
overnight at room temperature and then stopped by add-
ing 1% TFA. After centrifugation, a sample was diluted 20
fold before LC/MS injection by transferring 10 uL of each
well of acidified reaction media into 190 pL of mobile
phase (80% acetonitrile and 20% aqueous phase 10 mM
(NH,),COs3) in a 96-well daughter microplate. Standards
were prepared as described above replacing enzyme cell
lysate by untransformed E. coli BL21 (DE3) cell lysate.

The detection of isopentenyl phosphate (IP) or dimeth-
ylallyl phosphate (DMAP) and isopentenyl diphosphate
(IPP) or dimethylallyl diphosphate (DMAPP) was per-
formed by LC/ESI-MS method using a Dionex UltiMate
TCC-3000RS chromatographic system (Thermo Fisher
Scientific, Courtaboeuf, France) coupled to a hybrid triple
quadrupole-linear ion trap mass spectrometer (QTRAP
5500 from ABSciex, Courtaboeuf, France) equipped with
a HESI source.

HPLC separation was achieved on a Sequant
ZICpHILIC column 5 pm, 2.1 x 100 mm (Merck, Darm-
stadt, Germany) thermostated at 15 °C. Mobile phase
flow rate was set at 0.2 mL/min, and injection volume
was 3 pL. Phase A was an aqueous solution of 10 mM
(NH,),CO, with the pH adjusted to 9.5 with NH,OH and
organic phase B was acetonitrile. The following gradient
conditions were applied: 0.5 min equilibration step at
80% of phase B; 4.5 min linear gradient from 80 to 40%
of phase B; 2.5 min isocratic elution at 40% of phase B,
return to 80% of phase B in 2 min and a reconditioning
step of 6 min.

For mass spectrometry analysis, multiple reaction
monitoring (MRM) in the negative ionization mode was
applied. Three optimized MRM transitions were selected
for IP (or DMAP): 245— 79/227/63 and for IPP (or
DMAPP): 165 — 79/97/63. The data processing was per-
formed using Analyst software 1.5.1 (ABSciex). On each
microtiter plate, E. coli cell lysate was used as the nega-
tive control. Enzymes were considered as positive when
the signal was at least threefold higher than that of the
negative control.

In vivo expression of selected IPKs

The genes coding for the IPKs of Thermoplasma acido-
philum (IPK-ta), Methanococcus vannielii (IPK-mv),
Methanolobus tindarius (IPK-mt), Methanosalsum zhili-
nae (IPK-mz), Methanococcus maripaludis (IPK-mm)
and Methanococcoides burtonii (IPK-mb) were amplified
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by PCR with their corresponding primers (Additional
file 1: Table S2). The PCR products were subsequently
restricted HindIII/Notl, except of that corresponding
to IPK-mz which was restricted NotI/Notl, and sub-
cloned into medium copy number vector pPCDFDuet -1
(20—40 copies per cell) and/or high copy number vector
pRSFDuet -1 (>100 copies per cell) from Novagen lin-
earized with the same enzyme(s) for in vivo experiments.
Streptomycin and kanamycin were, respectively used to
select transformants. All plasmids used for in vivo carot-
enoid production screening are listed in Additional file 1:
Table S3.

Culture media and growth conditions

Routine growth of E. coli strains was made in LB medium
(1% casein peptone, 0.5% yeast extract, 1% NaCl) supple-
mented with 100 ug/mL ampicillin, 50 pg/mL kanamycin,
50 pg/mL streptomycin and/or 30 pg/mL chlorampheni-
col when appropriate. Cultures were performed at 37 °C
and 1.5% agar was added to solid medium.

Carotenoid biosynthesis was conducted in 250 mL glass
conical flasks containing 50 mL TB medium (1.2% tryp-
tone, 2.4% yeast extract, 0.4% glycerol, 0.017 M KH,PO,,
0.072 M K,HPO,) supplemented with antibiotics at the
same concentrations as for LB. Cultures were inoculated
with cells from a 24 h preculture (5 mL LB; 37 °C; culture
roller drum) to an initial cell density of ~0.05 at 600 nm
and flasks were incubated at 30 °C; 200 rpm in a Multi-
tron standard incubation shaker (Infors HT) for 24 h.
Heterologous gene expression was induced at this point
by addition of 1 mM IPTG. When required cultures were
also supplemented at the same time with 18 mM isopen-
tenol and 6 mM dimethylallyl alcohol. Control cultures
without IPTG or substrates were grown in parallel for all
transformants. After induction, cultures were incubated
at 30 °C and 200 rpm for another 30 h. Cell pellets were
then collected by centrifugation, washed and stored at
—20 °C until extraction. Dry cell weight was determined
after desiccation at 70 °C until no further weight reduc-
tion was observed (24—48 h).

Batch fermentation was performed in a 7 L total vol-
ume (5.4 L working volume) BioBundle autoclavable
glass bioreactor equipped with Rushton impellers—App-
likon® Biotechnology. Culture conditions were set and
maintained with modules Bio controller ADI 1030 and
Bio console ADI 1035—Applikon® Biotechnology. Strains
were inoculated at an ODg,~0.05 in 4 L of TB with anti-
biotics and grown for 24 h (30 °C; 0.5 L/min aeration;
100 rpm agitation). After this period, the culture was sup-
plemented (1 mM IPTG; 18 mM IOH; 6 mM DMAOH)
and the agitation set to 150 rpm. The incubation was con-
ducted for additional 76 h (100 h total fermentation time)
and the cells collected by centrifugation.
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Sequence analysis and phylogenetic tree reconstruction
Pairwise sequence alignments were calculated with
gapped BLASTp and the BLOSUMS62 scoring matrix.
Phylogenetic analysis (Fig. 1) was performed using
MAFFT [16] for multiple sequence alignment, QUICK-
TREE [17] for tree building and iTOL [18] for tree ren-
dering. Percent identity matrix was obtained after
alignment with Clustal Omega online website (https://
www.ebi.ac.uk/Tools/msa/clustalo/).

Carotenoid extraction, analysis and quantification

Equal amounts of cells were resuspended in 2 mL
deionized MQ water and extracted with 6 mL of 1:1:1
ethanol:acetone:petroleum ether. The mixture was vor-
texed to homogeneity and incubated for 30 min on ice.
After the incubation period, the mixture was vortexed
briefly and aqueous and organic phases were separated
by centrifugation (6000 rpm; 10 min; 4 °C). Plate reader
(Sinergy HT X-Biotek) was used to determine the absorb-
ance spectrum (350-600 nm) of 100—200 uL of the petro-
leum ether phase in clear bottom 96-well microplates.

HPLC analysis was performed after evaporation of
1.5 mL of petroleum ether extract and re-solubilisation of
carotenoids in 0.5 mL acetone. 10 pL of solubilized sam-
ples was analyzed by reverse phase HPLC on a Knauer
Platin Blue system equipped with a diode array detector
and a Macherey—Nagel Nucleodur C18-Gravity-SB col-
umn (100 mm x 2 mm, 1.8 mm), multi-detection at 415,
440, 470 and 505 nm was used. The eluent consisted of a
9:1 acetonitrile/THF mixture delivered at 0.35 mL/min.
Retention times (lycopene 5.0 min and neurosporene
5.9 min) and calibration curves (at 470 nm) were calcu-
lated using pure lycopene and neurosporene standards
provided by CaroteNature GmbH (Switzerland).

Batch fermentation samples were extracted several
times with acetone (until no more carotenoids were
remaining in the cell pellets). Acetone extracts were
mixed together (~40 mL total volume) and extracted
again with 10 mL petroleum ether. After phase separa-
tion (mediated by the addition of 10 mL distilled H,O
and centrifugation) 0.5 mL of the petroleum ether phase
was evaporated and carotenoids solubilised again in
0.5 mL acetone prior HPLC analysis.

Results and discussion

Engineering E. coli chassis for in vivo optimisation of
carotenoid production

The implementation of a simple and reliable screening
workflow to determine in vivo terpene production was
the first milestone of this work. In order to facilitate this
task, we decided to target carotenoid production due to
their colour. Plasmids pACM-Ep,g-Bpag (carrying crtE
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and crtB genes from Pantoea agglomerans) and pUCM-
Igs (carrying crtl from Rhodobacter sphaeroides) have
previously driven the accumulation of a mixture of lyco-
pene and neurosporene of industrial interest when co-
transformed into E. coli [19]. This short pathway took
advantage of the natural synthesis of farnesyl diphos-
phate (FPP) from IPP and DMAPP by E. coli. We used
these two plasmids to introduce this recombinant path-
way into E. coli BL21 (DE3). After cultivation and solvent
extraction of the modified strain absorption bands with
maxima around 415, 440, 470 and 500 nm, matching
those in the absorbance spectra of lycopene and neuro-
sporene, were detected. No carotenoid production was
observed in E. coli BL21 (DE3) strains co-transformed
with empty plasmids pACYCDuet -1 and pETDuet -1
equivalent to those from which the full lycopene pathway
is expressed (Additional file 1: Figure S1).

The use of enzymatic activities able to convert the
C5 alcohols isopentenol (IOH) and/or dimethylallyl
(DMAOH) into IPP and DMAPP may beoffer an alter-
native and/or a complementary way to enable microbial
terpene synthesis avoiding competition with the biosyn-
thesis of intermediates essential for E. coli fitness. The
enzyme IPK from Thermoplasma acidophilum (herein
IPK-ta) was able to catalyse the in vitro synthesis of
DMAPP from DMAOH and to increase [3-carotene bio-
synthesis by about 45% when this enzyme was over-
expressed in E. coli cultures supplemented with 2 mM
DMAOH [20].

To evaluate our chassis, the gene coding for IPK-ta was
cloned into the commercial pCDFDuet -1 backbone and
the resulting plasmid (pCDF_IPK-ta) was co-transformed
along with pACM-Ep,;-Bpsg and pUCM-Ig into E. coli
BL21 (DE3). When supplemented with 1 mM IPTG,
6 mM DMAOH and 18 mM IOH, the cultured recom-
binant strain expressing both IPK-ta and the complete
lycopene pathway led on average to an 85% increase in
the absorbance at 470 nm relative to a non-supplemented
culture of the same strain. We thus confirm the ability of
IPK-ta to enhance the biosynthesis of carotenoids in the
presence of alcohol substrates.

Optimisation of IPK-ta expression to boost carotenoid
production

It is generally accepted that increasing the number of
copies of a gene may lead to higher expression levels and
eventually protein accumulation and enzymatic activ-
ity. Therefore, we evaluated the performance of IPK-ta
when expressed from the very high copy number plas-
mid pRSFDuetTM-l. Plasmid pRSF_IPK-ta was co-trans-
formed with pACM-Ep, ¢-Bpag and pUCM-I¢ into E. coli
BI21 (DE3). Spectrophotometric analysis of the solvent
extracts showed a ninefold higher A,,, from cultures
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Q97CC1 QIHLX1 (51/73) Thermoplasma volcanium L] Isopentenyl phosphate kinase
Q6L1SO  Q9HLX1 (50/70) Picrophilus torridus . L Isopentenyl phosphate kinase
Q18G70 DA4GWT7 (48/61) Haloquadratum walsbyi ° Isopentenyl phosphate kinase
C7NTM4 DAGWT7 (62/75) Halorhabdus o0 Isopentenyl phosphate kinase
Q3IQS7 D4GWT7 (58/72) Natronomonas pharaonis © Isopentenyl phosphate kinase
E4NR83 D4AGWT7 (71/81) Halogeometricum borinquense Isopentenyl phosphate kinase
M1XRK1 D4GWT7 (65/75) Natronomonas SIS Isopentenyl phosphate kinase
I3R890 D4GWT7 (88/93) Haloferax mediterranei Isopentenyl phosphate kinase
DAGWT7 D4GWT7 (100/100) Haloferax volcanii Isopentenyl phosphate kinase
MON7AS D4GWT7 (62/75) jalococcus salifodinae Isopentenyl phosphate kinase
MOM6M8 DAGWT7 (65/75) Halococcus morrhuae L] Isopentenyl phosphate kinase
V5P5 DAGWT7 (67/78) Habarcula marismortui Isopentenyl phosphate kinase
C7NZE3 DAGWT7 (65/76) mukohataei I Isopentenyl phosphate kinase
LOI9T7  DA4GWT7 (59/71) Halowvax ruber L] Isopentenyl phosphate kinase
D2RVY8 DA4GWT7 (58/71) Haloterrigena turkmenica Isopentenyl phosphate kinase
D3SXY8 DAGWT7 (54/70) Natrialba magadii Isopentenyl phosphate kinase
MOA9S2 D4GWT7 (58/72) Natrialba taiwanensis | Isopentenyl phosphate kinase
B8J2MO D4AGWT7 (30/42) Desulfovibrio desulfuricans L ] Acetylglutamate kinase
A3SKOO D4GWT7 (30/42) Roseovarius nubinhibens oo Acetylglutamate kinase
A — Q5YS63 D4GWT7 (30/38) Nocardia farcinica Uridylate kinase
QIQMNS D4GWT7 (30/40) Nitrobacter hamburgensis . Uridylate kinase
A2BK87 Q60352 (30/50) Hyperthermus butybcus . Predicted archaeal kinase
Q9YB27 DAGWT7 (36/48) Aeropyrum pernix L] Isopentenyl phosphate kinase
D9Q1X2 Q60352 (31/53) Acidilobus saccharovorans L] = Isopentenyl phosphate kinase
ABA9Z6 Q60352 (33/50) Ignicoccus hospitalis L] Aspartate/glutamate/uridylate kinase
F2KQQ9 Q60352 (34/51) Archaeoglobus veneficus L] i Isopentenyl phosphate kinase
D2RER6 026153 (34/54) Archaeoglobus profundus o0 N Isopentenyl phosphate kinase
027996 D4AGWT7 (34/50) Are tulgidus Isopentenyl phosphate kinase
D3RYHO D4GWT7 (32/48) Ferroglobus placidus ° = Aspartate/glutamate/uridylate kinase

Fig. 1 Phylogenetic tree of 82 cloned IPK candidates from biodiversity compared with IPKs from literature. Bootstrap values expressed as a
percentage of 1000 replications are shown next to each node if value > 75%. a UniProt identifiers of each candidates. The 4 IPKs from literature
used as the reference set in the sequence driven approach are noted in blue. b Best hit from IPK reference set and its percentage of identity and
homology with the candidate. ¢ Phylogenetic lineage of IPKs: Archaea are in blue (light blue: Euryarchaeota; dark blue: Crenarchaeota) and bacteria
are in green (light green: Proteobacteria; dark green: Terrabacteria group). d Selected microorganisms. e Protein expression status according SDS

gel analysis of cell free extract by eye.

"

full red dot means that the protein was visibly induced by IPTG treatment and "l means that the protein is

visibly present in the cell free extract. f Quantification by LC/MS analysis of IPP/DMAPP production (uM/L) in 96-microwell screening. g Protein name
according to UniProt annotation
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with IPTG, IOH and DMAOH relative to the non-sup-
plemented culture, much more than the less than twofold
increase observed with the medium copy number plas-
mid pCDF_IPK-ta.

No increase in carotenoid production was observed
after induction with IPTG in the absence of substrates
or in control strains co-transformed with the empty
backbone pRSFDuet -1, pACM-Ep,g-Bpyg and pUCM-
Izs (not shown). These results suggests that increasing
the IPK-ta expression cassette copy number helps to
increase IPK activity and thus the availability of terpene
building blocks. Furthermore, the increase in carotenoid
production was only about twofold when cultures were
supplemented with 24 mM of only one substrate, either
DMAOH or IOH, suggesting that the direct supply of the
both terpene building blocks (IPP and DMAPP) improves
carotenoid production (not shown).

Exploring sequence diversity of IPK family

The results obtained with IPK-ta for carotenoid yield
improvement starting from C5 alcohols DMAOH and
IOH are promising. Nevertheless, the optimum tempera-
ture range of this enzyme is around 70 °C and it was just
recently that this enzyme was shown to be able to con-
vert DMAOH into DMAPP both in vitro and in vivo [20],
being the first of its family reported to hold DMAOH
phosphorylation activity. Therefore, it would be inter-
esting to examine the natural biodiversity in the search
of alternative candidates which optimum reaction con-
ditions match better those generally found in industrial
fermentation.

An IPK collection was then built by a sequence driven
approach [11] using four experimentally described IPKs
[12-14] as references (Fig. 1). 93 enzymes were selected
from the UniProt database as representatives of the
diversity. We cloned 82 genes and 64 were successfully
over-expressed in E. coli BL21 (DE3). In order to identify
active IPKs in our conditions, isopentenyl/dimethylal-
lyl phosphate kinase activity at room temperature were
assayed in cell free extracts using a mixture of isopente-
nyl phosphate (IP) and dimethylallyl phosphate (DMAP)
as substrates and mass spectrometry for product analy-
sis. We detected 39 active enzymes and selected five of
them for further study based on IPK activities (Fig. 1f)
and lack of similarity to IPK-ta (Fig. 1b). If, like IPK-ta,
these enzymes show promiscuous kinase activities on
IOH/DMAOH, the IP/DMAP formed by a first phospho-
rylation can be rapidly transformed by the same active
enzymes into the corresponding diphosphates IPP and
DMAPP.

These five selected IPKs (IPKs from Methanococ-
cus vanielii (IPK-mv), Methanolobus tindarius (IPK-
mt), Methanosalsum zhilinae (IPK-mz), Methanococcus
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maripaludis (IPK-mm) and Methanococcoides burtonii
(IPK-mb)) were then included in the workflow to assess
in vivo carotenoid production improvement starting
from IOH and DMAOH.

In vivo carotenoid production improvement by alternative
IPKs

Carotenoid production of E.coli BL21 (DE3) strains car-
rying one of the plasmids pRSF_IPK-mt, pRSF_IPK-
mv, pRSF_IPK-mb, pRSF_IPK-mm and pRSF_IPK-mz
together with both pACM-Ep,o-Bpag and pUCM-Igg was
assessed. Analysis of the absorbance spectra revealed
increased carotenoid production with each of the five
new IPKs (IPK-mt: 12.0+1.9; IPK-mv: 7.44+0.5; IPK-
mb: 11.5+3.6; IPK-mm: 3.9+ 1.4 and IPK-mz: 4.44+0.7)
(Fig. 2a). The maximum increases were obtained with
IPK-mt and IPK-mb, respectively 12.0 and 11.5 fold.

Two phylogenetically distant IPKs, IPK-mv and IPK-
mt (Fig. 1), that share only 33% identity, were also
cloned in pCDFDuetTM-1 to confirm the backbone
effect on the production of carotenoids. Plasmids
pCDF_IPK-mt and pCDF_IPK-mv were co-transformed
along with the full lycopene pathway in E. coli and
carotenoid yields improvements obtained were 3.7 1.3
and 1.81 £ 0.34, respectively (Fig. 2b). The highest copy
number plasmid, pRSFDuetTM-1, remained the best
performer for all tested IPKs and was chosen for sub-
sequent experiments. No improvement was observed
when protein expression was induced in the absence
of substrates. In addition, as observed for IPK-ta, the
improvement was limited in cultures supplemented
with 24 mM DMAOH or 24 mM IOH in absence of
the other substrate (not shown). This last observation
supports the idea that the supplementation of the cul-
ture with the two alcohols substrates is more efficient
to generate IPP and DMAPP than the supplementa-
tion of only one of the two. One of the causes of this
improvement could be the circumvention of the endog-
enous isopentenyl diphosphate isomerase activity or
other factors likely to influence the pool and the ratio
of the diphosphate. At this point, best improvement
(> 11-fold) was achieved with IPK-mt and IPK-mb, that
share 63% of identity, cloned in the high copy number
pRSF plasmid. Nevertheless, only IPK from Methano-
coccoides burtonii (UniProt ID: Q12TH9) was chosen
for deeper analysis. In particular, a detailed analysis of
the absorption spectra revealed that, whenever carot-
enoid production increased by induction of IPKs in
the presence of C5 alcohols, the intensity of the short-
est wavelength bands increased when compared to the
same bands obtained from the control cultures (Fig. 3),
thus suggesting a neurosporene enrichment of the mix-
ture of carotenoids.
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file 1: Figure S3). Average concentration in supple-
mented cultures was 45.6 £4.5 pg/g DCW lycopene and
702.14+44.7 pg/g DCW for neurosporene (Fig. 4a-2).
This carotenoid yield comes because of improvement
folds of 17.941.7 for overall carotenoid content (lyco-

15 B o0 0O w0 0 80 o g pene+ neurosporene) and 46.0+5.2 when considering
1 only neurosporene. These results confirmed the enrich-
05 \ ment in neurosporene (up to almost 94% of the total
Fooeee o*sesesetStooce carotenoids produced), revealing a specific neurosporene
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Fig. 3 Comparison of the absorbance spectra obtained from E. coli
BL21 (DE3) transformed with pRSF_IPK-mb, pACM-Eps-Bpss and
PUCM-lgs with (4-+) and without (——) substrates supplementation.
Zoom in of the spectrum without substrates shown in the right
upper corner

Analysis of carotenoid production by IPK
from Methanococcoides burtonii
Carotenogenic transformants expressing IPK-mb were
selected for further analysis of carotenoid production due
to the good results obtained with our generic and sim-
ple in vivo screening method. The presence of lycopene
(~63.5%) and neurosporene (~36.5%) in control cultures
(without substrates) was confirmed by HPLC (Fig. 4a-1).
This result is similar to that described previously when
using this set of carotenogenic enzymes [20]. Nonethe-
less, the extracts from cultures where IOH and DMAOH
were supplemented (1 mM IPTG; 6 mM DMAOH and
18 mM IOH) showed a clear enrichment in neurosporene
content (~93.9%) (Fig. 4a-1 and Additional file 1: Figure
S2). Carotenoid concentration was calculated by interpo-
lating the area of the lycopene and neurosporene peaks
within their respective calibration curves (Additional

improvement of>45-fold. The fact that Crtl from R.
sphaeroides is a leaky phytoene dehydrogenase (naturally
releasing both lycopene and neurosporene) was probably
key reason for achieving this level of enrichment in neu-
rosporene contents. It is yet to be discovered, to the best
of our knowledge, an enzyme that produces specifically
neurosporene as pure final product so this result could
help to close the gap towards microbial synthesis of this
high-value product minimizing downstream processing.
It should be interesting to explore the sequence diversity
of this family to find more efficient CrtI to improve this
process.

Scale-up in 4 L batch culture

All those results, even if yet far from direct application
at industrial scale, might help opening a little more the
door for alternative and/or complementary strategies
for terpene backbones production and more concretely
neurosporene. Next step undertaken was then to check
the scalability of the process. E. coli BL21 (DE3) {pRSF_
IPK-mb; pACM-Eppg-Bpag; pPUCM-Izg} was inocu-
lated at an ODgj, ~0.05. After this period, batch culture
was supplemented (1 mM IPTG; 18 mM IOH; 6 mM
DMAOH) and conducted for additional 76 h (100 h total
fermentation time) and the cells pelleted and extracted.
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HPLC analysis of these samples revealed that the carot-
enoid composition was ~12% lycopene and ~88% neuro-
sporene (Fig. 4b-1) corresponding to the accumulation
of 83.1+20.6 pg/g DCW lycopene and 604.8 £+ 68.3 pug/g
DCW neurosporene (Fig. 4b-2). Both the concentration
per cell and the purity of neurosporene are quite con-
served under the newly tested conditions confirming the
potential scalability of the process.

Discussion

A number of interesting conclusions could be drawn from
the results described herein. First, we show that archae-
bacterial IPKs, although evolutionarily distant, retain
the ability to catalyze the synthesis of IPP and DMAPP
using isopentenol and dimethylallyl alcohol as substrates,
which facilitates in vivo access to carotenoids. In doing
so, growth could be decoupled from terpene production
reducing the potential burden to the main metabolism
and biomass production. The fact that just one enzyme
is enough to access both IPP and DMAPP from the cor-
responding prenols greatly simplifies the engineering
task when compared to the use of MVA or MEP that use

(in total) 18 enzymes to convert glucose to the diphos-
phates. The simplicity to express a single IPK makes it
also not just an alternative if not an a priori complemen-
tary approach to further optimize terpene production
of strains with any or both of these pathways pre-engi-
neered. Furthermore, the ratio of IPP to DMAPP, that
should be 3 to 1 for carotenoid synthesis, could be fixed
easily at the start of the experiment by adding the ade-
quate proportion of the two alcohols during fermentation
and eventually adapted depending on the chain length of
the target terpene. When compared to a previous report
and according to our own results it is worth to use a mix-
ture of prenols to conduct carotenoid biosynthesis. The
best carotenoid yield observed in our work is more than
1 mg/L (mixture of neurosporene and lycopene) estab-
lishing the basis for future works dedicated to microbial
neurosporene production. It should be stated that there
is yet a huge space for improvement to fully exploit the
potential of this strategy to access terpene building
blocks as many microbiological, genetic and metabolic
approaches among others could be applied to optimize
the performance described in this work. Not only is this
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strategy compatible with the engineering of other path-
ways if not that its simplicity makes it easily transferra-
ble to a number of hosts commonly used as workhorse
in metabolic engineering (i.e. yeasts, fungi). It is finally of
note that neurosporene is obtained as a major compound
in our case. The inefficiency of the final enzyme to con-
vert neurosporene into lycopene may provide us with a
tool to biosynthesize the former nearly pure. This com-
pound of medical interest as UV-B protectant [21] has so
far no specific enzyme described for its production and is
only biosynthesized as product of inefficient Crtl desat-
urase like the one from R. sphaeroides [22] employed in
this study. In this work, we established IPKs as biocata-
lysts to convert both C5 prenols IOH and DMAOH into
their diphosphate derivatives and thus established a sem-
isynthetic green access to terpenes starting from cheap,
easy-to-access substrates.

Conclusions

By screening IPK diversity, we were able to improve
carotenoid production in E. coli cells bearing only the
final lycopene biosynthetic path (CrtE, CrtB and Crtl)
as well as IPK as recombinant enzymes. Maximum
improvements of~18-fold and>45-fold were obtained
for total carotenoid and neurosporene yields, respec-
tively. Titres of neurosporene reached up to 702 pg/
gDCW corresponding to 966 pg/L at lab scale without
any metabolic engineering providing access to such a val-
uable compound. Medium engineering, semi-continuous
IOH and DMAOH feeding as well as increased biomass
yield are expected to improve final yield in neurosporene.

Additional file

Additional file 1: Table S1. IPK collection from biodiversity. Table S2.
Oligonucleotides used in this study for IPK cloning in pCDFDuetTM-1
and/or pRSFDuet ™-1. Table S3. List of plasmids used in this study for

in vivo screening of IPKs. Figure S1. Absorbance spectrums of carotenoid
extracts. Solvent (plain line), £. coli BL21 (DE3) transformed with pACYC-
Duet™-1 and pETDuet™-1 (round marker) and pACM-Epxc-Bpag and pUCM-
Iss (pCarot - diamond marker). Figure S2. HPLC analysis of carotenoids. A
Pure neurosporene. B Extract from E. coli cells transformed with ipk-mb. C
Pure lycopene. Figure S3. Calibration curves and absorbance spectrums
of pure carotenoids. Up-left: HPLC calibration curve of lycopene at 470 nm
(X-axis: area of the peak generated at the corresponding retention time;
Y-axis: ng of compound injected). Up-right: HPLC calibration curve of neu-
rosporene at 470 nm. Bottom: Absorbance spectrums of pure solutions of
lycopene and neurosporene.
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