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Abstract

Gene fusions have recently attracted attention especially in the field of plant specialized metabolism. The occurrence
of a gene fusion, in which originally separate gene products are combined into a single polypeptide, often corre-
sponds to the functional association of individual components within a single metabolic pathway. Examples include
gene fusions implicated in benzylisoquinoline alkaloid (BIA), terpenoid, and amino acid biosynthetic pathways, in
which distinct domains within a fusion catalyze consecutive, yet independent reactions. Both genomic and transcrip-
tional mechanisms result in the fusion of gene products, which can include partial or complete domain repeats and
extensive domain shuffling as evident in the BIA biosynthetic enzyme norcoclaurine synthase. Artificial gene fusions
are commonly deployed in attempts to engineer new or improved pathways in plants or microorganisms, based on the
premise that fusions are advantageous. However, a survey of functionally characterized fusions in microbial systems
shows that the functional impact of fused gene products is not straightforward. For example, whereas enzyme fusions
might facilitate the metabolic channeling of unstable intermediates, this channeling can also occur between tightly
associated independent enzymes. The frequent occurrence of both fused and unfused enzymes in plant and microbial
metabolism adds additional complexity, in terms of both pathway functionality and evolution.

Key words: Benzylisoquinoline alkaloid metabolism, metabolic engineering, microbial metabolism, plant metabolism, synthetic
biology.

Introduction

The increasing availability of genomic sequence data has gene duplication, horizontal gene transfer, gene fusion and
expedited investigations into the origin and evolution of fission, and the de novo recruitment from non-coding DNA
genes. Several well-established mechanisms are known to (Long et al., 2003; Espinosa-Cantu et al., 2015; McLysaght
govern the formation of new genes, including exon shuffling, and Guerzoni, 2015). Examples of neofunctionalization

Abbreviations: ADH, arogenate dehydrogenase; ADT, arogenate dehydratase; AS, abietadiene synthase; ASa/AS or ASa-ASp, anthranilate synthase o and 3
domains; AK, aspartate kinase; AT, acyltransferase; BAS, benzalacetone synthase; BIA, benzylisoquinoline alkaloid; CBM, carbohydrate-binding motif/domain; 4CL,
4-coumaroyl-CoA ligase; CM, chorismate mutase; CPR, cytochrome P450 reductase; CPS, copalyl-labdadienyl diphosphate synthase; CYP, cytochrome P450;
DAPA-AT, diaminopelargonic acid aminotransferase; DAH7PS, 3-deoxy-p-arabino-heptulosonate 7-phosphate synthase; DHAPAT, dihydroxyacetone phosphate
synthase; DHFR, dihydrofolate reductase; DHQD, dehydroquinate dehydratase; DRS, 1,2-dehydroreticuline synthase; DRR, 1,2-dehydroreticuline reductase;
DTBS, dethiobiotin synthetase; DTC1, syn-pimara-7,15-diene synthase; y-ECL, y-glutamylcysteine ligase; FAR, fatty acid reductase; GS, glutathione synthetase;
HSD, homoserine dehydrogenase; IGPS, indole-3-glycerol phosphate synthase; KS, kaurene synthase; LCYB, lycopene B-cyclase; LCYE, lycopene e-cyclase;
LHC, light-harvesting complex; MsrA/B, methionine sulfoxide reductases A/B; NCS, norcoclaurine synthase; PAI, phosphoribosyl anthranilate isomerase;P5CDH,
A'-pyrroline-5-carboxylate dehydrogenase; PRODH, proline dehydrogenase; REPI, reticuline epimerase; SHD, shikimate dehydrogenase; TS, thymidylate synthase;
TSa/TSP or TSa-TSP, tryptophan synthase a and § domains; WS, wax synthase.
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within the context of specialized metabolite biosynthesis have
been established for model crops, such as tomato (Tomato
Genome Consortium, 2012) and tobacco (Sierro et al., 2014).
A variety of post-transcriptional mechanisms, such as alter-
native splicing modulated by long non-coding RNA, also
contribute to the emergence of new proteins (Bardou et al.,
2014). Gene fusion and/or fission events account for ~0.5%
of all prokaryotic genes, and the vast majority of character-
ized gene fusions occur in bacteria and fungi. As such, cur-
rent opinions surrounding the impact of protein fusion at the
molecular and evolutionary levels derive primarily from the
microbial realm. Although our current appreciation of the
organization of plant genomes, including the clustering and
fusion of genes, is less extensive compared with microorgan-
isms, impressive advances have recently been reported. For
example, the unexpected occurrence of gene clustering has
been extensively documented in plant specialized metabolism
with respect to biosynthetic genes involved in the formation
of benzylisoquinoline alkaloids (BIAs), terpenoids, cyano-
genic glycosides, and benzoxazinoids (reviewed by Boycheva
et al., 2014; Niitzmann and Osbourn, 2014). Recently,
genes encoding norcoclaurine synthase (NCS), the central
enzyme in BIA metabolism, were found clustered in sacred
lotus (Nelumbo nucifera), a basal eudicot (Vimolmangkang
et al., 2016). Since gene fusions can arguably be viewed as an
extreme outcome of clustering, their occurrence and partici-
pation in plant metabolic pathways is not surprising. Similar
to the purported hypotheses concerning the formation and
advantages of gene clusters, gene fusions can provide insight
into the mechanism and physiological function of component
proteins (Bradbury et al., 2013). In this review, we aim to (i)
describe known gene fusions implicated in plant metabolism,
particularly those involved in specialized biosynthetic path-
ways and amino acid metabolism; (ii) overview the possible
mechanisms responsible for the occurrence of gene fusions;
(iii) explore the impact of fusion events on metabolism using
well-established microbial models; and (iv) summarize the
use of fusions in biotechnology.

Gene fusions in plant metabolism

Gene fusions are particularly relevant to the functioning of
metabolic pathways. Enzymes participating in the biosynthesis
of a related group of metabolites are often co-regulated, and
frequently display cellular co-localization. For example, many
enzymes involved in BIA biosynthesis are co-ordinately regu-
lated at the transcriptional level (Zulak et al., 2007; Angelova
et al., 2010), and occur in distinct cell types. In opium poppy,
most BIA biosynthetic enzymes are associated with the cor-
tical endoplasmic reticulum (ER) of sieve elements, whereas
some downstream enzymes occur predominantly in adja-
cent cells known as laticifers (Hagel and Facchini, 2013). By
default, the fusion of two enzymes participating in a single
metabolic pathway ensures co-expression and co-localization.
Although gene fusions arguably contribute to pathway func-
tionality in some of the examples described below, the conse-
quences of many fusion events are presently unknown.
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Norcoclaurine synthase

Most plant gene fusions have been discovered using a combi-
nation of traditional biochemical applications and functional
genomics investigations based on established transcriptome
databases. In some cases, evidence of gene fusion emerges long
after an enzyme is purified and characterized at the molecular
level. For example, although norcoclaurine synthase (NCS)
activity was first characterized >15 years ago (Samanani and
Facchini, 2001) and the corresponding gene was isolated
3 years later (Samanani et al., 2004), NCS gene fusions in
opium poppy (Papaver somniferum) and related plants were
recognized only recently (Li ez al., 2016). NCS catalyzes the
first committed step in BIA metabolism, condensing dopa-
mine and 4-hydroxyphenylacetaldehyde to form the central
pathway intermediate norcoclaurine (Fig. 1). A series of O-
and N-methylations, and an aromatic ring hydroxylation,
convert norcoclaurine to (S)-reticuline, a key branch point
intermediate in the biosynthesis of several BIAs, including
the analgesic morphine, the antitumor agent noscapine, and
the antimicrobial sanguinarine (Hagel and Facchini, 2013).
Analysis of the first available NCS sequence from meadow
rue (Thalictrum flavum) showed no significant homology to
other enzymes, but rather to Bet v 1 allergen and pathogen-
esis-related (PR)10 proteins. The physiological functions of
Bet v 1 and PR10 proteins are largely unknown despite their
ubiquitous occurrence in plants. The origin of BIA metab-
olism is probably monophyletic, at least in members of the
order Ranunculales (Liscombe et al., 2005), which facilitates
BLAST (Basic Local Alignment Search Tool; Altschul et al.,
1990) surveys of sequence libraries for orthologous NCS tran-
scripts in related BIA-producing plants. The cognate amino
acid sequence for functional NCS orthologs from a variety
of plant species displayed considerable dissimilarity (Lee and
Facchini, 2010). For example, NCS from opium poppy and
meadow rue share <40% amino acid identity. Further analy-
sis of transcriptome data and empirical cDNAs obtained
from several species showed evidence of extensive domain
shuffling and DNA fusion events affecting NCS transcripts
within the Papaveraceae (Li et al., 2016). Phylogenetic analy-
sis of >40 NCS sequences from multiple species in the order
Ranunculales primarily revealed evolutionary, rather than
functional, relationships and did not show patterns related to
protein domain architecture. Activity was confirmed for six
NCS homologs, expressed as recombinant proteins in bacteria
(Escherichia coli) and yeast (Saccharomyces cerevisiae), drawn
from several species in the family, including enzymes contain-
ing two, three, or four tandem repeated domains (Li et al.,
2016). Significantly, multiple catalytic domains appeared to
correlate with a proportional increase in catalytic efficiency.
This result supports a recently proposed hypothesis that mul-
tiple-domain fusions in NCS could represent an evolutionary
mechanism to enhance the performance of a relatively ineffi-
cient enzyme (Lichman ez al., 2015) that could be recalcitrant
to an improvement in catalytic efficiency via typical evolution-
ary mechanisms (e.g. point mutations). Additional biochemi-
cal evidence, perhaps derived from a more extensive study
of natural and artificial fusion products, could determine



Hom
HO NHe

Gene fusions in plant metabolism | 4031

RO
H OH

Dopamine NCS 4-HPAA
HO H;CO.
HO O NH HO g o NCHa
P > o H
A o Retul
-Reticuline
(S)-Norcoclaurine (S)
J DRs
H;CO
AT e
H3;CO
1,2-Dehydroreticuline
- | DRR
HsCO.
HO?{‘CHS
chO
Morphine R)-Reticuline

Fig. 1. Two known benzylisoquinoline alkaloid (BIA) biosynthetic enzymes, norcoclaurine synthase (NCS) and reticuline epimerase (REPI), are the result of
gene fusion events and operate at key junctions in the pathway (indicated in red). The first committed step catalyzed by NCS yields the central pathway
intermediate (S)-norcoclaurine. (S)-Norcoclaurine is converted via a series of transformations to (S)-reticuline, a key branch-point intermediate in the
formation of several different BIA structural types, including the morphinan alkaloids. The gateway to morphine biosynthesis in opium poppy involves the
stereochemical inversion of reticuline from the S to the R enantiomer, a two-step process catalyzed by the cytochrome P450 (CYP)-aldo-keto reductase
(AKR) fusion enzyme REPI. The CYP domain of REPI acts as 1,2-dehydroreticuline synthase (DRS) and the AKR domain acts as 1,2-dehydroreticuline
reductase (DRR). The DRS and DRR reactions are shown in blue. Dotted lines indicate multiple enzymatic steps.

whether domain fusions contribute to enhanced enzyme per-
formance. A domain-oriented analysis of eight NCS variants
from opium poppy and Persian poppy (Papaver bractea-
tum), a close relative accumulating the morphinan alkaloid
thebaine, was performed using RADAR (Rapid Automatic
Detection and Alignment of Repeats in protein sequences;
http://www.ebi.ac.uk/Tools/pfa/radar/), visual inspection,
and subsequent sequence alignment (Fig. 2). NCS variants
could be divided into ‘active’ domains (i.e. those containing
catalytic residues; Li et al., 2016), which occur in each vari-
ant as single or multiple (up to four) consecutive repeats. All
but one variant (PbNCS2) possessed a conserved C-terminal
domain, although the significance of this domain is not
known and PbINCS2 has not been tested for NCS activity. The
repetition of domains was incomplete in some variants. For
example, ~20 amino acids from the N-terminus of PsNCSI1
and PsNCS2 lacked the full complement of A3 residues, but

aligned well with the C-terminal portions of Al, A2, A3, and
A4 (Fig. 2). Green fluorescent protein (GFP) fusion-based
localization of PsNCS1 (Hagel and Facchini, 2012) and
PsNCS2 (Lee and Facchini, 2010) in cultured opium poppy
cells identified a putative ER localization signal, putatively in
the N-terminal regions. An equivalent N-terminal sequence is
not found in PsNCS3, suggesting a distinct cellular localiza-
tion for this quadruple catalytic domain variant.

Genomic sequence analysis is critical to understanding the
evolution of NCS orthologs. Current perspectives regarding
domain shuffling and tandem fusions in NCS rely solely on
sequences derived from mature transcripts, precluding any
meaningful insight into whether the fusions are genomic DNA
based or transcriptionally mediated. The presence of a single
intron was noted in five linked NCS orthologs in the sacred
lotus (Nelumbo nucifera) genome (Vimolmangkang et al.,
2016). The genomic organization of NCS genes is expected to
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be more complex in members of the Papaveraceae, including
opium poppy and Persian poppy, based on the occurrence of
tandem repeats and shuffled domains represented in the tran-
scriptome databases of all available species within the family.

Reticuline epimerase

In opium poppy and other morphinan alkaloid-producing
plants, such as Persian poppy, (S)-reticuline undergoes ste-
reochemical inversion to (R)-reticuline as a gateway reac-
tion owing to the stereospecificity of salutaridine synthase,
which accepts only the R conformer (Gesell et al., 2009). The
S to R epimerization of reticuline is catalyzed by reticuline
epimerase (REPI), the enzymatic product of another gene
fusion event in opium poppy (Farrow et al., 2015; Winzer et
al., 2015). PCR-derived genomic sequence data from opium
poppy showed the occurrence of six exons and five introns
in the REPI gene (Fig. 3) (Farrow et al., 2015). In opium
poppy and Persian poppy, REPI consists of two discrete
domains: an N-terminal cytochrome P450 (CYP82Y2) and
a C-terminal aldo-keto reductase (AKR). The CYP82Y2
domain catalyzes the oxidation of (S)-reticuline to 1,2-dehy-
droreticuline, a reaction referred to as 1,2-dehydroreti-
culine synthase (DRS) activity (Fig. 1). The AKR domain

A 0 100 300

subsequently catalyzes the reduction of 1,2-dehydroreticuline
to (R)-reticuline, a conversion referred to as 1,2-dehydrore-
ticuline reductase (DRR) activity. The two REPI domains
can be expressed independently as recombinant, functional
DRS and DRR enzymes. Moreover, DRS and DRR occur
naturally as separate enzymes in Papaver species, such as the
common field poppy (Papaver rhoeas), that are not known to
produce morphinan alkaloids. Alignment of DRS and DRR
genes from P. rhoeas with the REPI gene from opium poppy
reveals a strong conservation of exon—intron structure, and
shows that the DRS and DRR domains of REPI contain the
full sequence complement found in naturally independent
DRS and DRR enzymes (Fig. 3). Furthermore, the alignment
highlights a short (12 amino acid) peptide separating the two
REPI domains. The lack of an intron between the fused DRS
and DRR genes in the opium poppy genome, together with
the occurrence of complete and structurally conserved DRS
and DRR domains, suggests that the fusion was facilitated by
a DNA-based mechanism involving two tightly linked ances-
tral genes. If, indeed, DRS and DRR occurred as separate and
fully functional genes in an ancestral species prior to the emer-
gence of the REPI fusion in opium poppy, the DRR promoter
sequence and DRS stop codon must have been deleted at an
intermediate evolutionary stage. Alternatively, the occurrence
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Fig. 2. (A) Repeated segments in NCS polypeptides (gray boxes) from opium poppy (Papaver somniferum) and Persian poppy (P bracteatum) were
identified using RADAR (http://www.ebi.ac.uk/Tools/pfa/radar/) combined with visual inspection. Red boxes indicate repeated regions (A1-A4) that
contain catalytically active residues (Li et al., 2016; llari et al., 2009). Green boxes show ‘linker’ regions (L), and the blue box identifies a conserved
C-terminal domain. (B) Amino acid alignment of repeated domains was performed using CLUSTALW followed by manual rearrangement. Absolutely
conserved residues across all polypeptides in A, L, or B domains are highlighted in black. Abbreviations: NCS, norcoclaurine synthase; Ps, Papaver

somniferum; Pb, Papaver bracteatum; aa, amino acid.
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Fig. 3. Structure of opium poppy (Papaver somniferum) and field poppy (Papaver rhoeas) genes encoding reticuline epimerase (REPI). The gene fusion

in opium poppy (PsREPI) encodes 1,2-dehydroreticuline synthase (DRS) and 1
free linker. In contrast, the orthologous field poppy genes (PrDRS and PrDRR)
corresponding domains in PSREPI. Exons and introns are represented as gray

,2-dehydroreticuline reductase (ORR) domains fused by a short, intron-
occur separately, but each shows a conserved structure compared with
boxes and solid black lines, respectively. The linker region in PsREPI is

highlighted as a black box. Dotted lines represent conserved exons in the DRS and DRR domains of orthologous opium poppy and field poppy genes.

REPI protein sequences have been reported previously (Farrow et al., 2015).

of REPI in opium poppy could pre-date a fission event, lead-
ing to the formation of discrete DRS and DRR genes found in
other Papaver species, such as field poppy. Owing to the lack
of assembled genomes, the REPI gene copy number in opium
poppy or related species is not known, which hinders efforts to
investigate the evolutionary origins of REPI as a fused gene.
Cytological evidence has suggested the allopolyploid species
Papaver setigerum (2n=44), which morphologically resembles
P. somniferum (2n=22) and accumulates opiate alkaloids, as
the wild ancestor of opium poppy (Levy and Milo, 1998). If
domesticated opium poppy actually emerged via diploidiza-
tion from an allopolyploid ancestor, evolutionary compari-
sons with related species with respect to gene copy numbers
and DNA-level rearrangement should provide considerable
insight into gene fusion processes.

Lycopene cyclases

The possibility that a single, two-domain enzyme could pre-
date the emergence of discrete, independent enzymes is well
documented in plant metabolism. A recent example includes
carotenoid biosynthetic enzymes in green algae (Blatt et al.,
2015) (Table 1). The production of carotenoids in plants
involves two enzymes, lycopene (3-cyclase (LCYB) and lyco-
pene e-cyclase (LCYE). The two lycopene cyclases are closely
related and probably arose via ancient gene duplication.
Whereas LCYB and LCYE occur as separate enzymes in
plants, prasinophyte algae of the order Mamiellales exhibit
the single gene LCY, which is comprised of LCYB, LCYE,
and LHC (light-harvesting complex) domains. It was pro-
posed that LCY in green algae originated as the result of
an unequal crossover event, a phenomenon regarded as the
main mechanism of gene duplication (Graur and Li, 2000).
An unequal crossover event might have led directly to an in-
frame fusion of genes encoding duplicated lycopene cyclase
domains, which could represent the ancestral state of LCYB
and LCYE in plants. Subsequent gene fission of the ances-
tral fusion would probably have occurred only after the two
domains evolved their distinct lycopene cyclase activities. In
support of this hypothesis, the Mamiellales are one of the
most basal clades in the green algae lineage (Turmel ez al.,

2009; Marin and Melkonian, 2010). Unlike many bifunctional
fusion products that catalyze sequential reactions within a
single pathway, the domains of LCY compete for a single
substrate, and constitute a gateway for channeling carote-
noids into one of two biosynthetic routes. The LCYB domain
converts lycopene to y-carotene, a precursor to (-carotene,
zeaxanthin, violaxanthin, and neoxanthin, whereas the
LCYE domain converts lycopene to d-carotene, a precursor
to a-carotene and lutein. Possible selection pressures toward
the separation of lycopene cyclase enzymes in higher plants
include the ability to control independently expression levels
of genes encoding LCYB and LCYE. The relative demand
for a- and p-carotenoids varies depending on the photoaccli-
mation state of a plant (Ballottari ez al. 2007). By individually
tuning gene expression levels, substrate flow between the two
branch pathways can be more precisely regulated.

Bifunctional diterpene synthases

A similar and equally complex case involving gene duplica-
tion, and fusion and fission processes has emerged within
the field of terpenoid metabolic biochemistry. Bifunctional
diterpene synthases catalyze both class II and class I cycliza-
tion reactions, a process otherwise requiring two independ-
ent diterpene cyclase enzymes. All terpene synthases can be
grouped into class IT or class I based on the reaction mecha-
nism and the products formed (Chen et al., 2011; Zi et al.,
2014). Class IT enzymes catalyze protonation-induced cycliza-
tion without alteration of the allylic diphosphate ester bond
in the substrate, whereas class I enzymes ionize the prenyl
diphosphate to generate one or more carbocation interme-
diates. These two enzyme classes are best illustrated in the
context of gibberellin biosynthesis. The class IT enzyme CPS
(copalyl-labdadienyl diphosphate synthase) acts on GGPP
(genanylgeranyl diphosphate) as the substrate to produce an
ent-CPP (copalyl/labdadienyl diphosphate) intermediate, fol-
lowed by the action of the class I enzyme KS (kaurene syn-
thase) yielding ent-kaurene. These two reactions mark the
beginning of gibberellin biosynthesis in bacteria, fungi, and
plants, and CPS/KS sequence analysis has suggested a com-
mon ancestry for the cognate genes (Morrone ez al., 2009)
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Table 1. Examples of gene fusion products involved in metabolism in plants and algae

Fusion Domains Occurrence Significance Pathway Reference(s)
DHQD-SHD DHQD+SHD Algae; plants DHQD and SHD are independent in Shikimate Richards et al.
bacteria, fused in plants and algae, and (2006); Maeda and
part of the pentafunctional, multienzyme Dudareva (2012)
fusion AROM in fungi and apicomplexans
ADH-ADT ADH+ADT Stramenopiles Independent in bacteria and plants; divert ~ Tyrosine and Vieler et al. (2012)
(Nannochloropsis oceanica) common substrate to either tyrosine or phenylalanine
phenylalanine
ASa-ASH ASa+ASB Stramenopiles; some bacteria  Independent enzymes form a heteromer Tryptophan Jiroutova et al. (2007);
in plants; catalyze a single reaction Ashenafi et al. (2015)
IGPS-PAI IGPS+PAI Stramenopiles; some fungi Independent enzymes in bacteria and Tryptophan Jiroutova et al. (2007)
plants
TSo-TSB TSa+TSH Most stramenopiles; some Independent enzymes in bacteria and Tryptophan Jiroutova et al. (2007)
fungi plants
AK-HSD AK+HSD Higher plants; Monomeric AK, HSD, and fused AK-HSD  Aspartate-derived Schroeder et al. (2010);
some bacteria and algae all catalyze committed steps amino acids Vieler et al. (2012);
Each is allosterically regulated Clark and Lu (2015)
DAPA-AT- DATA-AT+DTBS Plants; Fusion enzyme encoded by adjacent Biotin Muralla et al. (2008);
DTBS most fungi genes in Arabidopsis Cobessi et al. (2012)
Expressed via both single and chimeric
mRNAs through alternative splicing
LCY LCYB+LCYE+LHC  Green algae LCYP and LCYE are separate enzymes Carotenoids Blatt et al. (2015)
in plants and produce different carotene
isomers
Product stoichiometry is dependent on
the linker
DTC1® CPS-type+KS-type  Moss Catalyzed by independent enzymes in rice  Momilactone Okada et al. (2016)
domains
CPS-KS? CPS-type+KS-type Moss; fungi Higher plant CPS and KS probably Gibberellin Hayashi et al. (2006); Zi
domains derived from duplication and et al. (2014)
subfunctionalization of an ancestral CPS-
KS fusion
AS? CPS-type+KS-type  Grand fir CPS-type and KS-type domains are Labdane diterpenoids  Chen et al. (2011);
domains catalytically independent, but structurally Zhou et al. (2012);
interdependent Zietal (2014)
Angiosperm diterpene synthases show
loss of activity in one or the other domain
NCS NCS domains Ranunculales NCS activity despite substantial domain BIA Lietal (2016)
shuffling
REPI DRS+DRR Opium poppy; Role of fusion unknown BIA Farrow et al. (2015);

Persian poppy

Could ensure co-expression or
co-localization

Winzer et al. (2015

2 Members of the bifunctional diterpene synthase enzyme family containing class Il (CPS) and class | (KS) terpene synthase (TPS) domains.

(Table 1). In bacteria, CPS and KS are independent enzymes,
but occur as bifunctional CPS/KS diterpene synthases in the
moss Phycomitrella patens and in fungi. In higher plants, CPS
and KS again occur as separate enzymes. These observations
have led to the establishment of the hypothesis that gibberel-
lin biosynthesis may have originally relied on a bifunctional
CPS/KS in the early stages of terrestrial plant evolution,
arising from the fusion of CPS and KS enzymes of bacte-
rial origin (Zi et al., 2014). Subsequent gene duplication and
subfunctionalization would have established the multitude of
independent CPS and KS enzymes currently found in vascu-
lar plants.

Other bifunctional diterpene synthases have been identi-
fied in mosses and gymnosperms, but not in angiosperms.
Prominent examples include several enzymes contributing
to specialized metabolism including abietadiene synthase
(AS) (Table 1), which contributes to resin acid biosynthe-
sis in conifers (Vogel et al., 1996), and syn-pimara-7,15-di-
ene synthase (DTCI1), which participates in momilactone
biosynthesis in the moss Hypnum plumaeforme (Okada et
al., 2016). When AS was first cloned from grand fir (4bies
grandis) >20 years ago, its evolutionary relationship with
monofunctional CPS and KS enzymes was not initially
apparent owing to substantial sequence divergence. Unlike
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the additive fusion of complete CYP and AKR domains in
REPI, AS is not comprised of discrete, ‘full-complement’
CPS and KS domains. Rather, AS is similar in overall length
to either CPS or KS independent enzymes (Zi et al., 2014).
Kinetic analysis and structural determination of AS from
grand fir have revealed that the spatially distinct class IT and
class I active sites are structurally interdependent, yet cata-
lytically independent (Peters et al., 2001; Zhou et al., 2012).
AS and other bifunctional terpene synthases highlight the
impact of gene duplication, fusion, and sequence alteration
processes within the evolution of plant specialized meta-
bolic pathways.

Dethiobiotin synthetase—diaminopelargonic acid
aminotransferase

Diaminopelargonic acid aminotransferase (DAPA-AT) and
dethiobiotin synthetase (DTBS) catalyze the antepenulti-
mate and penultimate steps of biotin biosynthesis, respec-
tively. Despite the essential cellular functions of biotin
(vitamin BS8), its de novo production is restricted to bacte-
ria, a few fungi, and plants. In prokaryotes, DAPA-AT and
DTBS occur as separate enzymes encoded by distinct genes.
In contrast, plants and fungi possess a single, bifunctional
fusion enzyme (Table 1). Genetic studies on Arabidopsis
thaliana have revealed that fusion arises from the non-
stop transcription of adjacent tandem genes (B/O/ and
BI03), presumably derived from prokaryote ancestral genes
(Muralla et al., 2008). BIOI and BIO3 define a single locus,
and are expressed as both single and fused chimeric BIO3—
BIOI1 transcripts through alternative splicing events. Among
the different splice variants are a BIO3-BIO1 monocis-
tronic fusion encoding the bifunctional enzyme, and a bicis-
tronic variant with distinct, yet overlapping reading frames.
Although a fusion event between prokaryotic ancestral genes
is thought to have occurred early in the evolution of eukary-
otes, the ability to produce a bicistronic transcript through
differential splicing is probably a more recent evolutionary
event restricted to a few angiosperm species. The bicistronic
variant of A. thaliana, which includes 10 additional nucleo-
tides that introduce a premature stop codon, is theoretically
capable of producing separate DAPA-AT and DTBS pro-
teins, although it was demonstrated that the fused enzyme
is the sole protein product of the BIO3-BIO! locus (Cobessi
et al. 2012).

Biochemical and kinetic analyses provide support for
substrate channeling within the DAPA-AT-DTBS fusion
enzyme. Diaminopelargonic acid (DAPA), the product of
the DAPA-AT domain, is not released into the bulk solu-
tion during the reaction, but instead is directly transferred to
the DTBS domain for subsequent turnover to dethiobiotin
(DTB). The fusion exhibits kinetic co-operativity with respect
to all substrates, suggesting substrate-induced conformational
changes and allosteric interdependency of the two domains
(Cobessi et al., 2012). Such kinetic behavior has not been
reported for the monofunctional bacterial enzymes, although
a tight association and substrate channeling between mono-
meric DAPA-AT and DTBS enzymes is possible.
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Enzymes of aromatic amino acid metabolism

The ability to produce aromatic amino acids is common
to bacteria, ascomycete fungi, certain apicomplexans,
plants, and various other taxa such as ciliates and diatoms.
Aromatic amino acid biosynthesis begins with the forma-
tion of chorismate via the seven-step shikimate pathway,
followed by branch pathways leading to tryptophan, phe-
nylalanine, and/or tyrosine. The inheritance pattern of shi-
kimate pathway enzymes in eukaryotes, which originated in
various lineages of bacteria, is complicated by multiple hori-
zontal gene transfer, endosymbiosis, gene fusion, gene loss,
and gene replacement events (Richards ez al, 2006). This
complexity is reflected in the diversity of enzyme arrange-
ments among different taxa. For example, in various fungi,
apicomplexans, and ciliates, five of seven shikimate path-
way enzymes are fused into a single polypeptide given the
abbreviation AROM. Conversely, only two of these seven
enzymes are fused in plants and algae [i.e. 3-dehydroquinate
dehydratase (DHQD) and shikimate dehydrogenase (SHD);
Table 1] (Maeda and Dudareva, 2012). In bacteria, none of
the shikimate enzymes is fused. It has been proposed that the
arom gene fusion occurred early in the evolution of eukary-
otes, and that the fusion was lost in plants and algae as the
result of gene replacement mediated by multiple horizontal
gene transfer events from prokaryotes, and endosymbiosis
(Richards er al., 2006). Metabolism beyond the shikimate
pathway is similarly divergent among different taxa. For
example, several enzymes (or enzyme domains) appear as
fusions in stramenopile algae (e.g. Nannochloropsis ocean-
ica; Vieler et al., 2012), certain bacteria, and fungi, in both
tryptophan and phenylalanine/tyrosine pathways (Table 1).
Conversely, such fusions are not present in plants.

In plants, the selection of some fusions (DHQD-SHD)
and the purported loss of others (AROM) raise questions
about the general benefits, or drawbacks, of gene fusions. The
structure of A. thaliana DHQD-SHD shows that the active
sites of DHQD and SHD face each other in close proxim-
ity, which probably facilitates optimal concentration of the
3-dehydroshikimate intermediate (Singh and Christendat,
2006). However, similarly close interactions that promote
substrate channeling and/or shielding from the bulk solution
are often possible between separate enzymes (as described
in the section below concerning the role of gene fusions in
microorganisms). The interaction between bacterial DHQD
and SHD enzymes is not known (Mir et al., 2015). An obvi-
ous advantage to the recruitment of unfused enzymes is the
opportunity for co-ordinated, yet independent, regulation.
For example, although fused in some organisms, anthranilate
synthase (ASa/ASpP) in plants consists of two independent
subunits, the larger ASa and smaller ASP proteins, which
combine to form a heterodimer or heterotetramer (Maeda
and Dudareva, 2012). ASa is encoded by two genes, one
expressed constitutively and the other regulated by develop-
ment, wounding, and pathogen challenge, whereas ASp is
encoded by a single gene. Inducible 4Sa and ASB genes are
co-ordinately regulated as a plant defense response (Niyogi
etal,1993).
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Aspartate kinase—-homoserine dehydrogenases
(AK—HSD)

In plants and microorganisms, aspartate is the common pre-
cursor of the essential amino acids lysine, threonine, methio-
nine, and isoleucine (Jander and Joshi, 2009). The first and
third steps toward the biosynthesis of three of these amino
acids are catalyzed by aspartate kinase (AK) and homoser-
ine dehydrogenase (HSD), respectively. In 4. thaliana, a fam-
ily of genes encodes three monofunctional AK enzymes and
two bifunctional AK-HSD fusion proteins (Table 1). Both
AK and AK-HSD enzymes are subject to feedback inhibi-
tion by their downstream products. For example, AKs are
feedback inhibited by lysine, a mechanism mediated by two
ACT domains at the C-terminus. In contrast, the activity of
AK-HSDs is inhibited by threonine, owing to the presence
of two ACT domains in the linker region spanning the AK
and HSD domains (Paris ez al., 2003). Until more recently,
monofunctional HSD enzymes were only reported in Gram-
negative bacteria and yeast. The first plant monofunctional
HSD enzyme was cloned from soybean and, unlike the AK-
HSD fusion, was found to be threonine insensitive (Schroeder
et al., 2010).

How and why the AK-HSD fusion arose in amino acid
metabolism has not been established. The prokaryotic occur-
rence of AK-HSD suggests an early physiological role for the
fusion protein in bacteria that was subsequently inherited by
plants and algae (Vieler et al., 2012). However, AK and HSD
have also been preserved as monomeric proteins, suggest-
ing an essential role for independent enzymes in the tightly
regulated pathway leading to lysine, threonine, methionine,
and isoleucine. The fact that each variant is uniquely sub-
ject to feedback inhibition suggests that pathway regulation
is an important factor underpinning the maintenance of all
members of the gene set (Clark and Lu, 2015). Structural
analyses of AK and HSD enzymes have focused on features
contributing to allostery (Curien et al., 2008), although an
enzyme fusion has not yet been crystallized. The fact that the
AK-HSD fusion catalyzes non-consecutive steps in amino
acid metabolism would appear to preclude substrate chan-
neling as a driving force behind selection of the gene fusion.
Interestingly, the linker region between the AK and HSD
domains is responsible for the regulatory effect of threonine
in both bacterial and plant AK-HSD fusions, leading to
speculation that the linker, and not the catalytic domains, is
the driving force for selection of the gene fusion.

Gene fusion mechanisms

Processes resulting in chimeric proteins possessing ‘fused’
domains can largely be grouped into two categories: (i)
genomic DNA-based gene fusion; and (ii) transcription-
mediated gene fusion (Long et al., 2003, 2013). In the case
of genomic DNA-based gene fusions, gene duplication often
provides the raw material for the emergence of new, chimeric,
or shuffled genes. Examples of processes that lead to fused
gene products are represented in Fig. 4. Gene duplication is
a central mechanism in plants contributing to the formation
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of new genes, particularly in specialized metabolism (Ober,
2010). Of specific relevance to the formation of chimeric
genes are unequal crossover events between sister chromatids,
which occur during meiosis. In fact, this process is so com-
mon that 17% of all A. thaliana genes occur in tandem arrays
thought to have originated via unequal crossover events
(Arabidopsis Genome Initiative, 2000). Partial duplication of
genes, leading to gene fission, can yield ‘uncoupled’ domains
and potentially create entirely new chimeras when duplicated
pieces are proximally juxtaposed. For example, a new protein
could arise from a series of juxtaposed DNA segments that
are read as exons (Fig. 4A, B) (Kaessmann, 2010). In some
situations, juxtaposition is sufficiently ‘tight’ to yield in-frame
chimeras, which are read as a single exon, or a mutation leads
to fusion via the removal of a stop codon (Kumar and Rao,
2011).

Read-through transcription of neighboring tail-to-head
tandem genes giving rise to chimeric mRNA is not uncom-
mon in eukaryotes and is of potential significance in plants.
Up to 110 genes in A. thaliana and 45 genes in rice could
be transcribed as chimeric mRNA, potentially encoding
chimeric or separate proteins (Shahmuradov et al, 2010).
Transcription-mediated gene fusion is also relevant to jux-
taposed fission products, as alternative splicing might yield
alternatively shuffled exons (Babushok et al., 2007). The fact
that NCS enzymes of the Papaveraceae show extensive repeti-
tion of complete or partial DNA segments suggests evolution
involving (complete or partial) domain duplication followed
by subsequent genomic DNA-based or transcription-medi-
ated fusion processes.

Mechanisms leading to fusions between non-homol-
ogous DNA segments have been explored in the context
of biosynthetic gene clusters. Horizontal gene transfer is
the primary driver of gene cluster (i.e. operon) formation
in microorganisms (Jensen, 2016). In contrast, plant gene
clusters appear to arise de novo via a common ancestor,
or via translocation and/or gene duplication followed by
neofunctionalization and subfunctionalization (Boycheva
et al., 2014). So far, all reported plant gene clusters are
restricted to specialized metabolism, including BIA, terpe-
noid, cyanogenic glucoside, and benzoxazinoid biosynthetic
pathways (Niitzmann and Osbourn, 2014). Of potential
significance is the presence of neighboring transposable
elements and retrotransposons in the vicinity of the gene
clusters in several species, including A. thaliana, Japanese
honeysuckle (Locinera japonica), and opium poppy (Field
etal.,2011; Winzer et al., 2012; Krokida et al., 2013). Some
clusters exhibit subtelomeric positioning or are found near
the centromere, both of which are genomic locations that
experience higher rates of recombination, translocation,
and rearrangement (Boycheva et al., 2014). Translocation
events could facilitate the juxtaposition or insertion of
non-homologous DNA segments, forming clusters of
closely linked or fused genes (Fig. 4B). For example, DNA
transposition might have contributed to the fusion of genes
encoding the non-homologous P450 and AKR domains of
REPI. A complete opium poppy genome could shed light
on whether the REPI gene is part of a cluster, and whether
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Transcription-mediated gene fusion
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Fig. 4. Examples of DNA and transcription-mediated gene fusion mechanisms. DNA-mediated gene fusion (left panel): (A) partial duplication of two
genes is followed by juxtaposition of the duplicated segments within the genome, which can yield a chimeric gene via the evolution of novel splicing
signals and/or transcription termination sites; (B) ectopic exon recombination illustrated using the example of transposon exaptation (Rutter et al., 2012),
which is established in plants (Donoghue et al., 2011). Transposon exaptation yields novel functional genes via insertion of mobile genetic elements into
exons (in this case, E1) (Rutter et al., 2012). Transcription-mediated gene fusion (right panel): the evolution of new splicing signals and transcriptional
read-through from an upstream gene can yield new chimeric MRNAs. Chimeric mRNAs can be reverse transcribed to produce chimeric retrogenes,
which can acquire or evolve promoters in their 5' upstream region. Hashed boxes indicate promoter regions. Bent arrows designate transcription start
sites. Gray lines indicate genomic sequence. Blue and red shading represent exons or domains derived from different sources (e.g. genes or mobile
elements) that are ultimately fused. Abbreviations: E, exon; TE, transposable element. Based on Kaessmann (2010), Long et al. (2013), and Donoghue

etal (2011).

it is located in a genomic region with features suggesting a
relatively high rate of recombination.

Functional significance of gene fusions:
lessons from microorganisms

As gene fusions continue to emerge within the field of plant
metabolism, several hypotheses regarding their functional
significance have been suggested. A popular theory is that
domain fusion strongly implies functional interaction within
shared metabolic pathways (Bradbury et al., 2013). Obviously,
fusions ensure the co-expression of otherwise independently
regulated genes, and the systemic and cellular co-localization
of cognate gene products. However, the impact of fusion
on the kinetic performance of constituent enzyme domains,
compared with the kinetic performance of the unfused com-
ponents, is not well investigated in plants. In contrast, enzyme
fusions are common in microorganisms, and several have been
extensively studied at the biochemical level (Table 2). Insights
drawn from microbial protein fusions provide a framework
to consider the potential significance of fusions in plants,
especially in terms of substrate channeling, altered substrate
binding, catalytic efficiency, and other kinetic parameters.

In some cases, direct empirical comparisons of microbial
enzymes have shown the enhanced performance of fused

enzymes relative to unfused counterparts. One example
involves methionine sulfoxide reductases A (MsrA) and B
(MsrB), which exist as the fusion MsrAB in the bacterium
Treponema denticola, but occur separately in other organisms
(Table 2). Increased catalytic efficiency was determined as the
result of fusing independent MsrA and MsrB domains, but
the improvement was dependent on the specific linker region
found in 7. denticola MsrAB (Han et al., 2016). As discussed
earlier, a critical role for the linker region was also reported
for the LCY fusion in green algae (Table 1). Remarkably, it
was shown that product stoichiometry could be modulated
by modifying the linker region of the LCY protein fusion,
or by truncating the C-terminal LHC domain (Blatt ez al.,
2015). In some systems, the presence of one domain appears
to influence the substrate binding properties of the other, pos-
sibly through interdomain interactions. The bacterial fusion
protein GshF, comprised of y-ECL (y-glutamylcysteine
ligase) and GS (glutathione synthetase) domains, completes
glutathione biosynthesis in a single step. Kinetic studies have
shown that the GS domain, which catalyzes the second half
of the two-part reaction, binds exogenously added glycine
substrate at physiologically irrelevant (i.e. extremely high)
K, values. Conversely, when glycine is provided through
its fusion partner y-ECL, the K, of the GS domain is dra-
matically reduced (Vergauwen et al., 2006). Independent
GS enzymes found in other microbial species bind glycine
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Table 2. Examples of gene fusion products in microbial metabolism

Fusion Domains Occurrence Significance Pathway Reference(s)
PutA PRODH+P5CDH Fusion in Gram-negative Substrate channeling occurs in Proline metabolism Moxley et al. (2014);
bacteria both fused and unfused enzymes Sanyal et al. (2015)
Separate in other
bacteria and eukaryotes
Bifunctional DAH7PS+CM Geobacillus spp. Fusion imparts allosteric Shikimate metabolism Nazmi et al. (2016)
DAH7PS regulation in chorismate
biosynthesis
MsrAB MsrA+MsrB Treponema denticola Increased catalytic efficiency Protein repair Han et al. (2016)
compared with unfused enzymes
Linker region crucial
CYP170 CYP170A+terpene Streptomyces spp. Terpene synthase domain Albaflavenone metabolism Moody et al. (2012)
synthase functional only in some fusions
GshF v-ECL+GS Streptococcus agalactiae GS domain mediates dimer Glutathione metabolism Stout et al. (2012)
Pasteurella multocida formation
Reduced K, for GS domain in
fusion
SACTE_2871 Dioxygenase+CBM  Streptomyces spp. CBM domain localizes the Lignin degradation Bianchetti et al. (2013)
SirexAA-E catalytic domain near lignin
substrate
FARAT FAR+DHAPAT Tetrahymena Fusion catalyzes two parallel Fatty acid metabolism Dittrich-Domergue et al.
thermophila conversions providing both (2014)
substrates for a third reaction
TS-DHFR TS+DHFR Toxoplasma gondlii Interdomain interaction Folate metabolism Sharma et al. (2013)

Substrate channeling and bulk

solution shielding

with low K, values without the need for an interacting part-
ner (Janowiak and Griffith, 2005; Janowiak et al, 2006;
Vergauwen et al., 2006). Unlike the microbial GshF fusion,
the K, of isolated DRS for (S)-reticuline was not dramati-
cally different compared with the K, of DRS as part of REPI
in opium poppy, although the apparent V,,,, was somewhat
lower for the fusion (Farrow et al., 2015) (Fig. 1). The K, and
Vinax of DRR for 1,2-dehydroreticuline were not compared
with equivalent REPI parameters.

Although the functional or physiological significance of
the REPI fusion is not known, the linked domains poten-
tially co-ordinate or shield the intermediate 1,2-dehydrore-
ticuline from the bulk solution, thereby preventing enamine
formation (Farrow et al., 2015). Direct evidence of substrate
channeling between fused domains was shown for the bifunc-
tional enzyme thymidylate synthase—dihydrofolate reductase
(TS-DHFR) (Sharma et al., 2013) (Table 2). TS and DHFR
occur as separate enzymes in most species, but are fused in
the parasitic protozoan Toxoplasma gondii. Structural analy-
sis of TS-DHFR revealed that dihydrofolate intermediate is
directly transferred between TS and DHFR active sites with-
out entering the bulk solution. This direct transfer of sub-
strate between active sites and shielding from bulk solution
was noted in the case of the A. thaliana fusion DAPA-AT-
DTBS (Table 1) (Cobessi et al., 2012). While it is tempting to
draw conclusions from such studies regarding the significance
of fusion, it is important to exercise caution in the absence of
a proper functional comparison of fused and unfused com-
ponents. Importantly, substrate channeling is also known
to occur between tightly associated, but distinct monomeric
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proteins. For example, channeling of a reactive intermediate
acetaldehyde occurs in the microbial DmpFG enzyme, a het-
erodimer comprised of unfused aldolase (DmpG) and dehy-
drogenase (DmpF) domains (Smith et al, 2012). Moreover,
channeling occurs between the unfused monomer domains
in the aldolase-dehydrogenase complex Bphl-BphJ (Carere
et al., 2011). The question of whether fusion provides added
benefits in terms of substrate channeling was addressed
directly in a recent study involving proline metabolic
enzymes. Proline dehydrogenase (PRODH) and A'-pyrroline-
S-carboxylate dehydrogenase (PSCDH) catalyze successive
oxidations converting proline to glutamate. In most organ-
isms, PRODH and PSCDH occur as independent proteins,
but these enzymes are fused as PutA in Gram-negative bacte-
ria. Available crystal structures (Srivastava et al., 2010; Singh
et al., 2014) together with steady-state and transient kinetic
data (Moxley et al., 2014) have established the mechanism
underpinning substrate channeling in PutA. However, it was
also shown that monomeric, unfused PRODH and PSCDH
enzymes from Thermus thermophilus utilize an analogous
channeling mechanism (Sanyal et al., 2015). This finding is
in line with the ‘Rosetta Stone hypothesis’, which uses gene
fusion events to predict protein—protein interactions (Enright
et al., 1999; Marcotte et al., 1999), and raises doubts about
enzyme-enzyme fusions as a requirement for, or enhance-
ment of, substrate channeling.

Future work aimed at elucidating substrate channeling and
the possible roles of metabolons in plant metabolism should
enlist insights available from both fusions and, when pos-
sible, monomeric enzymes. A generally overlooked feature



in microbial systems is the potential role of fusions in co-
localization. For example, the DRS component of REPI
ensures localization to the ER membrane by virtue of its
CYP N-terminal endomembrane anchor. A landmark study
of metabolite channeling via a dynamic metabolon in sor-
ghum (Laursen ef al., 2016) highlights the key anchoring and
recruitment roles played by CYPs. The four-enzyme metabo-
lon in sorghum is involved in the formation of the defensive
compound dhurrin and, although it does not include fused
enzymes, the CYPs form membrane-bound hetero- and
homo-oligomers that recruit a soluble glucosyltransferase.
In the case of opium poppy, the REPI fusion could conceiv-
ably represent an alternative solution for the recruitment of a
soluble enzyme (i.e. DRR) to the membrane. Beyond poten-
tial for substrate channeling and co-localization, a fusion
could offer reaction-specific advantages, particularly with
respect to enzymes catalyzing reversible reactions. For exam-
ple, it was suggested that the DAPA-AT-DTBS fusion in 4.
thaliana could serve to promote the ‘forward’ direction of the
DAPA-AT, as the product of DAPA-AT is channeled to its
fusion partner DTBS instead of acted upon by DAPA-AT
in the reverse direction (Cobessi et al., 2012). This poten-
tial advantage is also relevant to REPI, as DRR catalyzes
a reversible reaction (Farrow et al, 2015) (Fig. 1). Isolated
DRR converts 1,2-dehydroreticuline to (R)-reticuline, but
also catalyzes the reverse reaction forming 1,2-dehydroreti-
culine from (R)-reticuline. Conversely, when DRR is fused to
DRS as REPI, (R)-reticuline is not accepted as a substrate,
highlighting a significant and potentially relevant change
in enzyme function. This feature could be further explored
with additional kinetic analyses of REPI, DRS, and DRR,
and by comparing the metabolite profiles of (S)-reticuline,
(R)-reticuline, and 1,2-dehydroreticuline in REPI-expressing
plants with profiles of plants harboring unfused DRS and
DRR enzymes.
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Biotechnological applications of gene
fusions

Cases of perceived improvement in enzyme kinetic features
have prompted the application of gene fusions in biotechnol-
ogy, particularly in the fields of plant and microbial metabolic
engineering. The emergence of synthetic biology platforms
in microorganisms and plants offers new and/or improved
opportunities for the commercial production of natural
or semi-synthetic products (Wurtzel and Kutchan, 2016).
Metabolic engineering is also a popular tool for the improve-
ment of crop plants in terms of resistance to environmental
stress. The use of gene fusions in biotechnology is associated
with both advantages and disadvantages. One advantage is
that the host organism needs only to be transformed once,
rather than twice, with a genetic construct encoding heter-
ologous proteins. This feature is attractive when working
with a plant species recalcitrant to genetic transformation,
or in cases where plant breeding is required subsequent to
the transformation event. Rice plants transformed with a
fusion of two bacterial trehalose biosynthetic genes otsA4 and
otsB were reported to display less photo-oxidative damage
and a more favorable mineral balance compared with wild-
type plants under salt, drought, and low temperature stress
conditions (Garg et al., 2002) (Table 3). Although a direct
comparison was not made with rice co-transformed or suc-
cessively transformed with independent ozsA4 and otsB genes,
the otsA—otsB fusion produced in E. coli exhibited a higher
catalytic efficiency in vitro compared with the unfused com-
ponents (Seo et al., 2000). Increased salt tolerance has also
been achieved in perennial ryegrass (Lolium perenne) through
transformation with a plant gene fusion (Cen et al., 2016), and
expression of a microbial fusion in geranium (Pelargonium sp.
Frensham) chloroplasts enhanced the plants’ ability to assimi-
late and phytoremediate formaldehyde (Song et al., 2010).

Table 3. Examples of the application of gene fusion products in biotechnology

Fusion Host Result References
4-Coumaroyl-CoA ligase (4CL)*+stilbene synthase (STS)? Yeast Resveratrol production higher compared with Zhang et al. (2006, 2015)
E. coli unfused enzyme expression (yeast)

Drought and Salt Tolerance (DST)?+SRDX domain?

Isoflavone synthase (IFS)?+P450 reductase Rhf-RED E. coli
Various P450s+CPR1¢ E. coli
Trehalose-6-phosphate synthase (TPS; OtsA)+trehalose-6- Rice
phosphate phosphatase (TPP; OtsB)

Fatty acid reductase (FAR)+wax synthase (WS) Tobacco
4-Coumaroyl-CoA ligase (4CL)*+benzalacetone synthase (BAS)®  Yeast
3-Hexulose-6-phosphate synthase (HPS)+6-phosphate-3- Geranium

hexuloisomerase (PHI)

Perennial ryegrass

Not compared in E. col

Gene expression suppression

Salt tolerance compared with non-transgenics
P450 activity preserved?

P450 activity preserved?

Trehalose accumulation

Improved abiotic stress tolerance®

Increased wax ester production

Altered wax composition

Same result using unfused enzymes
Improved raspberry ketone production over
unfused enzymes

Enhanced ability to assimilate formaldehyde”

Cen et al. (2016)
Schickel et al. (2012)
Schickel et al. (2012)
Garg et al. (2002)

Aslan et al. (2014, 2015)

Lee et al. (2016)

Song et al. (2010)

@ Plant enzyme.
b No comparison versus unfused enzymes.
¢ Fusion shows improved performance in vitro.
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An additional benefit of using gene fusions in metabolic
engineering applications is that the two (or more) protein
domains are implicitly co-localized within the host organism.
The host organism might not recognize localization informa-
tion contained on a foreign protein, or possess the ideal cellu-
lar or subcellular anatomy for adequate enzyme performance.
For example, bacteria do not possess the endomembrane
structure needed for optimal performance of ER-bound
plant CYPs, particularly as these CYPs require a second
ER-bound enzyme, cytochrome P450 reductase (CPR), for
efficient electron transfer. Together with other modifications,
gene fusion technology has enabled plant CYP expression in
E. coli through in-frame coupling with a microbial or plant
CPR (Schiickel et al., 2012) (Table 3). Combining microbial
and plant enzymes illustrates a third benefit to the application
of gene fusions; the ability to create novel enzymes that might
not exist in nature. A recent study involving the heterolo-
gous production of raspberry ketone in baker’s yeast (S. cer-
evisiae) empirically and extensively evaluated different gene
fusion possibilities to obtain the optimal enzyme-linker—
enzyme combination (Lee et al., 2016). 4-Coumaroyl-CoA
ligase (4CL) and benzalacetone synthase (BAS) were fused in
two different orientations (i.e. 4CL-BAS or BAS-4CL) with
either flexible or rigid linkers. Additionally, the performance
of two different 4CL variants was compared. This mix-and-
match approach resulted in a fusion that increased yields
>5-fold compared with native monofunctional enzymes.

The factors enhancing fusion performance relative to
monofunctional enzymes in heterologous systems, when
an empirical comparison is actually performed, are rarely
explored, arguably because biotechnological achievements
are driven by outcomes rather than curiosity. For example, as
part of an engineering project aimed at resveratrol produc-
tion in alternative systems, yeast expressing a fusion between
4CL and stilbene synthase (STS) was shown dramatically to
outperform strains that co-expressed 4CL and STS as inde-
pendent enzymes (Zhang et al., 2006). The result was not
pursued further, although it was noted that protein—protein
interactions could increase metabolic channeling or place
enzyme active sites in close proximity. A largely overlooked
disadvantage of using fusions in biotechnology is that the
non-natural linkage of two otherwise active enzymes could
have detrimental effects on functionality via unforeseen
problems in protein folding and/or stability, antagonistic
domain—domain interactions, inadequate substrate trans-
fer, or negative impact on substrate binding. Unfortunately,
failed artificial gene fusion outcomes are usually not
reported. Considering the evolutionary time scale required
to select for active fusions in plants and microorganisms,
and the many gene fusion or shuffling ‘failures’ found in
nature, such as catalytically active domains fused to inac-
tive domains (Compaan and Ellington, 2003; Hiltunen ez al.,
2012; Moody et al., 2012; Zi et al. 2014) and the numerous
inactive NCS fusions (Li et al., 2016) (Table 1), gene fusion
engineering is a risky endeavor. Even if the fusion does not
result in a loss of enzyme function, a significant functional
improvement compared with the unfused components may
not result. Work involving increased wax ester production

in tobacco using bacterial fatty acid reductase (FAR) and
wax synthase (WS) genes showed that transient expression in
leaves of a gene fusion encoding FAR-WS was functionally
equivalent to the outcome using unfused genes (Aslan et al.,
2014) (Table 3). Although gene fusion remains a common
strategy in attempts to debottleneck engineered metabolic
pathways in plants and microorganisms (Elleuche, 2015;
Yu et al., 2015), success is sporadic and must be appropri-
ately measured against suitable controls. In the future, new
genome editing technologies could be used to test hypotheses
surrounding the contribution—or lack thereof—of fusions.
For example, in plant species where sufficient genomic data
are available, single-domain enzymes could be replaced with
gene fusions and impacts on metabolism could be studied.

Conclusions and perspectives

Gene fusion events generated a plethora of protein chime-
ras in plants, microbes, and other organisms. Dozens of
papers report the occurrence and function of gene fusions
in the context of microbial metabolism. In contrast, reports
of gene fusions relevant to plant metabolism are limited.
This disparity probably reflects a knowledge gap concerning
plant gene fusions, rather than a reduced occurrence or func-
tional importance in metabolism compared with microbes.
Regardless of whether such events are the result of DNA
shuffling at the genomic level, or by alternative splicing
and similar transcription-based mechanisms, new arrange-
ments of existing protein domains emerge. A review of gene
fusion would not be complete without a consideration of
gene duplication and gene clustering, and the possible roles
of these features in predictions of enzyme function within
metabolic pathways. Significantly, all known gene clusters
in plants encompass components that participate in spe-
cialized metabolism (Boycheva et al., 2014; Niitzmann and
Osbourn, 2014). Although this is not strictly true in the case
of gene fusions, it is remarkable that at least two gene fusion
events are relevant to BIA metabolism alone. Moreover, gene
fusion, fission, subfunctionalization, and neofunctionaliza-
tion processes have contributed to the enormous diversity
of terpene synthases found in plants (Zi et al., 2014). This
review is largely restricted to more discernible or established
cases of gene fusion, such as bifunctional enzymes with two
distinct active sites bearing evident relationships to extant
monofunctional enzymes. However, protein domains are
known to correlate with exon structures (Liu and Grigoriev,
2004), and singular domains can merge with a variety of dif-
ferent partners yielding functionally unrelated enzymes that
are not considered bifunctional (Derouiche et al., 2016), and
whose genetic origins as fusions are not obvious. It is likely
that many multidomain enzymes, particularly those sharing
domain-level homology with different enzyme types, arose
from some combination of gene fusion, fission, duplication,
or rearrangement. Whether this evolutionary mechanism can
be mimicked to engineer plant pathways more efficiently in
microorganisms, or to generate more robust plants, appears
presently a matter of luck.
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