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Abstract 

Background:  One important metabolic engineering strategy is to localize the enzymes close to their substrates for 
improved catalytic efficiency. However, localization configurations become more complex the greater the number of 
enzymes and substrates is involved. Indeed, optimizing synthetic pathways by localizing multiple enzymes remains 
a challenge. Terpenes are one of the most valuable and abundant natural product groups. Phytoene, lycopene and 
β-carotene serve as common intermediates for the synthesis of many carotenoids and derivative compounds, which 
are hydrophobic long-chain terpenoids, insoluble in water and usually accumulate in membrane compartments.

Results:  While β-ionone synthesis by β-carotene cleavage dioxygenase PhCCD1 and astaxanthin synthesis by 
β-carotene ketolase (CrtW) and β-carotene hydroxylase (CrtZ) differ in complexity (single and multiple step path-
ways), the productivity of both pathways benefited from controlling enzyme localization to the E. coli cell membrane 
via a GlpF protein fusion. Especially, the astaxanthin synthesis pathway comprises both CrtW and CrtZ, which perform 
four interchangeable reactions initiated from β-carotene. Up to four localization strategies of CrtW and CrtZ were 
exhaustively discussed in this work, and the optimal positioning strategy was achieved. CrtW and CrtZ were linked 
using a flexible linker and localized to the membrane via a GlpF protein fusion. Enzymes in the optimal localization 
configuration allowed a 215.4% astaxanthin production increase.

Conclusions:  This work exploits a localization situation involving membrane-bound substrates, intermediates 
and multiple enzymes for the first time, and provides a workable positioning strategy to solve problems in similar 
circumstances.
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Background
Terpenes, and especially the carotenoids, are one of the 
most valuable and abundant natural product groups 
[1, 2]. Metabolic engineering of microbial factories for 
the production of carotenoids has been a hotspot for 
decades, and numerous achievements have led to the 
advancement of this field [2, 3]. While many carotenoids 
and derivative compounds were produced heterolo-
gously, this remains challenging since the common inter-
mediates phytoene, lycopene and β-carotene (Fig. 1) are 
hydrophobic long-chain terpenoids, insoluble in water, 
and usually accumulate in the membrane compartments 

[4–6]. Due to the specific localization of hydrophobic 
substrates, spatial optimization of their metabolism has 
attracted much attention in the metabolic engineer-
ing community, with some notable results. For example, 
an eight and 20-fold improvement in the production of 
valencene and amorphadiene was achieved by mitochon-
drial targeting of valencene and amorphadiene synthase 
in yeast, respectively [7]. Localizing the Ehrlich pathway 
into yeast mitochondria increased isobutanol production 
by 260%, whereas overexpression of the same pathway in 
the cytoplasm only improved yields by 10% [8]. Lv et al. 
proposed a dual metabolic engineering of cytoplasmic 
and mitochondrial acetyl-CoA utilization to boost iso-
prene synthesis in S. cerevisiae, which increased isoprene 
production 2.1- and 1.6-fold relative to the recombinant 
strains with solely mitochondrial or cytoplasmic engi-
neering, respectively [9]. On the other hand, there were 
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also excellent works concerning optimization of bacteria 
enzyme localization. For instance, using the protein scaf-
folds to recruit enzymes in a metabolic pathway, Due-
ber et al. acquired 77-fold improvement of product titer 
of mevalonate with low enzyme expression and reduced 
metabolic load [10]. Lee et al. exhibited the great poten-
tial of cytoscaffold for enzyme organization [11]. Further-
more, in addition to protein scaffolds, DNA scaffolds [12, 
13] and lipid-containing scaffolds [14] are also applied to 
improve the pathway efficiency. In addition to scaffolds, 
enzymes were also located to bacterial microcompart-
ments (MCPs), such as ethanolamine utilization (Eut) 
[15] and 1,2-propanediol utilization (Pdu) MCPs for 
similar purposes [16]. The key point of these strategies 
was to localize the enzymes as close as possible to their 
substrates. However, localization configurations become 
more complex when more enzymes and reaction steps 
are involved. Thus, optimizing synthetic pathways by 
positioning multiple enzymes remains a challenge.

The apocarotenoid β-ionone, which is derived from 
β-carotene, is notably valuable in the flavoring indus-
try due to its characteristic rose-like aroma [17]. The 
carotenoid cleavage dioxygenase (CCD) PhCCD1 from 

Petunia hybrida, encoded by the CCD1 gene (PhCCD1), 
was used for heterologous β-ionone production [18]. 
The CCD enzymes are usually cytoplasmic proteins [19, 
20] and there was no predicted transmembrane region 
on PhCCD1 based on the information in ExPASy and 
UniProt [21]. Moreover, our previous work has shown 
that most β-carotene accumulated with cell membrane 
compartment in E. coli [22]. This means that it may be 
located far away from its substrate, the membrane-bound 
β-carotene, which would obviously decrease its catalytic 
efficiency. Thus, PhCCD1 can be localized to various 
compartments of the E. coli cell to investigate the rela-
tionship between the location of PhCCD1 and its cata-
lytic efficiency (Figs. 2a, b, 3). 

Astaxanthin is one of the strongest antioxidants in 
nature [1], and has a tremendous potential for applica-
tions in healthcare and pharmaceuticals [2, 23]. The 
heterologous synthesis pathway of astaxanthin com-
prises two enzymes, β-carotene ketolase (CrtW) from 
Brevundimonas sp. SD212 [24, 25] and β-carotene 
hydroxylase (CrtZ) from Pantoea agglomerans [26], 
which perform four interchangeable reactions initi-
ated from β-carotene. Although CrtW and CrtZ might 

Fig. 1  A schematic diagram of the astaxanthin and β-ionone synthesis pathways. The complex astaxanthin synthesis pathway comprises two 
enzymes, β-carotene ketolase (CrtW) and β-carotene hydroxylase (CrtZ), which perform four interchangeable reactions initiated from β-carotene, 
the substrate of the reaction

(See figure on next page.)
Fig. 2  Enzyme locations in the host strain producing the β-carotene substrate. a Soluble cytoplasmic enzymes (PhCCD1) in the cells. b PhCCD1 
localized to the membrane compartment by fusion with GlpF. c CrtW and CrtZ both localized to the membrane separately. d GlpF fused to the 
fusion protein CrtW-CrtZ to target it to the membrane
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contain transmembrane regions according to the pre-
dicted structures from ExPASy and UniProt [21], there 
was no information regarding their original location, let 
alone their location in the heterologous hosts. Thus, the 
optimal localization of the astaxanthin synthesis pathway 
enzymes is a more complex problem than that of the sin-
gle-step β-ionone synthesis pathway.

In this study, we applied E. coli localizing tags to posi-
tion PhCCD1 into different cell compartments to inves-
tigate how the localization of the enzyme could affect 
its catalytic efficiency. Moreover, the localization situ-
ation of CrtW and CrtZ was studied to determine an 
optimal configuration for maximizing the production of 
astaxanthin.

Methods
Strains, media and growth conditions
The strains used in this study are listed in Table 1. Dur-
ing strain construction, cultures were grown aerobically 
at 37 °C in Lysogeny broth (per liter: 10 g Difco tryptone, 
5  g Difco yeast extract and 5  g NaCl, referred to as LB 
in the following), or in LB with 2% glycerin for fermenta-
tion. For seed cultures, single colonies were picked from 
the plates and used to inoculate 15 × 100 mm tubes con-
taining 4 mL of LB with 34 mg/L chloramphenicol, and 
grown at 37  °C and 250  rpm overnight. The resulting 
seed culture was subsequently used to inoculate a 100-
mL flask containing 10 mL of fermentation medium with 
34 mg/L chloramphenicol to an initial OD600 of 0.05, and 
grown at 30  °C and 250  rpm. After 48  h of growth, the 
cells were collected for the measurement of the products. 
IPTG was added after 6 h of inoculation to 0.1 mM final 
concentration when CAR025 was cultured. For β-ionone 

production, 1 mL dodecane was added to the cultures to 
capture this volatile product.

Plasmid construction
The backbone fragments were amplified from plasmid 
pACYC184-M [27], pSC101, or their derivatives. The 
codon-optimized PhCCD1 gene of Petunia hybrida was 
synthesized by Genewiz (Suzhou, China). The gene frag-
ments GG-PhCCD1 and GG-2PhCCD1 were amplified 
from the plasmid carrying PhCCD1 using the primer 
pairs phccd1-F/phccd1-R and 2phccd1-F/phccd1-R, 
respectively. Fragments containing crtW and crtZ were 
amplified from pYL501. PCRs were performed using 
PrimeSTAR​® HS DNA Polymerase (Takara, Japan) and 
carried out in a thermocycler using the following pro-
gram: 98 °C for 10 s, X °C for 5 s (step 2), 72 °C for Y min 
(step 3), repeat step 1–3 for 30 cycles, which X means 
the Tm of primers minus 5, Y equates the length (Kb) 
of PCR products. The PCR products were subjected to 
DpnI digestion (10 U, 16  h, 37  °C) and gel purification. 
The primers used in this study are summarized in Addi-
tional file  1: Table  S1. Part of primers is designed by j5 
DNA Assembly Design Software for scarless ligation [28]. 
All the primers were designed with linker sequences for 
Type II restriction enzymes for DNA assembly. The oli-
gonucleotide primers were purchased from GENEWIZ 
(Suzhou, China).

The DNA fragments were assembled using the Golden 
Gate DNA assembly method [29, 30]. 100 ng of the vec-
tor fragment and equimolar amounts of other DNA parts 
were mixed in a 20 μL Golden Gate reaction with 1 μL 
BsaI-HF, 1  μL T4 ligase (New England Biolabs, USA) 
and 1× T4 ligase buffer. The reaction was carried out in 
a thermocycler using the following program: 37  °C for 

Fig. 3  Enzyme locations in the host strain producing the β-carotene substrate. CrtW and CrtZ linked by a flexible eight-amino acid linker
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5  min, 37  °C for 5  min (step 2), 16  °C for 10  min (step 
3), repeat step 2 − 3 for 20 cycles, 16 °C for 20 min, 37 °C 
for 30 min, 75 °C for 6 min, and 4 °C hold. 1.5 μL of the 
resulting reaction solution was used to transform 80 
μL of competent cells (Table 1) to obtain the assembled 
plasmids.

Measurement of β‑ionone and astaxanthin concentrations
To obtain the produced β-ionone, culture samples were 
centrifuged for 5  min at 3186×g to separate the dode-
cane phase as the upper layer, which was filtered through 
a 0.22 μm organic nylon filter. Quantitation of β-ionone 
was performed on a 7890B gas chromatography system 
(Agilent Technologies, USA) coupled with a flame ioniza-
tion detector, using a 19091J-413 HP-5 capillary column 
(30 m × 0.32 mm id, 0.25 μm film thickness; J&W Scien-
tific, Agilent Technologies, USA). Injection of the sam-
ples was performed in splitless mode at 250 °C. The oven 
program comprised 80 °C for 1 min, ramp at 10 °C/min 
to 120 °C, and 3 °C/min to 240 °C. The concentrations of 
β-ionone were calculated using a calibration curve com-
prising 66.25–1060 mg/L of an authentic β-ionone stand-
ard purchased from Sigma (Sigma-Aldrich, St. Luis, MO, 
USA).

To obtain the produced astaxanthin (including pre-
cursors of zeaxanthin, canthaxanthin, and β-carotene), 
a 2-mL culture was centrifuged at 16,200×g for 3  min 

to obtain the cell pellet, which was washed with sterile 
water and centrifuged at 16,200×g for 3  min to obtain 
the cleaned pellet. Subsequently, 750 μL of the extrac-
tion solution (acetonitrile/methanol/dichloromethane, 
21:21:8, v/v/v) was added to the pellet and ultrasonicated 
in the ice bath for 30 min, after which the resulting lysate 
was centrifuged at 16,200×g for 3  min. The resulting 
supernatant was transferred to a fresh centrifuge tube 
and another 750 μL of extraction solution was added to 
perform the extraction again. The supernatants of both 
extractions were combined, centrifuged at 16,200×g for 
3  min, and the resulting combined supernatant filtered 
through a 0.22  μm organic nylon filter before astaxan-
thin content was measured by high-performance liquid 
chromatography (HPLC). The HPLC was performed 
on a Series 1200 system (Agilent Technologies, Agilent, 
USA) with a variable wavelength detector and a Sym-
metry C18 column (250  mm × 4.6  mm, 5  μm, Waters 
Ireland). The column was eluted at a rate of 0.8 mL/min 
with a linear gradient from 80% solvent D (acetonitrile/
methanol/dichloromethane, 21:21:8, v/v/v) and 20% sol-
vent B (methanol/water, 1:9, v/v) to 100% solvent D for 
18  min, followed by a gradient from 100% solvent D to 
80% solvent D and 20% solvent B for 7  min. The final 
solvent ratio was kept for 10  min to re-equilibrate the 
column. The content of the carotenoids including asta-
xanthin, zeaxanthin, canthaxanthin, and β-carotene was 

Table 1  Strains and plasmids in this study

Strains/plasmids Relevant characteristics Source/notes

Strains

 CAR010 CAR005 [27], mRSL-4::ispG, mRSL-14::ispH Unpublished

 CAR003 CAR010, ∆crtX Unpublished

 CAR025 CAR005 [27], ispG-mRSL-4, ispH-mRSL-14, replacing the promoter of crtEYIB with trc promoter [22]

Plasmids

 pSC101 Low copy plasmid Unpublished

 pACYC184-M cat; replace tet with lacI and Ptrc of pTrc99A-M [27]

 pACYC184M2-Pm46 cat; kan; expression vector; replace lacI and Ptrc of pAYCA184-M with FRT-Km-FRT::M1-46 Unpublished

 pSC102 Low copy plasmid, ori and repA from pSC101, M1-46 promoter, cat from pACYC184-M2-Pm46 Unpublished

 pYL002 crtW in pSC102 Unpublished

 pYL501 crtW and crtZ in pSC102 Unpublished

 pGlpF-CrtW glpF fused with crtW in pSC102 This study

 pCrtZ crtZ in pSC102 This study

 pGlpF-CrtZ glpF fused with crtZ in pSC102 This study

 pGlpF-CrtW/GlpF-CrtZ glpF fused with crtW and glpF fused with crtZ in pSC102 This study

 pCrtW-CrtZ crtW fused with crtZ in pSC102 This study

 pGlpF-CrtW-CrtZ glpF fused with crtW and crtZ in pSC102 This study

 pPhCCD1 PhCCD1 in pACYC184M2-Pm46 This study

 pGlpF-PhCCD1 glpF fused with PhCCD1 in pACYC184M2-Pm46 This study

 pMBP-PhCCD1 MBP fused with PhCCD1 in pACYC184M2-Pm46 This study

 pSPompA-PhCCD1 The signal peptide sequence of ompA fused with PhCCD1 in pACYC184M2-Pm46 This study
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determined from the HPLC peak area at 476  nm. Con-
centrations of carotenoids were calculated using a cali-
bration curve comprising an authentic reference standard 
purchased from Sigma (Sigma-Aldrich, St. Luis, MO, 
USA).

Results and discussion
Targeting PhCCD1 to different cell compartments 
for optimal catalytic efficiency
Since PhCCD1 is a cytoplasmic protein and the substrate 
β-carotene is membrane bound, its position in the heter-
ologous host might not be optimal. In this study, E. coli 
localizing tags were applied to target PhCCD1 to differ-
ent cell compartments to find the optimal location for 
its catalytic activity. We fused GlpF [31, 32] to PhCCD1 
to position it in the inner membrane, to the E. coli malt-
ose-binding protein (MBP, without the signal peptide) 
to position it in the cytoplasm and increase its solubility 
[33], and to the signal peptide of OmpA to position it in 
the periplasmic space [34]. All the proteins or polypep-
tide were fused to the N-terminal of PhCCD1. Plasmids 
carrying these fusion proteins were introduced into the 
β-carotene producing strain CAR003, and the resulting 
transformants were subjected to shake-flask fermenta-
tion. As can be seen in Fig.  4, the position of PhCCD1 
had tremendous impact on the production of β-ionone. 
While the strains with PhCCD1 in the cytoplasm and 
periplasmic space had similar β-ionone yields as the con-
trol with no positioning tags, the strain with the mem-
brane-localized PhCCD1 had tremendously improved 
production, reaching 386.0% of the control. Since 
PhCCD1 catalyzes the production of β-ionone from 
β-carotene in a simple one-step reaction, the results sug-
gest that β-carotene is mainly associated with the mem-
brane compartment, which means that localizing other 
β-carotene-converting enzymes to the membrane is a 

feasible strategy to improve their catalytic efficiency. As 
a corollary, the results also suggest that β-carotene con-
tent in either the cytoplasm or the periplasmic space is 
low, and the efficiency of β-carotene-converting enzymes 
is, therefore, diminished in these cell compartments. This 
might be true for most reactions with relatively large 
hydrophobic substrates.

Targeting CrtW and CrtZ to the membrane for improved 
canthaxanthin and zeaxanthin production
As illustrated in Fig.  1, canthaxanthin and zeaxanthin 
are not only intermediates of astaxanthin, but also high-
value natural products themselves [35–38]. Both are 
derivatives of β-carotene and each is produced by a sin-
gle enzyme via a two-step reaction. With such reactions, 
we have proved that targeting the enzymes to the mem-
brane was able to improve their catalytic efficiency. Thus, 
GlpF was fused to the N-terminal of CrtW and CrtZ, and 
expressed in the β-carotene-producing E. coli CAR003 
to produce canthaxanthin and zeaxanthin, respectively 
(Fig. 5). While the yield of canthaxanthin was only 17.2% 
higher than that of the control strain with no GlpF fusion 
(Fig.  5a) which is not a significant increase due to the 
larger standard deviation of control, the yield of zeax-
anthin was significantly increased, reaching 272.2% of 
the control (Fig.  5b). Nevertheless, localizing CrtW and 
CrtZ generally increased their catalytic efficiency, similar 
to PhCCD1. This observation further indicated that the 
membrane-localization strategy may be universally appli-
cable to β-carotene-converting enzymes, and may be 
even to other enzymes with large hydrophobic substrates.

Optimizing the localization of astaxanthin‑synthesis 
enzymes for improved production
The heterologous synthesis pathway of astaxanthin com-
prises two enzymes, CrtW and CrtZ, which perform 
four interchangeable reactions initiated from β-carotene 
(Fig.  1). Although we have demonstrated that localizing 
β-carotene-converting enzymes to the membrane could 
improve their catalytic efficiency, optimal localization of 
the astaxanthin synthesis pathway enzymes remained a 
more complex problem. As illustrated in Fig. 2c, d, there 
are at least three localization configurations for the two 
enzymes CrtW and CrtZ and their membrane-bound 
substrate. They can be both localized to the membrane 
separately (Fig. 2c), linked and localized to the membrane 
(Fig. 2d) or just linked without the membrane-targeting 
tag (Fig. 3). The localization situation of CrtW and CrtZ, 
therefore, needed to be discussed in detail to find an 
optimal configuration for maximizing the production of 
astaxanthin.

To localize both CrtW and CrtZ to the membrane 
(Fig.  2c), GlpF was fused to them individually. To link 

Fig. 4  The specific β-ionone and β-carotene production with 
differently localized PhCCD1
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CrtW and CrtZ together, linker-2, a flexible eight-amino 
acid linker (Additional file 1: Table S1), was used to fuse 
them into one protein CrtW–CrtZ (Fig. 3). Furthermore, 
GlpF was fused to the fusion protein CrtW-CrtZ to posi-
tion it to the membrane (Fig. 2d). CrtW and CrtZ con-
structs in these three localization configurations were 
expressed in the β-carotene-producing strain CAR025 to 
produce astaxanthin. As illustrated in Fig. 6, individually 
located CrtW and CrtZ (pGlpF–CrtW/GlpF–CrtZ) and 
their fusion protein CrtW–CrtZ (pCrtW–CrtZ) actually 
showed reduced astaxanthin specific production com-
pared to the control strain CAR025 (pYL501), which 

having CrtW and CrtZ expressed in one operon with 
their own RBSs. By contrast, the membrane-targeted 
CrtW–CrtZ (pGlpF–CrtW–CrtZ) had increased cata-
lytic efficiency and achieved a yield 215.4% of that of the 
control strain. While the zeaxanthin yield of all groups 
was low, the canthaxanthin accumulation was higher 
than zeaxanthin, which may be due to the lower enzyme 
activity of CrtW than CrtZ. In addition, β-carotene accu-
mulation was much higher than the both, which was 
probably also caused by difference in enzyme activities.

These interesting results demonstrated that different 
localization strategies actually had tremendous impact 

Fig. 5  The specific canthaxanthin and zeaxanthin production by membrane-localized CrtW (a), and CrtZ (b)

Fig. 6  The specific production of astaxanthin, canthaxanthin, zeaxanthin and β-carotene with differently localized CrtW and CrtZ
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on the pathway efficiency. While two of the three con-
figurations we tested decreased the catalytic efficiency, 
it was serendipitous to obtain one with significantly 
improved efficiency. In the configuration with separately 
membrane-bound CrtW and CrtZ, their efficiency might 
be increased individually. However, since the products 
of CrtW and CrtZ each serve as the substrates for the 
other enzyme (Fig. 1), the separately localized CrtW and 
CrtZ on the membrane might still be distant from their 
respective substrates for astaxanthin production (Fig. 2c). 
Furthermore, CrtW and CrtZ were not able to move as 
freely to bind their substrates as in the control strain, 
where they are in the cytoplasm and hence may have had 
decreased efficiency due at least in part to lower mobil-
ity. While the fusion protein CrtW–CrtZ should have 
the advantage of close proximity to each other (Fig.  3), 
the scarce β-carotene content in the cytoplasm could 
have diminished such effects. In the optimal configura-
tion with CrtW and CrtZ linked and localized to the 
membrane together (Fig. 2d), theoretically, the substrates 
for all reaction steps were brought to the vicinity of the 
corresponding enzymes (Fig.  1), which resulted in the 
observed drastically improved catalytic efficiency.

Conclusion
There were few reports regarding the optimization of 
synthetic pathways by localization of multiple enzymes, 
especially when the substrates were membrane bound. 
In this work, E. coli localizing tags were applied to posi-
tion PhCCD1 into different cell compartments, and the 
optimal location for its catalytic efficiency was found to 
be in the membrane, as expected. The results suggested 
that β-carotene was mainly associated with the mem-
brane compartment, and, hence, targeting β-carotene-
converting enzymes to the membrane is a feasible 
strategy to improve their catalytic efficiency. As a corol-
lary, the results suggest that the β-carotene content in 
either the cytoplasmic or periplasmic compartments is 
too low for efficient enzymatic conversion, which might 
also be true for other large hydrophobic substrates.

How the localization situation of CrtW and CrtZ 
affects astaxanthin production was exhaustively investi-
gated in this work, and an optimal positioning strategy 
was found, whereby CrtW and CrtZ were linked with a 
flexible linker and localized to the membrane via a GlpF 
protein fusion. Enzymes in the optimal localization 
configuration allowed a 215.4% increase of astaxanthin 
production. This work exploits a localization situation 
involving membrane-bound substrates, intermediates 
and multiple enzymes for the first time and provides a 
workable positioning strategy to solve problems in simi-
lar circumstances.
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