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Summary

Biosynthesis of asymmetric carotenoids such as o-carotene and lutein in plants and green
algae involves the two enzymes lycopene B-cyclase (LCYB) and lycopene g-cyclase

(LCYE). The two cyclases are closely related and probably resulted from an ancient gene
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duplication. While in most plants investigated so far the two cyclases are encoded by
separate genes, prasinophyte algae of the order Mamiellales contain a single gene encoding
a fusion protein comprised of LCYB, LCYE and a C-terminal light-harvesting complex
(LHC) domain. Here we show that the lycopene cyclase-fusion protein from Ostreococcus
lucimarinus catalyzed the simultaneous formation of o-carotene and B-carotene when
heterologously expressed in Escherichia coli. The stoichiometry of the two products in E.
coli could be altered by gradual truncation of the C-terminus, suggesting that the LHC
domain may be involved in modulating the relative activities of the two cyclase domains in
the algae. Partial deletions of the linker region between the cyclase domains or
replacement of one or both cyclase domains with the corresponding cyclases from the
green alga Chlamydomonas reinhardtii resulted in pronounced shifts of the o-carotene-to-
B-carotene ratio, indicating that both the relative activities of the cyclase domains and the
overall structure of the fusion protein have a strong impact on the product stoichiometry.
The possibility to tune the product ratio of the lycopene cyclase-fusion protein from
Mamiellales renders it useful for the biotechnological production of the asymmetric

carotenoids o-carotene or lutein in bacteria or fungi.

Introduction

Carotenoids are essential components in the photosynthetic machineries of all oxygenic
phototrophs, fulfilling crucial functions in photoprotection by quenching of triplet chlorophylls
and scavenging of various reactive oxygen species. In addition, they serve as accessory light-
harvesting pigments in the photosynthetic antenna complexes (Goodwin, 1980; Siefermann-
Harms, 1987; Telfer et al., 2008; Ballottari et al., 2012; Jahns and Holzwarth, 2012).
Carotenoids are isoprenoids consisting of a C4y-backbone generated by condensation of eight
isoprene units (Cunningham and Gantt, 1998). Most carotenoids have a cyclic structure at both

ends, and such dicyclic carotenoids are ubiquitous in oxygenic phototrophs (Goodwin, 1980;
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Young, 1993; Jeffrey et al., 2011). Several types of rings can be formed from the linear ends,
namely B-, €-, and y-ionone rings, and aromatic rings derived from the -ring (Britton, 1998).
The most prominent types are the B-ring, present e.g. at both ends of B-carotene, and the €- ring,

differing from the B-ring only in the position of the double bond (Figure 1).

B-carotene and xanthophylls derived thereof are ubiquitous and occur in the photosynthetic
apparatus of all oxygenic phototrophs (Goodwin, 1980; Young, 1993; Telfer et al., 2008).
Carotenoids with €-ionone rings are common to all Viridiplantae, certain groups of
cyanobacteria and various red algae. In addition, they have been found in species of several
algal groups with secondary plastids such as chlorarachniophytes, haptophytes and cryptophytes

(Jeffrey et al., 2011; Lohr, 2011; Takaichi, 2011).

In land plants and green algae (Viridiplantae), the biosynthetic pathway of carotenoids splits
at the level of lycopene (Figure 1) into the o~ and the B-branch (Cunningham and Gantt, 1998;
Lohr, 2011). The introdution of a B-ionone ring at one end and an €-ionone ring at the other end
of lycopene yields o-carotene, whereas the formation of B-ionone rings at both ends yields -
carotene. Consequently, all a-branch carotenoids contain a B-ionone and an €-ionone ring, while

the B-branch carotenoids contain two -ionone rings.

Formation of the B-rings is catalyzed by lycopene B-cyclase (LCYB) and that of the e-ring by
lycopene e-cyclase (LCYE). Both enzymes are closely related and likely resulted from gene
duplication during early evolution of Viridiplantae (Krubasik and Sandmann, 2000). As the
lipophilic nature of their substrate lycopene suggests, lycopene cyclases are membrane-
associated enzymes (Camara and Dogbo, 1986, Beyer et al., 1991) and contain two hydrophobic
regions that may form transmembrane helical domains (Cunningham et al., 1996). LCYB is able

to introduce -rings at both ends of lycopene and at the linear end of the monocyclic carotenoids
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d-carotene and y-carotene. LCYE, with rare exceptions (Cunningham and Gantt, 2001),
generally does not accept monocyclic carotenoids as substrates, but catalyzes the formation of a
single e-ring at one end of lycopene (Cunningham et al., 1996; Yu and Beyer, 2012). Therefore,
LCYB alone is sufficient for the formation of B-carotene via the intermediate y-carotene,
whereas both LCYE and LCYB are necessary for the formation of a-carotene via 8-carotene

(Figure 1).

o-carotenoids and -carotenoids are unevenly distributed in the various pigment-protein-
complexes comprising the photosynthetic machinery of plants and algae. The a-carotenoid
lutein is only present in the peripheral light-harvesting antennae of the two photosystems, with a
higher concentration in LHCII than in LHCI (Schmid, 2008). The B-carotenoids neoxanthin and
violaxanthin also are present only in the peripheral light-harvesting complexes, with neoxanthin
limited to LHCII (Schmid, 2008). 3-Carotene, on the other hand, is present only in the inner
antennae of both photosystems (Green and Durnford, 1996). Under light limitation, plants
increase the number of LHC units per photosystem. Consequently, the relative demand of o-
and -carotenoids varies depending on the photoacclimation state (Ballottari et al., 2007). As
the two cyclases are encoded by separate genes in most Viridiplantae, the flow of substrate
between the two branches can be adjusted by varying the expression levels of the cyclases

(Cunningham et al., 1996). This has been experimentally confirmed for various plants (Pogson

et al., 1996; Ronen et al., 1999; Harjes et al., 2008; Bai et al., 2009; Giorio et al., 2013).

In the genomes of two prasinophytes of the order Mamiellales, however, both cyclases were
predicted to be encoded by a single gene and expressed as a fusion protein that in addition
contains a C-terminal domain with high similarity to light-harvesting-proteins of the chlorophyll
a/b-binding protein family (Derelle et al., 2006; Palenik et al., 2007; Cunningham et al., 2007)

(Figure 2a). As a consequence of the gene fusion, both cyclases have a fixed stoichiometry of
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1:1 and their relative activities cannot be adjusted by differential expression. Therefore, these
prasinophyte algae likely evolved other mechanisms to adjust the flux through the two branches
to changing demands. In fact, light acclimation experiments with the two Mamiellales
Ostreococcus tauri and Micromonas pusilla demonstrated a decrease of the ratio of o-
carotenoids to B-carotenoids from about 2-2.5 to almost 1 with increasing growth irradiances
(Laviale and Neveux, 2011) suggesting a corresponding adjustment of the lycopene cyclase
activities in the algae. The mechanism by which the activities of the fused cyclases are
modulated is unknown. It may be speculated that the quite unusual fusion of an LHC sequence

to the two carotenoid biosynthesis enzymes is involved in this modulation.

A better understanding of the presumptive mechanisms modulating the activities of the two
cyclase domains in the fusion protein from Mamiellales may also be beneficial for
biotechnological applications. The o-carotenoid lutein, for example, has been implicated in
preventing age-related macular degeneration in humans, and therefore gained increasing interest
as food supplement (Kijlstra et al., 2012). Chemical synthesis of the highly asymmetric lutein is
difficult and results in low yields (Mayer and Riittimann, 1980; Khachik and Chang, 2009), and
currently a major source of the lutein used as food supplement are the petals of marygold
(Tagetes erecta) (Ferndandez-Sevilla et al., 2010). The efficient biosynthesis of lutein in a
heterologous host would require a well-balanced activity of the two cyclases to maximize the

yield of a-carotene over B-carotene.

In order to learn more about the unusual lycopene cyclase-LHC fusion protein, we have
cloned the corresponding gene of the prasinophyte O. lucimarinus and performed a detailed
investigation of the catalytic activity of the encoded fusion protein by heterologous expression
in carotenogenic strains of E. coli. Key questions were (i) if the cyclase fusion protein is capable

of catalyzing the parallel formation of o- and B-carotene, (ii) if the LHC domain or the fusion of
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the two cyclase domains have become essential for catalytic activity, (iii) given that the fusion
enzyme generates o~ and [3-carotene concurrently, whether there is a way to alter the
stoichiometry of the two products and which mechanisms may be involved, (iv) how
replacement of either of the two cyclase domains in the fusion protein with the corresponding
enzyme from an alga with separate cyclase genes may alter its performance, and (v) if
introduction of the cyclase fusion protein into already available carotenogenic plasmids may

enable the constitutive synthesis of o-carotene in E. coli.

Results

The lycopene cyclase fusion is conserved in Mamiellales and a Chlorarachniophyte
We first investigated the occurrence of the cyclase fusion among the complete genome
sequences publicly available from green algae, with a particular focus on the Mamiellales.
BLAST searches of the genomes from the core chlorophytes C. reinhardtii and Volvox carteri
and from the Trebouxiophytes Chlorella subellipsiodea and Coccomyxa variabilis confirmed
that LCYB and LCYE are encoded by separate genes in all four genomes. On the other hand,
the fusion of LCYB, LCYE and the LHC domain was conserved in all six available genomes
from Mamiellales, namely in three species of the genus Ostreococcus, two species of
Micromonas and in Bathycoccus prasinos. Based on the genome sequences and protein
alignments, a careful analysis and manual editing of the LCY fusion gene models from all six
algae suggested that the gene from Micromonas pusilla CCMP1545 contains a single intron

whereas the genes from the other five Mamiellales lack introns.

We also included the genome of the chlorarachniophyte alga Bigelowiella natans in our
searches. Chlorarachniophytes acquired their plastid by the endosymbiotic uptake of a green
alga-like organism and contain o-carotenoids, suggesting the presence of genes for both LCYB

and LCYE. Indeed, we found the two cyclase genes next to each other, and one of the gene
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models in the JGI genome browser predicts them to be fused in a single mRNA. The predicted
gene model contains 16 introns, but does not encode a C-terminal LHC-domain. In the genomic
region downstream of the fused LCY genes we could not find any indication of a nucleotide
sequence encoding such a domain, further supporting the absence of a LHC domain.
Nevertheless, phylogenetic analyses (Figure 2b) supported a close affiliation of the cyclase
fusion protein from B. natans with the fusion proteins from Mamiellales, because both the -
cyclase and the e-cyclase domains from these algae clustered to the exclusion of the separate

cyclases from other green algae.

In silico analyses of the lycopene cyclase fusion proteins from Mamiellales

To predict length and borders of the functional domains, we compared the sequences of the
fusion proteins from the six Mamiellales with the corresponding separate proteins from C.
reinhardtii and Arabidopsis thaliana. The first (N-proximal) cyclase domain in the fusion
protein is highly similar to the separate LCYB, while the second cyclase domain is closely
related to the LCYE from other Viridiplantae. The LHC domain is most similar to the minor
LHC proteins CP24 (Lhcb6) and CP29 (Lhcb4; Figure 2c). All amino acids known to be
involved in binding of chlorophylls and carotenoids in CP24, CP29 and related LHC proteins
(Ballotari et al., 2012) are conserved in the LHC domain (Figure S1), although at position 1359
in helix C a glutamate residue conserved in most LHC proteins has been replaced by a histidine

residue.

We used the LCY sequence from O. lucimarinus (OluLCY) as reference and, based on a
detailed comparison of the aligned sequences, assigned the LCYB domain from amino acid (aa)
123 to 560 (438 aa), the LCYE domain from aa 642 to 1107 (466 aa) and the LHC domain from
aa 1241 to 1442 (202 aa) (Figure 2a). At the N-terminus, a putative transit peptide of 73 aa

length for import of the nucleus-encoded protein into the plastid was predicted by ChloroP
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(Emanuelsson et al., 2007). Based on our domain assignment, the LCYB and LCYE domains
are fused by a linker of about 80 aa (S1 in Figure 2a) and the LCYE and LHC by a linker of
about 135 aa (S2 in Figure 2a). Although significant parts of the linker regions were well
conserved between the fusion proteins from the different Mamiellales (Figures S1 and S2), they
had no similarity to other proteins in the NCBI protein database and did not contain any
functionally conserved motifs (no significant Pfam matches with E-values set at 10
(http://pfam.sanger.ac.uk/search)). A conspicuous feature found in linker region S1 of all six
proteins, however, was the enrichment of proline residues (7-9 proline residues per 80 aa), while
linker region S2 contained one or two stretches with lengths of 5-15 amino acids composed of

glycine, serine and alanine residues (Figure S2).

In dinoflagellates and euglenophytes, two phylogenetically unrelated algal groups with
secondary plastids, some nucleus-encoded plastid proteins such as light-harvesting apoproteins
are expressed as polyprotein precursors that are cleaved into the individual units upon import
into the plastids (Houlné and Schantz, 1988; Rikin and Schwartzbach, 1988; Hiller et al., 1995).
In these cases, the subunits are linked by a conserved motif of 5-10 amino acids length
containing one (dinoflagellates) or two (euglenophytes) specific cleavage sites (Muchhal and
Schwartzbach, 1992; Hiller et al., 1995; Koziol et al., 2008; Boldt et al., 2012). The linker
regions S1 and S2 in the cyclase fusion proteins from the five Mamiellales, however, do not
share any obvious motif indicative of a conserved cleavage site. Moreover, in silico analyses of
the cyclase fusion proteins from Mamiellales with TargetP (Emanuelsson et al., 2007)
consistently predicted the presence of a transit peptide with a corresponding cleavage site at the
N-terminus, while analyses of the linker regions provided no evidence for the presence of transit
peptide-like sequences. An analysis of the secondary structure of the cyclase fusion proteins
from the five Mamiellales using HMMTOP, TMpred and TopPred predicted the presence of the

three canonical transmembrane o-helices in the LHC domain and of two potential
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transmembrane regions in each of the cyclase domains which were also detected in the separate
cyclases from A. thaliana and C. reinhardtii (Figure S1 and Table S3). The S2 linker regions in
the LCY proteins from O. lucimarinus and the two Micromonas species contain a hydrophobic

stretch predicted to represent another potentially membrane spanning o-helix, albeit with lower
support. Analyses of the fusion protein from from O. lucimarinus with HMM-TM, MEMSAT-

SVM and DAS-TMfilter, however, predicted only the transmembrane helices in the LHC

domain with confidence, and TMHMM found no transmembrane domain at all (Table S3).

Parallel formation of o and [B-carotene by the lycopene cyclase fusion protein from

Ostreococcus

For functional analyses, we cloned the OluLCY gene encoding the cyclase fusion protein
from genomic DNA of O. lucimarinus. All functional analyses were performed by heterologous
expression of the gene or parts thereof in lycopene-accumulating strains of E. coli. We used the
pBAD-TOPO® plasmid for arabinose-inducible expression of the OluLCY genes and co-
transformed E. coli TOP10 cells with each pBAD-construct and plasmid pLYCO?2 leading to
constitutive accumulation of lycopene in the bacteria (see Experimental Procedures for further
details). Liquid cultures of the transformants were induced over night at 28 °C, harvested and
the pigment content analyzed by HPLC. Reproducibility was checked by assaying three

different clones from each transformation.

Expression of the nearly full-length OluLCY gene (shortened only by the first 49 amino acids
of the predicted transit peptide) in the lycopene-accumulating bacteria resulted in parallel
formation of o-carotene and B-carotene with a molar ratio of about 1.4 (Figure 3a). Separation
of the two cyclase domains did not noticeably compromise their catalytic activity. Expression of
only the B-cyclase domain (OluLCYB) yielded the dicyclic all-trans-f-carotene as major

product and some cis-isomers of B-carotene as minor products (Figure 3b), whereas expression
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of the e-cyclase domain (OluLCYE) yielded the monocyclic -carotene (Figure 3c). When

comparing the product specificities of the two isolated domains with those of the separate

cyclases CrLCYB and CrLCYE from C. reinhardtii (Figure 3b,c) we found no difference.

The length of the C-terminus of the lycopene cyclase fusion protein affects the ratio
between the products o and [B-carotene

Next, we removed the LHC domain of the fusion protein (196 C-terminal aa) by truncating
the OluLCY gene at the 3’end. Expression of the resulting partial gene OluLCYAI96 in
lycopene-accumulating bacteria led to a reproducible shift of the product stoichiometry towards
a-carotene (Figure 4). Obviously, the LHC domain is not essential for catalytic activity, but its

presence affects the relative activities of the cyclase domains at least in E. coli.

To analyse in more detail a potential influence of the C-terminus on the stoichiometry of o-
and -carotene, we generated five additional mutant genes (OluLCYA228 - OluLCYA312,
Figure 4) in which the linker region S2 was gradually shortened by stepwise removal of 20-30
amino acids. The functional assays of these constructs in E. coli revealed a pronounced effect of
the C-terminus on the relative amounts of o-carotene and -carotene accumulating in the
bacteria (Figure 4). The maximum percentage of o-carotene was synthesized by proteins with a
C-terminal truncation of 248 or 272 amino acids corresponding to the LHC domain and about

half of the linker S2. Further truncation resulted in a reversal of the shift.

Deletions in the linker region between the lycopene cyclase domains also affect the
ratio between o~ and B-carotene

Based on the observation that the relative activity of the two cyclase domains is sensitive to
the nature of the amino acid sequence behind the second domain, we speculated that the

sequence of linker S1 between the cyclase domains may have a similar influence on the product
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ratio. Using the truncated protein OluLCYA312 (already lacking the LHC domain and the linker
S2) as reference, we generated three mutant proteins with varying deletions in linker region S1

and mutant in which we flipped the order of the two cyclase domains.

The corresponding genes were assembled from smaller DNA modules by a restriction
enzyme-based strategy (see Experimental Procedures and Figure S3 for details). Introduction of
the restriction sites resulted in some amino acid exchanges affecting, however, only amino acids
not conserved in the six sequences from Mamiellales. To assess the effect of these exchanges,
we assayed the construct B-S-E assembled from separate gene fragments encoding the LCYB
domain (B), the linker S1 (S) and the LCYE domain (E). The protein encoded by B-S-E differed
from that encoded by OluL.CYA312 in four amino acids, namely F562S (S is present at this
position in the protein from B. prasinos, T in O. tauri and both Micromonas species), E630S (S
present in proteins from Ostreococcus spec. RCC899 and both Micromonas species), and the
two additional amino acids P and R at the C-terminus. As shown in Figure 5, the product ratios

of a-carotene and B-carotene in E. coli were similar for both constructs.

The mutant protein B-Sa-Sb-E lacked only a short motif containing two conserved proline
residues (IPXPX) located in the central part of the linker (aa 593-597). Deletion of these five
amino acids resulted in halving of the o-carotene/B-carotene ratio from about 3 to below 1.5
(Figure 5). Deletion of the C-proximal half of linker S1 (aa 593-630) in mutant B-Sa-E changed

the ratio in the opposite direction by doubling it from 3 to 6.

Deletion of the N-proximal half of linker S1 (aa 562-597) in mutant B-Sb-E resulted in a
complete loss of B-carotene formation and the accumulation of significant amounts of d-
carotene besides o-carotene. The exchange of the two cyclase domains in mutant E-S-B had a

very similar effect on the product composition with the percentage of d-carotene being even
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higher. Notably, expression of module B alone also resulted in the conversion of only half of the
lycopene to B-carotene, while expression of the bipartite module B-Sa resulted in almost
complete conversion of lycopene (Figure S4). These observations indicate that the N-proximal
half (Sa) of the region we had defined as linker S1 based on sequence comparisons contains
some amino acids important for full catalytic activity of the B-cyclase domain. Therefore, the
results for the latter two mutants are inconclusive. The results for the mutants B-Sa-Sb-E and B-
Sa-E, however, support the idea that the sequence in the linker region between the two cyclase

domains also affects their relative activities.

Chimeric lycopene cyclase fusion proteins show a low efficiency of orcarotene

Jformation

The observed susceptibility of the activities of the two cyclase domains to mutations in the
linker regions already suggested that the OluLCY protein is not a result of just putting together
two cyclases, but that the fusion protein as a whole went through an evolutionary optimization
process. We explored this issue further by replacing either one or both cyclase domains in the
fusion protein with the corresponding cyclase(s) from C. reinhardtii. The hybrid genes were
generated by the modular assembly strategy used before (see Experimental Procedures and
Figure S3). We combined five gene modules encoding the LCYB domain (B), LCYE domain
(E) and the linker S1 (S) of the fusion protein from O. lucimarinus, and the LCYB (cb) and
LCYE (ce) from C. reinhardtii. Before fusing the modules, we verified catalytic activity for
each of the cyclase modules by separate expression in lycopene-accumulating E. coli (Figure
S4). We assayed the activities of three combinations maintaining the original order of the two
cyclases (cb-S-E, B-S-ce, cb-S-ce), and three more combinations with the order of the cyclases
reverted (E-S-cb, ce-S-B, ce-S-cb). With the exception of ce-S-B, all hybrid proteins produced
mainly -carotene and only very little or no a-carotene (Figure 6). This observation indicates

that the B-cyclase domain in these hybrid proteins has a much higher catalytic activity than the
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respective e-cyclase domain. The hybrid ce-S-B was the only protein with a higher relative
activity of the e-cyclase domain. Expression of ce-S-B in the lycopene-accumulating E. coli
resulted in a product ratio of about 40% o-carotene, 40% 0o-carotene and 20% [-carotene. Thus,
80% of the products contained an €-ionone ring. However, only about 50 % of the substrate
lycopene were converted to cyclic carotenoids, indicating that either both cyclase domains in
this hybrid protein have a low catalytic activity or that the protein accumulates in E. coli at a
significantly lower level than the other hybrids (e.g. due to misfolding and subsequent
degradation). Taken together, the results further supported our assumption that the two cyclase
domains need to have finely coordinated activities to convert lycopene efficiently into o-

carotene.

Expanding the plasmid portfolio for color complementation assays in E. coli by
constitutive expression of the cyclase fusion protein

E. coli strains genetically engineered to produce carotenoids have become a valuable tool for
the functional characterization of enzymes involved in the bacterial and eukaryotic carotenoid
metabolism (Cunningham and Gantt, 2007). By this method, also known as color
complementation assay, a number of key enzymes of carotenoid biosynthesis from plants and
algae have been identified and further characterized (Cunningham and Gantt, 2007). Moreover,
there is growing interest in the biotechnological production of carotenoids in E. coli (Misawa,
1998; Immethun et al., 2013). For these applications, a plethora of plasmids have been designed
containing different combinations of constitutively expressed genes from bacteria and plants
that enable the accumulation of various carotenoids in E. coli. (Cunningham and Gantt, 2007).
However, to the best of our knowledge, no single plasmid containing the genes for all enzymes

necessary for the formation of o-carotene has been reported.
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Therefore, we used the cyclase fusion gene from O. lucimarinus for engineering two
constructs that enable the constitutive accumulation of o-carotene in E. coli. As starting point,
we used plasmid pBETA?2 that we derived from plasmid pACCAR25AcrtX (Kajiwara et al.,
1995) by inactivating the crtZ gene (see Experimental Procedures for full details). We excised a
fragment containing crtY (encoding a bacterial lycopene B-cyclase) and most of the defective
crtX gene and replaced it with the truncated gene OlulL.CYA312, resulting in plasmid pALPHA1
(Figure 7a). The Shine-Dalgarno sequence of crzX was used to drive translation of the alga-
derived gene from the polycistronic mRNA. Due to our cloning strategy, the resulting OluLCY
protein differed slightly at the N-terminus from the corresponding protein generated by the
pBAD construct. The N-terminal extension of 15 amino acids introduced by the pBAD vector
(MGSGSGDDDDKLAL) was replaced by the first 8 amino acids encoded by crtX and two
more amino acids introduced by the restriction site for Avrll (MSHFAAIALG). Nevertheless,
E. coli cells containing pALPHA1 accumulated o-carotene and B-carotene with a ratio of about
3:1 (Figure 7b), thus essentially matching the product ratio obtained by inducible expression of
the corresponding gene from the pBAD vector (Figure 4). Moreover, although the algal OluLCY
gene was introduced without prior codon optimization for expression in E. coli, the bacteria
accumulated only minor amounts of the intermediates lycopene and d-carotene.

For generation of pALPHA?2 (Figure 7c), we replaced the 5’-end of the OluLCYD312 gene
with the 5’-end of OluLCYD272 by double digest of pALPHA1 with Kpnl and SnaBI and
insertion of a Kpnl-Mmel fragment from pBAD-OluLCYA272. E. coli cells transformed with
pALPHA?2 accumulated almost exclusively o-carotene and only small amounts of d-carotene

and B-carotene (Figure 7d).
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Discussion

Is the fusion ancestral to LCYE evolution or were LCYB and LCYE fused
secondarily?

As has been noted before (Cunningham et al., 1996, Krubasik and Sandmann, 2000,
Cunningham et al., 2007, Chan et al., 2012), the high sequence similarity of the LCYB and
LCYE proteins from Viridiplantae and their phylogenetic relation to lycopene cyclases from
other phototrophs argues for their origin by duplication of a lycopene cyclase gene in the
common ancestor of all Viridiplantae. The tandem arrangement of the two cyclases in the fusion
protein from Mamiellales may have resulted from unequal crossing over which is regarded as
the main mechanism responsible for gene duplication (Graur and Li, 2000). In this case, the
fusion would represent the ancestral state of the gene duplication that led to LCYB and LCYE
in Viridiplantae (Cunningham et al., 2007), and the gene fragments encoding the two cyclase
domains would have been separated only after they had evolved their differing cyclase
activities. In line with this hypothesis, the Mamiellales are one of the most basal clades in the
green lineage (Turmel et al., 2009, Marin and Melkonian, 2010). Alternatively, the two cyclases
may have evolved as separate genes and later became fused only in the Mamiellales. To decide
between the two alternative scenarios it will be necessary to increase taxon sampling among

extant prasinophytes.

Based on the close phylogenetic relation of the LCYB and LCYE domains in the cyclase
fusion protein from the chlorarachniophyte B. natans to the corresponding cyclase domains
from prasinophytes (Figure 2b), B. natans likely recruited the fusion gene from a prasinophyte-
like alga. Phylogenetic analyses of plastid-localized proteins from green algae and
chlorarachniophytes indicate, however, that the latter acquired their plastids by endosymbiotic
uptake of an alga closely related to core chlorophytes such as the genus Chlorella (Rogers et al.,

2007, Turmel et al., 2009). This suggests that B. natans replaced its original LCY genes with a
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cyclase fusion gene acquired by lateral transfer from a prasinophyte alga. A significant
contribution of lateral gene transfer to the gene inventory of B. natans has already been well
documented by phylogenetic analyses of transcriptome and genome data from this alga
(Archibald et al., 2003; Curtis et al., 2012). As the sequences of the LCYB and LCYE domain
from B. natans are positioned basal to the clusters containing the corresponding cyclases from
Mamiellales, the cyclase fusion may have been acquired early in the evolution of
chlorarachniophytes. Again, investigation of this hypothesis demands an increased taxon

sampling among prasinophytes and chlorarachniophytes.

As already noted, dinophyte and euglenophyte algae synthesize some nucleus-encoded
plastid proteins as polyprotein precursors containing conserved cleavage sites for separation of
the individual units upon import into the plastids (Muchhal and Schwartzbach, 1992; Hiller et
al., 1995; Koziol et al., 2008; Boldt et al., 2012). Here, we found no evidence for any conserved
cleavage motifs in the linker regions of the fusion proteins from the five Mamiellales.
Moreover, the genomes of O. lucimarinus and other Mamiellales have been found to contain a
conspicuously high number of gene fusions encoding proteins involved in the same metabolic
processes (Derelle et al., 2006; Palenik et al., 2007; Worden et al., 2009). In light of these
observations, we have no reason to doubt that the fusion of the two lycopene cyclases and the
LHC domain is maintained in the mature protein. For final proof, however, a native fusion

protein will have to be isolated from O. lucimarinus or one of its relatives.

How does the cyclase fusion protein catalyze the formation of both o and [B-carotene

and which mechanisms may modulate the product ratio?
The fusion of genes resulting in the expression of two or more proteins as a single
polypeptide is a recurring theme in the molecular evolution of organisms (Marcotte et al., 1999,

Enright and Ouzounis, 2001, Kummerfeld and Teichmann, 2005). Often the fusion involves
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proteins participating in the same metabolic pathway and even catalyzing consecutive reaction
steps (Marcotte et al., 1999; Enright et al., 1999), thereby supporting efficient substrate
channeling (Miles et al., 1999, Jgrgensen et al., 2005, Zhang, 2011). Different from other
known fusion proteins, however, the two cyclase domains in the LCY fusion compete for the
same substrate and constitute a gateway for channeling carotenoids into the two different

branches of the carotenoid biosynthetic pathway in green algae and land plants.

In principle, the cyclase domains could act on the two linear ends of lycopene either
consecutively or simultaneously. The latter option would need the enzymes to be in close
proximity or even to form dimers. Indeed, the separate cyclases present in land plants and most
other green algae have been suggested to form dimers, with homodimers of LCYB catalyzing
the formation of B-carotene, and heterodimers of LCYB and LCYE synthesizing o-carotene
(Cunningham and Gantt, 1998, 2001). Experimental evidence from in vitro assays, however,
supports a successive mode of lycopene cyclization (Yu and Beyer, 2012). LCYB from rice
(Oryza sativa) was shown to accept not only lycopene but also the monocyclic d-carotene as
substrate, with the latter giving rise to a-carotene. LCYE, on the other hand, was not able to
introduce an €-ionone ring in the monocyclic y-carotene (Yu and Beyer, 2012), suggesting the
enzyme to sense the configuration of the complete molecule including the end opposite to the
end that is cyclized. The necessary physical contact between LYCE and both ends of the
substrate probably would prevent a parallel action of LCYB and LCYE on the same lycopene
molecule. Therefore, we favor the hypothesis that the two cyclase domains catalyze consecutive
independent reactions, with the monocyclic product first dissociating from the enzyme and then
either turning around and binding to the same domain or entering the catalytic site of a

neighboring domain.
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In this scenario, the ratio of the products ¢~ and B-carotene in E. coli as well as in the algae
would essentially be determined by the relative accessibilities of the competing catalytic centers
in the fusion protein for lycopene (Figure 1), and the linker regions would play a major role in
positioning the domains to each other, thereby controlling substrate access to the catalytic
centers. In agreement with this conclusion, the putative linker regions between the conserved
cyclase and LHC domains are longer than reported for linker regions between catalytic domains
in other fusion proteins (Chen et al., 2013, and references therein). Moreover, they contain some
conspicuous amino acid motifs — the proline rich motif in linker S1 and the stretch of glycine,
serine and alanine residues in linker S2 (Figure S2). As proline residues tend to increase the
rigidity of a peptide (Chen et al., 2013), the proline-rich motif in linker S1 may serve as a rigid
spacer between the cyclase domains thereby controlling access of the substrate to the LCYB
domain. Shortening of the linker by 32 amino acids resulted in a strongly reduced formation of
B-carotene (Figure 5) indicating a lower activity of the LCYB domain which may result from
restricted substrate access to this domain due to steric hindrance by the adjacent LCYE domain.
Partial deletion of the proline-rich motif, on the other hand, favored the formation of B-carotene
over o-carotene (Figure 5). The deletion should result in increased conformational flexibility of
the linker which may alleviate the proposed constrained access of the substrate to the LCYB

domain.

In linker S2, the stretches composed of glycine, serine and alanine residues (Figure S2) may
serve as flexible hinges between the second cyclase domain and the LHC domain. Poly-G-S
stretches interspersed with alanine residues have been shown to introduce a higher
conformational mobility in linker peptides (Xiang et al., 2004, Wang et al., 2010, Haga et al.,
2013). The increased formation of o-carotene by truncated fusion proteins with a length
between 1170 aa (mutant A272 in Figure 4) and 1214 aa (A228) may be related to an enrichment

of charged residues in the regions from aa 1164 to 1181 and aa 1196 to 1211 and the loss of a
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hydrophobic stretch between aa 1212 and 1230 in these mutants (see Figure S1). Assuming that
the cyclase domains are membrane-localized, the hydrophobic region that is still present in
mutant A196 may restrict access of lycopene to the catalytic center of the LCYE domain by

extending into the membrane.

A potential role of the LHC domain in modulating the activity of the two cyclase
domains in Ostreococcus

Although the E. coli system is limited by the lack of chlorophylls that would be necessary for
proper folding of the LHC domain in the fusion protein, the pronounced effect of the various C-
terminal truncations on the product ratio in E. coli indicates a potential mechanism of how in
Ostreococcus the ratio of a-carotene and B-carotene may be adjusted to varying physiological
demands. According to this model, the LHC domain may serve as a gate controlling substrate
access to the catalytic center of the LCYE domain. As one possibility, the spatial arrangement
of the LCYE and LHC domain could be modified by a conformational change of the latter due
to an altered pigment composition. In this way, the LHC domain may be involved in sensing the
availability of a-carotenoids directly, or it may probe the availability of Chl b for the assembly
of peripheral antennae which in turn would necessitate the synthesis of more a-carotenoids. In
line with the latter hypothesis, both CP29 and CP24 have been shown to possess a higher
plasticity in binding of Chl a versus Chl b than the major LHCII (Giuffra et al., 1996; Pagano et

al., 1998).

Alternatively, substrate access to the LCYE domain may be altered by binding of the LHC
domain to other pigment-protein-complexes in the thylakoid membrane. Our phylogenetic
analyses (Figure 2c) indicate that the LHC domain in the cyclase fusion protein is most closely
related to the minor LHC proteins CP24 (Lhcb6) and CP29 (Lhcb4) which in the photosystem II

supercomplexes of land plants connect the peripheral LHCII trimer M with CP47 of the core
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complex (Ballotari et al., 2012). CP24 is absent from green algae and probably evolved during
the transition of plants from aquatic habitats to land (Ballotari et al., 2012). If the LHC domain
of the cyclase fusion protein would participate in the presumable photosystem supercomplexes
of Mamiellales in a similar fashion to CP24 in land plants, then it may monitor the ratio of its
binding partners (i.e. the ratio of core complexes to peripheral LHCII trimers) and an

unoccupied binding site for LHCII may favor formation of o-carotenoids.

Although our in-silico analyses indicated that the LHC domain is able to bind both
chlorophylls and carotenoids, this needs to be confirmed by isolation of the native cyclase
fusion protein. Further studies will be necessary to clarify if the pigment composition of the
LHC domain is variable and if the LCY-LHC-fusion protein is part of a photosystem

supercomplex in the thylakoid membranes of Mamiellales.

What kind of selective pressure may be involved in maintaining the cyclase fusion in
Mamiellales?

The most straightforward explanation for conservation of the cyclase fusion in Mamiellales
would be that the fusion has become crucial for catalytic activity of the cyclase domains. The
successful functional expression of the separate cyclase domains in E. coli (Figure 3), however,
argues against this hypothesis. Also, the LHC domain is dispensable for the formation of -
carotene and B-carotene at least in E. coli. Still, if the cyclase fusion protein is part of a larger
complex of carotenogenic enzymes, parts of the linker regions may be involved in protein-

protein interactions necessary for complex stabilization.

The prasinophyte genomes analyzed so far are rather compact, and a striking frequency of

gene fusions has been reported for O. tauri, O. lucimarinus and species of the genus

Micromonas (Derelle et al., 2006, Palenik et al., 2007, Worden et al., 2009). This observation
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suggests that gene fusions in general are under positive selection in the small genomes of
prasinophytes. Moreover, the need to maintain the delicate balance in the activities of the two
cyclase domains may exert a selective pressure that so far has prevented their physical

separation into independent polypeptides in Mamiellales.

Finally, the Mamiellales have been shown to contain several o-carotenoids not present in
other green algae (Egeland et al., 1997; Wilhelm et al., 1997; Latasa et al., 2004) (Figure 1).
These carotenoids are part of the LHC antennae and help increasing the absorbance efficiency
of green light (Bohme et al., 2002; Six et al., 2005). The enzymes involved in the biosynthesis
of these carotenoids from a-carotene or lutein are unknown. A potential mechanistic or
physiological link between the cyclase fusion and the formation of these carotenoids, however,
is not obvious. Before speculating further on such a link, the general co-occurrence of these two

traits should be validated by sampling of additional prasinophyte taxons.

Potential biotechnological applications of the lycopene cyclase fusion protein from
Ostreococcus

Plasmids pALPHA1 and pALPHA?2 add to the growing number of carotenogenic plasmids
that are useful not only in basic research on the characterization of carotenoid biosynthetic
genes by heterologous functional expression, but also for the biotechnological production of
carotenoids. Plasmid pALPHAI1 induced the parallel accumulation of o- and B-carotene in the
bacteria. Such a plasmid may be useful for a direct assessment in E. coli of the specificity of
carotenoid biosynthetic enzymes accepting both carotenes as potential substrates. Examples for

such enzymes are carotene hydroxylases and carotene ketolases (Lohr, 2011).

This article is protected by copyright. All rights reserved.



Transformation of E. coli with pALPHA2, on the other hand, resulted in almost exclusive
accumulation of o-carotene. The chemical synthesis of asymmetric carotenoids with a -ionone
and an €-ionone ring such as o-carotene and lutein is rather laborious with low yields (Karrer
and Eugster, 1950; Mayer and Riittimann, 1980; Khachik and Chang, 2009). The biosynthesis
of o-carotene in E. coli has already been reported in several publications (Cunningham et al.,
1996, 2007, Stickforth et al., 2003; Li et al., 2009). In all instances, however, the bacteria were
co-transformed with two plasmids and still accumulated considerable amounts of B-carotene as

byproducts.

The fixed ratio of the two cyclases in the fusion protein from Mamiellales offers the
advantage of a well-defined relative activity of the two enzymes, resulting in a more
reproducible product stoichiometry than expression of the two cyclases from separate genes. In
principle, the same could be achieved by fusing an LCYB and an LCYE gene from any other
plant or green algal source. Our attempts to achieve this by using the LCYB and LCYE genes
from C. reinhardtii, however, were not successful. Either the yield of o-carotene compared to
B-carotene was very low or o-carotene accumulated together with d-carotene, illustrating that
the activities of the two cyclases in the fusion protein need to be well-balanced to result in
specific formation of «-carotene. Another major advantage of the fusion protein from
O. lucimarinus is the possibility of tailoring the ratio of its products o-carotene and B-carotene
by changing the length of the C-terminus (Figure 4). Therefore, the cyclase fusion protein may
become a valuable tool for the biotechnological production of o-carotenoids in E. coli or other

hosts more suitable for the accumulation of high amounts of carotenoids.
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Experimental Procedures

Bioinformatic analyses

The sequence of the cyclase fusion protein from O. lucimarinus (JGI Genome Portal,
http://genome.jgi.doe.gov/; O. lucimarinus genome browser, gene model
fgenesh1l_pg.C_Chr_20000053; Palenik et al., 2007) was used to search the following databases
by BLAST (Altschul et al., 1997), (i) JGI Genome Portal: B. natans CCMP2755 (Curtis et al.,
2012), Chlorella variabilis NC64A (Blanc et al., 2010),Coccomyxa subellipsoidea C-169
(Blanc et al., 2012), M. pusilla CCMP1545 and Micromonas sp. RCC299 (Worden et al., 2009),
O. tauri (Derelle et al., 2006), Ostreococcus sp. RCC809, and V. carteri (Prochnik et al., 2010);
(i1) Genomes at Bioinformatics Gent (http://bioinformatics.psb.ugent.be/genomes/): B. prasinos

(Moreau et al., 2012); and (iii) the NCBI protein database (http://www.ncbi.nlm.nih.gov/).

The phylogenetic analysis of lycopene cyclases was based on the alignment in Chan et al.
(2012). Database accession codes of additional sequences and sequences used for the
phylogenetic analysis of the LHC domain are compiled in Table S1. As the LHC domain had
not been included in the phylogenetic analyses of the LHC proteins from O. tauri by Six et al.
(2005), we first constructed a phylogenetic tree from a larger data set including all LHC
sequences from A. thaliana, C. reinhardtii and O. tauri. For the final tree, we used only the
sequences of a major branch containing the LHC domains of the cyclase fusion proteins from
Mamiellales, thereby enabling the inclusion of additional amino acid positions conserved

specifically in this subset of sequences.

Protein alignments were constructed using ClustalW 1.83 (Chenna et al., 2003). Manual
refinement and selection of unambiguously aligned amino acid positions were made using
BioEdit 5.0.9 (Hall, 1999). Maximum likelihood (ML) trees were inferred from the protein

alignments using PThreads in RAXML 8.0.14 (Stamatakis, 2014) and the WAG substitution

This article is protected by copyright. All rights reserved.



model (Whelan and Goldman, 2001) with gamma rate distribution (‘PROTGAMMAWAG’,
four discrete rate categories. Branch support was estimated with 100 bootstrap replicates using
the rapid bootstrap algorithm (Stamatakis et al., 2008) implemented in PThreads. Posterior
probabilities for nodes in the RAXML trees were calculated with MrBayes 3.1.1 (Huelsenbeck

and Ronquist, 2001) as described in Chan et al. (2012).

Generation of expression constructs for OluLCY, CrLCYB and CrLCYE

The OluLCY gene devoid of the first 49 predicted codons was cloned from genomic DNA of
O. lucimarinus into pPBAD-TOPO® (Life Technologies, https://www.lifetechnologies.com) by
PCR with the GC RICH PCR system (Roche, http://www.roche.com) using the primers
specified in Table S2. Correct orientation and in-frame localization of the gene was confirmed
by sequencing (Starseq, www.starseq.com). This yielded plasmid pBAD_OluLCY#2rep
containing a OluLCY gene with a single point mutation resulting in the amino acid exchange
A74V. A74 is the first amino acid after the predicted cleavage site of the putative transit peptide
and is distant to the first conserved protein domain starting at position 123, making negative

effects on enzyme activity unlikely.

Using the PCR primers specified in Table S2, the LCYB and LCYE genes of C. reinhardtii
were amplified from EST clones AV641959 and AV643150, respectively (Asamizu et al., 2004;
Lohr et al., 2005), and the gradually truncated versions of the OluLCY gene were generated
using pPBAD_OIuLCY#2rep as template. The PCR products were cloned into pPBAD-TOPO®

and their correct orientation and in-frame localization confirmed by sequencing.

The chimeric gene fusions were generated by a modular assembly strategy. Seven DNA

modules were amplified by PCR introducing restriction sites at the 5’- and 3’-end of each

module for either one of the enzymes Avrll, Nhel or Spel all of which generate compatible 5’
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overhangs (see Table S2 for primer sequences and added restrictions sites). PCR products were
cloned into pBAD-TOPO® and their correct orientation and in-frame localization confirmed by
sequencing. The resulting modules were sequentially assembled in pBAD according to Figure
S3 into various combinations of a B-cyclase module and an e-cyclase module connected by a

linker module.

Functional expression of pBAD cyclase constructs in carotenogenic E. coli

For construction of plasmid pLYCO2, the crtZ gene in plasmid pACCARA25crtX (Kajiwara
et al., 1995) was excised by double digest with Aatll and Nsil, the overhangs filled using
Phusion® High-Fidelity DNA Polymerase (NEB; https://www.neb.com/) and religated yielding
plasmid pBETAZ2. Double digest of pPBETA?2 with AsiSI and SnaBI removed crtX and crtY, and
filling of overhangs and religation yielded plasmid pLYCO2. For functional analyses, E. coli
TOP10 were co-transformed with pLYCQO?2 and either of the various pPBAD-LCY constructs.
Double transformants were grown in LB medium under induction with 0.2 % arabinose and
selection with chloramphenicol and ampicillin at 28 °C and 250 rpm to an OD600 between 0.5
and 1.0. Then, 10 ml culture per sample were harvested by centrifugation (5,000xg, 4 min,

4 °C), the supernatant completely removed and the cell pellet stored at -20 °C until further

analysis.

Generation of plasmid pALPHA1

For construction of pALPHA1, we replaced crtX and crtY in pBETA2 by OluLCYA312.
Digestion of pPBETA2 with AsiSI and SnaBI would allow excision of both genes with only the
ribosome binding site and the first ten codons of crtX remaining, but the OluLCY gene also
contained an AsiSI site. Therefore, pPBETA2 was first digested with AsiSI and a short multiple

cloning site introduced by ligation with a duplex of the self-complementary (underlined)

oligonucleotide CGC-CCTAGG-TACGTA-CCTAGG-GCGAT composed of the restriction site
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sequence AsiSI(5’cut)-Avrll-SnaBI-AvrlI-AsiSI(3’cut). The resulting plasmid was digested
with SnaBI to excise crtX and crtY and then religated yielding pLYCO3-MCS. Next, the
OluLCY gene shortened by the last 312 codons (OluLCYA312) was amplified by PCR with the
GC RICH PCR system using pBAD_OluLCY#2rep as template and the primers specified in
Table S2, cloned into pPGEM® T-Easy (Promega, http://www.promega.com) and its correctness
confirmed by sequencing. After plasmid amplification, the OluLCYA312 gene was excised by
digestion with Avrll, inserted between the Avrll sites of pLYCO3-MCS, and the resulting

E. coli transformants screened for clones with OluLCYA312 inserted in the same orientation as

the flanking genes crtE and crtl (Figure 7). The resulting plasmid was termed pALPHAL.

Extraction and analysis of carotenoids from E. coli

Pigments were extracted from bacterial cell pellets by successive addition of 200 ul
methanol, 200 ul acetone and 200 ul dichloromethane with intermittent vortexing and
sonication in a Transsonic T460 water bath (Elma, http://www.elma-ultrasonic.com). Samples
were centrifuged (11,000xg, 4 min, 4 °C) and the supernatant used for HPLC analysis. HPLC
analyses were performed on a Waters Alliance 2795 Separation Module equipped with a Waters
2996 photodiode-array detector and the data analyzed using Waters Empower software (Waters,
http://www.waters.com). Pigments were separated on a ProntoSIL 200-5 C30, 5.0 pm, 250 x 4.6
mm column equipped with a ProntoSIL 200-5-C30, 5.0 pm, 20 x 4.0 mm guard column
(Bischoff Analysentechnik, http://www.bischoff-chrom.de/) at 28 °C applying a ternary gradient
(flow 1.3 ml/min) with linear changes from 10 % eluent A (85 % methanol, 0.075 M
ammonium acetate) and 90 % eluent B (90 % acetonitrile) at O min to 100 % B at 0.75 min, 60
% B and 40 % C (ethylacetate) at 2.5 min, 50 % B and 50 % C at 8 min, 10 % B and 90 % C at
23 min, 10 % B and 90 % C at 26 min, 100 % C at 26.5 min, 100 % C at 30 min, 100 % B at 32

min, and 10 % A and 90 % B at 33 min.
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For pigment identification, we used as reference pigments -carotene from Calbiochem
(Merck, http://www.merckmillipore.com) and a-carotene prepared from a purchased mixture of
carotene isomers from carrots (Sigma-Aldrich, http://www.sigmaaldrich.com). §-carotene, &-
carotene and y-carotene were identified by HPLC-online-absorbance spectra using data in
Britton et al. (2004) as reference. For pigment quantification, the following molar extinction
coefficients [units of L mol”! cm™'] were used (Britton, 1995): a-carotene, € 445 1 = 145300; B-
carotene, € 455 nm = 138900; &-carotene, € 456, = 176300; e-carotene, € 440 nm = 155400; -

carotene, € 46 nm = 147900; and lycopene, € 479 nm = 184900.
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Figure Legends
Figure 1. Carotenoid biosynthetic pathway in land plants and green algae (Viridiplantae).

Names of carotenoids specific to O. lucimarinus and other prasinophyte algae of the order

Mamiellales are intalicized. LCYB = lycopene B-cyclase; LCYE = lycopene e-cyclase.

Figure 2. Domain structure of the lycopene cyclase fusion protein from O. lucimarinus and
phylogenetic affiliation of its three major functional domains. Domain structure of OluLCY
(a), and phylogenetic affiliation of the two lycopene cyclase domains (b) and the LHC domain
(c) in the LCY fusion proteins from the six Mamiellales and B. natans. ML (RAXML) trees
were constructed from protein alignments including 383 (b) and 129 (c) amino acid positions;
the lycopene cyclase sequence from Synechococcus elongatus PCC6301 (B) and the sequence
of LHCAI from O. tauri (C) were used as outgroups. The results of rapid ML bootstrap
analyses with RAXML (100 replicates) are shown above the branches (only values > 50); thick
branches represent > 95% Bayesian posterior probability. Branch lengths are proportional to the
number of substitutions per site (see scale bars). Species abbreviations in (c) are: At =

A. thaliana; Cr = C. reinhardtii; Ot = O. tauri; Pp = Physcomitrella patens; Sm = Selaginella

moellendorffii. For sequence accessions, see Table S1 and Chan et al. (2012).

Figure 3. Catalytic activity of the cyclase fusion protein from O. lucimarinus and of its
separate LCYB and LCYE domains in lycopene-accumulating E. coli. Panels show HPLC
chromatograms of pigment extracts from bacteria after co-transformation with plasmid
pLYCO?2 inducing biosynthesis of the substrate lycopene and with pBAD-constructs encoding a
nearly full-length OluLCY protein (aa 50-1442; (a), lower trace), only the OluLCYB domain
(aa 50-591; (b), upper trace), or only the OluLCYE domain (aa 625-1130; (c), upper trace).
Plasmid pBAD-S encoding only linker S1 of OluLCY (aa 562-630; (a), upper trace) served as

negative control. For comparison, the cyclases CrLCYB ((b); lower trace) and CrLCYE ((¢);
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lower trace) from C. reinhardtii were also expressed in the pLYCO2 background. Pigment

abbreviations: Car = carotene; Lyco = lycopene.

Figure 4. Effect of stepwise C-terminal truncation of the OluLCY protein on the catalytic
activity of its cyclase domains in lycopene-accumulating E. coli. The scheme on top
illustrates the extent of the C-terminal truncation for each mutant, with numbers denoting amino
acids. The bar chart shows the average percentage of o~ and B-carotene per total carotenoids for
each truncation (average and s.d. calculated from three biological replicates). The precursor
carotenoids 0- and y-carotene did not accumulate, while lycopene always accounted for less than

5% of total carotenoids.

Figure 5. Effect of partial deletion of the spacer region S1 between the LCYB- and LCYE-
domain on the catalytic activity of its cyclase domains in lycopene-accumulating E. coli.
The scheme on top illustrates the extent of the spacer deletion for each mutant, with numbers
denoting amino acid positions. The bar chart shows the average percentage of o-, 8- and d-
carotene per total carotenoids for each deletion (average and s.d. calculated from three
biological replicates). The precursor y-carotene did not accumulate, while lycopene accounted
for 5% - 20% of total carotenoids depending on the deletion. Abbreviations: B = LCYB-
domain; E = LCYE-domain; S = Linker S1; Sa = N-proximal half of Linker S1; Sb = C-

proximal half of Linker S1.

Figure 6. Effect of replacing the LCYB- or/and LCYE-domain with LCYB or LCYE from
C. reinhardtii on the catalytic activity of the chimeric protein in lycopene-accumulating E.
coli. The bar chart shows the average percentage of -, B- and 8-carotene per total carotenoids
for each chimeric protein (average and s.d. calculated from three biological replicates). Cells

expressing chimera ce-S-B accumulated 50% of total carotenoids as lycopene and minor
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amounts (< 5%) as y-carotene, while cells expressing the other chimeras accumulated between
2% (E-S-cb) and 20% (B-S-ce) of total carotenoids as lycopene, but no y-carotene.
Abbreviations: B = LCYB-domain of OIuLCY; S = Linker S1 of OluLCY; E = LCYE-domain

of OIuLCY; cb = CrLCYB; ce = CrLCYE.

Figure 7. Accumulation of a-carotene in E. coli after transformation with plasmid
PALPHAT1 containing the constitutively expressed gene OluL.CYA312 or plasmid
PALPHAZ2 containing OlulLCYA248 instead. Maps of pALPHA1 (a) and pALPHA2 (c) and
HPLC chromatograms of pigment extracts from E. coli transformed either with pALPHAT1 (b)
or pALPHA?2 (d) and grown in LB medium at 28 °C for 16 h. Gene abbreviations: cat =
chloramphenicol acetyltransferase; crtB = phytoene synthase; crtE = geranylgeranyl
diphosphate synthase; ctrl = phytoene desaturase; tet = tetracycline resistance; pigment

abbreviations as in Figure 3.
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separate LCYB and LCYE domains in lycopene-accumulating E. coli,
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Figure 4. Effect of stepwise C-terminal truncation of the OluLCY protein on the catalytic activity of
its cyclase domains in lycopene-accumulating E. coli.
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Figure 5. Effect of partial deletion of the spacer region 51 between the LCYB- and LCY E-domain
on the catalytic activity of its cyclase domains in carotenogenic £, coli.
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Figure 6. Effect of replacing the LCYB- or/and LCYE-domain with LCYB or LCYE from
C. reinhardtii on the catalytic activity of the chimeric protein in lycopene-accumulating £. coli.

This article is protected by copyright. All rights reserved.



(@)
é pALPHA1
a 11292 bp
7Y
AsiSI(7574) \
o
Avrll (7564) SnaBl [a304)
Avrll (4308)
Kpnl {4845)
Asisl (5669)
(c)
pALPHA2
11494 bp
AsiSI(7776)

Avrll [7766)

Kpnil (5048)

AsiS! (5871)

—
o
—

absorbance at 440 nm

(d)

absorbance at 440 nm

0.2

0.1

0.2

0.1

a-Car
p-Car
§-Car Lyco
10 15 20 25 30
retention time [min]
a-Car
l[l-cal‘ &-Car
10 15 20 25 30

retention time [min]

Figure 7. Accumulation of a-carotene in E. coli after transformation with plasmid pALPHA1
containing the constitutively expressed gene Olul.CYA3 12 or plasmid pALPHAZ2 containing

(NuLCYA24S instead.
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