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Abstract FKS506 is a clinically important macrocyclic
polyketide with immunosuppressive activity produced by
Streptomyces tsukubaensis. However, the low titer at which
it is produced is a bottleneck to its application and use in
industrial processes. We have overexpressed five potential
targets associated with FK506 production (fkbO, fkbL,
fkbP, fkbM, fkbD) which were identified in our previous
study, with the aim to improve FK506 production. The
results of the analysis showed that the constructed strains
with an additional copy of each gene increased FK506
production by approximately 10-40 % compared with the
wild-type strain D852. The results of the gene expression
analysis indicated that each gene was upregulated. Com-
binatorial overexpression of the five genes resulted in a
146 % increase in the FKS506 titer to 353.2 mg/L, in
comparison with the titer produced by D852. To further
improve the production of FK506 by the engineered strain
HT-FKBOPLMD, we supplemented the medium with
various nutrients, including soybean oil, lactate, succinate,
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shikimate, chorismate, lysine, pipecolate, isoleucine and
valine. Optimization of feeding concentrations and times
resulted in HT-FKBOPLMD being able to produce
approximately 70 % more FK506, thereby reaching the
maximal titer of 457.5 mg/L, with lower amounts of by-
products (FK520 and 37,38-dihydro-FK506). These results
demonstrate that the combination of the metabolically
engineered secondary pathways and the exogenous feeding
strategies developed here was able to be successfully
applied to improve the production of industrially and
clinically important compounds.
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Introduction

FK506 (tacrolimus) is a 23-membered polyketide macro-
lide with immunosuppressant activity that was discovered
in the culture broth of the soil bacterium Streptomyces
tsukubaensis in 1984 [21]. It has become a clinically
important drug and is used to prevent rejection of trans-
planted organs and treat autoimmune diseases such as
atopic dermatitis [37]. FK506 also shows promising ther-
apeutic potential in other clinical applications due to,
among others, its neuroprotective and neuroregenerative
activities [42]. As a result of its pharmaceutical importance
and broad applicability, both researchers and pharmaceu-
tical companies have shown a great deal of interest in
FK506 and its analogues.

FK506 is generally biosynthesized through polyketide
synthase (PKS)-catalyzed condensation of an unusual
chorismate-derived starter unit [4,5-dihydroxycyclohex-1-
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Fig. 1 The biosynthetic pathways of FK506 (tacrolimus) and by-
products (FK520, FK506D) in Streptomyces tsukubaensis. Shaded
boxes Precursors of FK506 biosynthesis, thick red arrows increased

enecarboxylic acid (DHCHC)], and ten extender units (5
methylmalonyl-CoA, 2 malonyl-CoA, 2 methoxymalonyl-
ACP and an unusual allylmalonyl-CoA extender unit) are
incorporated into a polyketide chain [30]. As illustrated in
Fig. 1, the biosynthesis of the linear polyketide chain is
followed by the incorporation of lysine-derived pipecolate
and a cyclization step, mediated by FkbP peptide synthe-
tase, resulting in the initial macrolactone intermediate of
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flux or activity due to direct overexpression of the corresponding
genes. Blue and purple structural formulas involved in the pathway
indicate the corresponding units of FK506 and by-products

FK506 (preFK506; Fig. 1). Post-PKS processing reactions
are catalyzed by a specific methyl transferase and oxido-
reductase, resulting in FK506 [12, 31, 32]. Owing to the
many precursors in relation to the biosynthetic pathway,
which in turn is directly related to the production, many
attempts have been made to engineer strains with improved
levels of FK506. For example, Mo et al. [29] improved the
intracellular pool of methylmalonyl-CoA in Streptomyces
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clavuligerus CKD1119 by introducing the methylmalonyl-
CoA mutase pathway to participate in the biosynthesis of
methylmalonyl-CoA from succinyl-CoA; this led to an
approximately 300 % improvement in the FKS506 titer.
Chen et al. [4] reported an approximately 30 and 100 %
improvement of FK506 yield in the FK506-producing
strain S. tsukubaensis through the overexpression of two
groups of pathway-specific genes encoding the biosynthe-
sis of methoxymalonyl-ACP and allylmalonyl-CoA
extender unit, respectively.

Directing carbon flux towards the desired antibiotic
products has proven to be an effective metabolic engi-
neering approach in strain optimization. However, this
methodology is always time-consuming and subjected to
laborious experiments for target validation. In addition,
due to the strict control of precursor concentration inside
cells and/or the remote effects of the genetic modifica-
tions or unknown regulatory interactions, a simple over-
expression or knockout of the corresponding gene may
not benefit final product levels [44]. Therefore, it is
necessary to take the entire metabolic pathway as well as
its precursors into consideration in order to predict
promising targets for product yield improvement by
analyzing highly interconnected metabolic networks
models [1, 6]. Based on such network analysis, many
engineering targets have been identified, thereby enabling
prioritization of the implementation of genetic modifica-
tions [3, 16]. Recently, FK506 production has been
enhanced by applying the genome-scale metabolic net-
work model-guided metabolic engineering approach in
our laboratory (unpublished article). Based on the model
predictions, we focused on a number of targets to
improve FK506 production. Among these targets, fkbO,
fkbL, fkbP, fkbM and fkbD were screened as overex-
pression targets.

In addition to the engineering of structural genes coding
for enzymes involved in the biosynthesis of the metabolite,
nutrient feeding is also an important factor to consider in
terms of improving secondary metabolite production [5,
38, 39]. In the present study, the metabolic engineering
approach was used to investigate the effects of pathway
enhancement on the production profile of FK506 by S.
tsukubaensis. To achieve this goal, we first overexpressed
each of five genes (fkbO, fkbL, fkbP, fkbM and fkbD) pre-
dicted by the model to be responsible for the starter unit,
unusual incorporated unit and post-PKS processing reac-
tions to improve FK506 production. In a second step, these
genes were combinatorially overexpressed to assess the
impact of FK506 biosynthesis. Based on the results using
the engineered strain, we propose exogenous precursor
addition strategies in fed-batch culture to further enhance
FK506 production.

Materials and methods
Bacterial strains and plasmids

All strains and plasmids used in this study are listed in
Electronic Supplementary Material (ESM) Table S1. The
parent strain S. fsukubaensis D852, which can produce
FK506, is a stock of our laboratory and is deposited in
China General Microbiological Culture Collection Center
under accession number CGMCC 7180. All Streptomyces
mutants used in this work are derivatives of D852. Esch-
erichia coli IM109 was used for gene cloning according to
standard molecular biology procedures [40], whereas
E. coli IM110 was used for preparing plasmid DNA free of
Dam or Dem methylation. E. coli ET12567/pUZ8002 was
used as the nonmethylating plasmid donor strain [20] for
intergeneric conjugation with S. tsukubaensis D852. The
integrative E. coli—Streptomyces vector pIB139 containing
the ermE* promoter [46] was used for gene overexpression
in S. tsukubaensis.

Gene cloning, plasmid construction and transformation

DNA extraction, manipulation and transformation of
Streptomyces were performed according to standard pro-
tocols [20]. The FkbO gene (fkbO) (accession number
AFD22865), FkbP gene (fkbP) (accession number
AFD22867), FkbL gene (fkbL) (accession number
ZP_10073077), FkbM gene (fkbM) (accession number
ZP_10073068.1) and FkbD gene (fkbD) (accession number
ZP_10073069) were amplified from S. tsukubaensis geno-
mic DNA by PCR amplification using primer pairs (ESM
Table S2). The PCR products were cloned into pUC18 and
sequenced to confirm the fidelity, then the Ndel-Xbal frag-
ments were inserted into the same site of pIB139 (possessed
integrase to integrate in chromosome) to generate pFKBO,
pFKBP, pFKBL, pFKBM, pFKBD, respectively.

For the multiple gene overexpression study, the pUC18
plasmid was first modified to eliminate the BamHI
restriction site by excision with BamHI, followed by line-
arization and the generation of blunt ends with the Klenow
fragment, generating pUCI8M with a Clal methylation
restriction site. The PCR products were cloned into
pUCI8M to form pUCI8M-FKBO, pUCI8M-FKBP,
pUC18M-FKBL, pUC18M-FKBM and pUC18M-FKBD,
respectively. All of these plasmids were transferred into
E. coli JM110 to obtain the demethylated plasmids. For the
construction of pFKBOP carrying double genes, fkbP was
excised with Nhel-Clal from pUCI8M-FKBP and trans-
ferred to the Spel-Clal sites of pUC18M-FKBO, generat-
ing pUC18M-FKBOP. The Ndel-Xbal fragment of the
fkbO and fkbP genes were excised from the pUCI8M-
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FKBOP and ligated into pIB139 to yield pFKBOP. The
other plasmids harboring two target genes were constructed
using a similar method. For the construction of plasmids
harboring three, four or five genes for overexpression, the
plasmids were based on the double-gene construction.
Once the plasmids were constructed, they were separately
introduced into S. tsukubaensis D852 through conjugal
transfer from E. coli ET12567/pUZ8002, following the
established protocol [20]. The positive exconjugants were
confirmed by PCR amplification—coupled sequencing using
the primer pair pIB-F/pIB-R.

To avoid any unexpected effect caused by the existence
of multiple copies of the plasmid itself, the parent strain
harboring pIB139 was used as the control strain (named
HT-PIB139). There were no differences in FK506 pro-
duction, cell growth and morphology between HT-PIB139
and the wild-type strain when grown in fermentation
medium, indicating that the biosynthetic genes were
unaffected by the integration.

Medium and cultivation conditions

Spores of S. tsukubaensis D852 were obtained from ISP4
agar plates [41]. Seed culture was prepared in R2YE broth
[20]. Batch cultivation for FK506 production was carried
out by inoculating 1 mL of a seed culture suspension into a
baffled 500-mL flask containing 100 mL of fermentation
medium at pH 7.0 and then incubating the suspension in an
orbital shaker (220 rpm) for 6 days at 28 °C. The fer-
mentation medium contained 60 g/L starch, 2 g/L. yeast
extract, 2.5 g/L peptone, 5 g/l soybean meal, 0.5 g/L
K,HPO,, 0.5 g/ MgSO, and 0.5 g/LL CaCOj3; pH 7.0.
Antibiotics were supplemented as needed: ampicillin
(100 pg/mL), apramycin (50 pg/mL), kanamycin (25 pg/mL)
and chloromycin (25 pg/mL).

The fed-batch cultivation with exogenous precursor
addition was carried out at 28 °C in a 7.5-L BIOFLO 110
bioreactor (New Brunswick Scientific Co., Edison, NIJ)
with a 4.5-L working volume. The medium contained 60 g/L.
starch, 2 g/L yeast extract, 2.5 g/L peptone, 5 g/L soybean
meal, 0.5 g/LL K,HPO,, 0.5 g/LL MgSO,, 5 g/L. CaCOj3; and
1 g/LL (NH4),SO,. During cultivation, pH was controlled at
6.8 by 2 M HCl or 2 M NaOH. A constant airflow of 1 vvm
was achieved by a flow meter, and the agitation speed was
set to between 200 and 1,000 rpm. Foam was prevented by
the automatic addition of 10 % (v/v) antifoam agent
(Sigma 204; Sigma, St. Louis, MO). The nutrient feeding
solution used for the fed-batch culture contained lactate,
shikimate, lysine, soybean oil, succinate, chorismate,
pipecolate, isoleucine and valine.

All fermentation experiments were performed in
triplicate.

@ Springer

Analytical methods

The biomass was determined by dry weight. In detail,
10-mL samples (in triplicate) of fermentation broth were
collected through a pre-weighed 0.45-um pore size filter
(Satorius AG, Gottingen, Germany), washed twice with a
0.9 % NaCl solution and dried at 80 °C to a constant
weight. The residual total sugar in fermentation broth was
quantified using the phenol-sulfuric acid method with
glucose as a standard [8]. To detect FK506 as well as the
by-products FK520 and 37,38-dihydro-FK506 (FK506D),
the broth was mixed with an equal volume of methanol
(1:1) and shaken intermittently in a water bath at 50 °C for
2 h. After centrifugation at 6,000 g for 10 min, the super-
natant was determined by high-performance liquid chro-
matography (HPLC) using a Venusil XDB-C,g column
(5 pm, 250 mm x 4.6 mm). The mobile phase was 0.1 %
phosphoric acid in water and acetonitrile (35:65, v/v). The
flow rate was 1 mL/min, the column temperature was
60 °C and the detection wavelength was 210 nm.

Real-time PCR analysis

The gene transcription profile was determined by real time-
quantitative PCR (RT-qPCR; Bio-Rad, Hercules, CA) using
the TransScriptTM II Green Two-Step qRT-PCR SuperMix
(Trans). In general, the samples were isolated from the wild-
type and mutant strains of S. tsukubaensis in mid-exponential
phase, as described previously [16]. Total RNA was
extracted by TRIzol reagent (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions and then treated
with DNase I (Fermentas, Thermo Fisher Scientific, Wal-
tham, MA). The primers were designed to generate PCR
products of approximately 500 bp using the primer pairs
listed in ESM Table S1. The RNA polymerase sigma factor
hrdB was used as an internal control. Data analysis was
performed according to the comparative Cy method. Change
of the gene expression of the engineered strains was obtained
by normalizing the value of the control D852. The RT-PCR
experiments were done in triplicate using RNA samples from
three independent cultures. The results were analyzed using a
standard Student’s ¢ test (p < 0.05 or p < 0.01).

Results

Increasing the chorismate-derived starter unit DHCHC
pool by fkbO overexpression

The first step of FK506 biosynthesis is the conversion of
chorismate to 4,5-dihydroxycyclohexa-1,5-dienecarboxylic
acid (DCDC); this is followed by conversion to DHCHC
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Fig. 2 Comparison of gene expression by real time-PCR during the
late-exponential phase in batch fermentation. Data are represented as
the change in gene expression relative to the control (Streptomyces
tsukubaensis strain D852). Values are presented as averages =+
standard deviations (SD) from three independent measurements.

(Fig. 1). To investigate the effect of an elevated pool of
DHCHC on FK506 production, we introduced plasmid
pFKBO into the parent strain. The integration of the cor-
responding plasmid into the chromosome of S. tsukuba-
ensis D852 via the attB-site was verified by PCR.
Overexpression of fkbO was also confirmed by RT-PCR
analysis. Taking RNA polymerase sigma factor hrdB as the
internal standard, we observed that the transcription level
of fkbO in the recombinant strain HT-FKBO was signifi-
cantly higher (p = 0.0022) (Fig. 2), corresponding to an
800 % change compared with the control strain D852.
Fermentation characterization of the genetically engineered
HT-FKBO strain and its parent strain was performed in
batch culture to investigate the effects of fkbO overex-
pression on FK506 production and cell growth. As shown
in Fig. 3, the HT-FKBO strain produced 200.1 4+ 9.3 mg/L
of FK506, with an average volumetric productivity of
1.35 mg/L/h, consistent with the expression data. As
chorismate could be converted to DHCHC (FK506 pre-
cursors) by the special pathway [2], any improvement in
the production of precursor(s) might lead to an obvious
enhancement of FK506 production. In addition, the fkbO
overexpression strain showed almost no change in biomass
[92 £ 04 vs. 88 0.6 g/L (control strain D852)]
(Fig. 3), demonstrating that the improved FK506 produc-
tivity of HT-FKBO was not caused by increased biomass.
These findings clearly show that the ployketide starter unit
plays a key role in FK506 biosynthesis. Furthermore, in
order to test the conversion efficiency, we added choris-
mate (0.5 g/L) to the culture system to study its effect on
FK506 accumulation. Here, for convenience, the final

Asterisks represent a statistically significant difference (*p < 0.05;
**p < 0.01) from the D852 control, as determined by Student’s ¢ test.
See section Gene cloning, plasmid construction and transformation
for detailed description of plasmids, genes and engineered strains
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Fig. 3 FK506 production and cell-growth profiles of engineered
strain HT-FKBO (parent strain with inserted plasmid pFKBO) and the
wild-type strain, with and without 0.5 g/L. chorismate or 0.5 g/L
shikimate. Plus symbol Medium was supplemented with 0.5 g/
chorismate or 0.5 g/L shikimate. Values are presented as averages +
SD from three independent measurements

concentration of chorismate (shikimate, lysine or pipeco-
late—discussed below) was set as 0.5 g/L; optimization
would be based on the exogenous feeding strategies study.
The result showed that supplementation of chorismate to
the HT-FKBO and D852 systems led to an additional
improvement in FK506 titer, from 26.3 and 34.3 mg/L up
to 2264 + 88 and 177.8 £5.7 mg/L, respectively
(Fig. 3). This result supports the hypothesis that exogenous
chorismate can be catabolized to DHCHC by FkbO in S.
tsukubaensis [2]. Correspondingly, the addition of 0.5 g/L.
shikimate also resulted in a similar increment of the FK506
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titer in HT-FKBO and D852 (26.9 and 23.6 mg/L,
respectively; Fig. 3), suggesting that the exogenous feeding
of shikimate enhanced the intracellular precursor to fulfill
the requirement of FK506 biosynthesis and that shikimate
was an important precursor in the FK506 synthetic pathway
in S. tsukubaensis.

Improving the pipecolate precursor supply
by overexpressing the fkbP and fkbL

After ten successive polyketide chain elongation cycles, the
linear chain is then condensed with nonproteinogenic
amino acid pipecolate by peptide synthetase FkbP, fol-
lowed by cyclization to form the macrolide ring [12, 18].
The products of these two genes are located at important
branch points in the lysine (Fig. 1), with fkbL and fkbP
drawing carbon flux away from the lysine degradation
pathway. That lysine is used as the source of the pipecolate
moiety was verified in an earlier study in which the rapa-
mycin (a kind of polyketide) producer strain was incubated
with labeled metabolites [36]. Based on the homology
analysis with the ornithine cyclodeaminase and RapL (a
lysine cyclodeaminase encoded in the rapamycin gene
cluster), FkbL was predicted to catalyze the direct forma-
tion of pipecolate from lysine [31]. Additional evidence for
this gene role comes from the observation that chromo-
somal disruption of the rapL gene in Streptomyces hygro-
scopicus required the exogenous addition of pipecolate for
rapamycin production [19].

In order to increase the expression of pipecolate bio-
synthesis genes, we introduced and overexpressed fkbL
encoding lysine cyclodeaminase and fkbP encoding pipe-
colate-specific peptide synthetase in the wild-type strain S.
tsukubaensis D852. As shown in Fig. 4, the HT-FKBL
strain showed an increase in FK506 titer (186.3 £ 7.2 mg/L)
which was approximately 30 % higher than that in the
wild-type strain after 6 days cultivation. RT-PCR analysis
confirmed that the transcriptional level of fkbL in
HT-FKBL was significantly improved by 630 % compared
with the control strain D852 (p = 0.0018) (Fig. 2). In order
to demonstrate the role of pipecolate on FK506 production,
we cultivated wild-type strain D852 and engineered strain
HT-FKBL in fermentation medium supplemented with
0.5 g/l pipecolate. As expected, both strains increased
FK506 production by approximately 25 mg/L. compared
with the strains cultivated without the supplementation
(Fig. 4), indicating that supplementation with exogenous
pipecolate could improve FK506 biosynthesis.

In contrast, the overexpression of fkbP was less effective
in increasing FK506 production and resulted in only a
12.8 % improvement to 161.9 + 4.1 mg/L. It was noted
that the change in fkbP expression level in the HT-FKBP
strain was only 150 % relative to the control, and the
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Fig. 4 FK506 production and cell growth profiles of engineered
strains HT-FKBL, HT-FKBP and HT-FKBPL and the wild-type
strain, with and without 0.5 g/L pipecolate or 0.5 g/L lysine. Plus
symbol Medium was supplemented with 0.5 g/L pipecolate or 0.5 g/L.
lysine. Values are presented as averages = SD from three independent
measurements

difference between these two strains was statistically
insignificant (p = 0.132), which could be one of the many
limiting factors (Fig. 2). To the contrary, there were indi-
cations that insufficient intracellular pipecolate precursor
might block further improvement in FK506 productivity in
HT-FKBP. To verify this possibility, we supplemented the
fermentation medium with 0.5 g/L pipecolate and found
that strain HT-FKBP produced an increased titer of FK506
(189.9 + 7.3 mg/L), as expected. Furthermore, when fkbP
and fkbL were overexpressed in combination, the resulting
strain (HT-FKBPL) showed an approximately 48.3 %
improvement in the titer of FK506 in comparison with
wild-type strain D852 and, surprisingly, the transcription
level of both fkbP and fkbL were significantly enhanced
(p < 0.05) by 750 and 400 %, respectively, compared with
D852 (Fig. 2). These results suggest that FkbL plays a key
role in the availability of pipecolate and that FkbP
improves FK506 biosynthesis only under the condition of
the high pipecolate conversion flux. In contrast to the HT-
FKBO recombinant which maintained a similar cell growth
to the wild-type strain, strains HT-FKBL and HT-FKBP
had reduced biomass (7.0 0.3 and 7.5 + 0.4 g/L,
respectively) at 6 days, respectively (Fig. 4). This finding
suggests that intracellular fluxes in HT-FKBL and HT-
FKBP might be altered through the biomass precursors
towards pipecolate biosynthesis and incorporate into the
FK506 structure, thus resulting in increased FK506 bio-
synthesis at the expense of decreased biomass. Since
pipecolate is derived from lysine (Fig. 1), 0.5 g/L lysine
was fed into the fermentation culture to test the efficiency
of the conversion. Exogenous supplementation of lysine
further increased FK506 production by approximately
45 mg/L, up to 256.3 £ 13.9 and 230.7 & 10.2 mg/L for
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HT-FKBPL and HT-FKBL, respectively (Fig.4). The
FK506 level in the control D852 strain was increased by
only 12 mg/L with lysine addition, which is almost one-
third of the percentage increment. Based on these results,
we conclude that the exogenous feeding of lysine in HT-
FKBPL may be the better choice for FK506 improvement.

Enhancing FK506 production by regulating post-PKS
processing reactions

The ring released from the PKS complex is further modi-
fied via C9 hydroxylation by FkbD and methylation of the
hydroxyl group at C31 by FkbM [32]. It is worthy of
attention that unlike the aforementioned strategies aimed at
direct improvement of the precursor pool, the overexpres-
sion of fkbD and fkbM could accomplish the post-PKS
tailoring effect. Plasmids pFKBD and pFKBM were con-
structed and subsequently introduced into the parent strain
to yield the recombinant strain HT-FKBD and HT-FKBM,
respectively. When fkbD was overexpressed, FK506 con-
centration reached 173.1 & 10.8 mg/L (Fig. 5). Mean-
while, fkbD in HT-FKBD was also confirmed by the
transcriptional analysis (Fig. 2). The results show that the
JfkbD transcription level in HT-FKBD increased by about
400 % compared with the value of the control strain D852
(p = 0.011). However, cell growth was somewhat retarded
during the whole fermentation, most likely due to the
metabolic burden. Similarly, the fkbM gene was overex-
pressed in the parent strain. The results shown in Fig. 5
indicate that efficient post-PKS modification of the mac-
rolide ring via an elevation of FkbM activity also improved
FK506 production (by up to 178.3 & 9.9 mg/L). The rel-
ative expression level of fkbM in HT-FKBM was found to
be 460 % of the value detected in the wild-type
(p = 0.022) (Fig. 2), thereby confirming that FkbM was
well expressed in the recombinant. It was noted that

200 12
[IFK506 [ Biomass
180
10
— jy
3, 160 + >
€ 2
8
o £
0 o
¥ 140+ o)
6
120 4
100 4

D852 HT-FKBM HT-FKBD

Fig. 5 FK506 production and cell growth profiles of engineered
strains HT-FKBM, HT-FKBD and the wild-type strain. Values are
presented as averages £ SD from three independent measurements

overexpression of FkbM did not exert profound effects on
cell growth (Fig.5), indicating that the effect of the
expression of an additional enzyme in the strain was
marginal. In addition, the intracellular preFK506 level of
the recombinant strain was decreased by an elevation in
FkbM activity (data not shown), demonstrating that an
improvement in FK506 production resulted from an ele-
vated methyltransferase activity available for the methyl-
ation of the macrolactone intermediate of FK506. These
results clearly suggest that enzymes responsible for post-
PKS processing reactions are the key factors for improving
FK506 production.

Construction of FK506-overproducing strain
by combinatorial overexpression of multiple genes

Inspired by the success of the respective five genes in
FK506 overproduction at different levels, we investigated
whether the simultaneous enhancement of several path-
ways would result in a greater degree of production
improvement. Therefore, we constructed the plasmid based
on the strategy that pUC18M could be inserted with the
target genes to generate the new conjugative vectors con-
taining multiple genes without introducing the extra
restriction enzyme site. The results of these genes in terms
of combinatorial overexpression are shown in Fig. 6. The
first two overexpression genes of FK506 production, fkbO,
for enhancement of carbon flux to DHCHC production, and
JkbL, for promotion of competing lysine towards pipecolate
formation, were directed at improving the carbon flux
towards FK506. For this double gene overexpression strain
we took two paths towards improving the FK506 precursor
production. The combinatorial overexpression of these two
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Fig. 6 FK506 production and cell growth profiles of combinatorial
overexpression engineered strains HT-FKBOL, HT-FKBOP, HT-
FKBOPL, HT-FKBMD and HT-FKBOPLMD and the wild-type
strain. Values are presented as the averages £ SD from three
independent measurements

@ Springer



1030

J Ind Microbiol Biotechnol (2013) 40:1023-1037

genes resulted in a large increase in FK506 production, up
to 2739 + 11.1 mg/L (Fig. 6). Based on this metric,
nearly 0.34 mM chorismate and lysine were converted to
DHCHC and pipecolate in HT-FKBOL, whereas only
0.18 mM chorismate and lysine were converted to DHCHC
in the wild-type. Unexpectedly, different from the positive
effect of combinatorial overexpression of fkbO and fkbL
genes, the strain HT-FKBOP harboring the fkbO and fkbP
genes produced only a small amount of FK506
(215.3 &= 7.9 mg/L), which was the accumulation of the
increment in the HT-FKBO and HT-FKBP strains (Fig. 6),
indicating that in terms of FK506 production these two
genes had additive effects and thereby affected two entirely
unrelated pathways. Moreover, the strain further engi-
neered by overexpressing the above three genes in the hope
of increasing the amount of related precursors gave rise to a
considerable amount of FK506, up to 298.6 £+ 13.3 mg/L,
which is 108 % higher than the value obtained by D852
(Fig. 6). Based on the increased production of FK506 by
engineered strains HT-FKBO, HT-FKBL, HT-FKBP, HT-
FKBPL, HT-FKBOL and HT-FKOP compared to strain
D852 (39.3, 29.8, 12.8, 48.3, 90.9, 50 %, respectively), the
impact of the three genes on FK506 production was not
only an additive effect but also a positively synergistic
effect.

As for additional genes and combinatorial overexpres-
sion, strain HT-FKBMD, with overexpression of fkbM and
fkbD, seemed to produce an FK506 titer (approx. 5 %
increase) close to that obtained with individual gene
overexpression, almost weakening the sole gene contribu-
tion to FK506 production. While cell growth was reduced
by only 6 %, total sugar consumption was also slightly
reduced by about 10 % by these additional enzymes. These
results suggest that instead of repressing strain growth, the
limited increase in FK506 might ascribe to the restricted
chain elongation which had saturated the FK506 produc-
tion capability of the strain. Therefore, in order to com-
pletely test the effect of the five gene operon on FK506
production, we engineered the final strain, HT-
FKBOPLMD, by conjugation and selection for apramycin
resistance. This recombinant strain was able to produce
353.2 + 8.5 mg/L of FK506 with a highest volumetric
productivity of 2.45 mg/L/h during batch fermentation
(Fig. 6). The titer and productivity of FK506 were
increased by approximately 150 %, compared with the
parent strain D852. In contrast, the maximal biomass for
the engineered strain was reduced to 6.5 + 0.2 g/L, which
might be due to the heavy metabolic burden.

To understand the reason for the additive and synergistic
effect of combinatorial overexpression on the FK506 pro-
duction, we investigated the expression levels of the key
enzymes in different combinatorial overexpression engi-
neered strains (Fig. 2). In HT-FKBOL, the transcriptional
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level of the fkbO and fkbL was significantly increased by
1,240 % and 950 %, respectively, compared with D852
(p < 0.01), which was consistent with the cultivation data.
For HT-FKBOP, fkbO and fkbP were only enhanced by
850 % (p < 0.01) and 150 % (p < 0.05), respectively, the
same level as with individual modification, indicating these
two genes did not upregulate or downregulate each other.
However, the transcriptional levels of fkbO, fkbL and fkbP
in HT-FKBOPL were increased by 1,150 %, 1,020 %
(» < 0.01) and 330 % (p < 0.05), respectively, indicating
the three genes were also positively synergistic in terms of
benefitting FK506 production. In addition, there was no
change in the expression of fkbM and fkbD between
HT-FKBMD and individual modification. A similar
change between HT-FKBOPLMD and HT-FKBOL
(HT-FKBOPL) further validates the effect of combinatorial
overexpression on FK506 production. These results dem-
onstrate that FK506 production could be further improved
by overexpressing in combination the biosynthesis of
the chorismate-derived starter unit route, pipecolate pre-
cursor pathways and post-PKS processing reactions in
S. tsukubaensis.

Efforts to boost FK506 production based
on the exogenous addition strategies

To further exploit the positive role of the engineered strain
HT-FKBOPLMD, exogenous addition strategies were
adopted. Based on previous reports [29, 43, 49] and the
results of our intracellular metabolite analysis (unpublished
data), the nutrients lactate, succinate, chorismate, shikim-
ate, lysine, pipecolate, isoleucine, valine and soybean oil,
which are involved in central carbon metabolism, amino
acid metabolism and fatty acid metabolism, were added at
different stages and final concentrations (Fig. 7). In fact,
these supplementations could provide primary pathway
precursors (such as malonyl-CoA and methylmalonyl-
CoA) [29, 39] or secondary pathway precursors (such as
pipecolate and DHCHC) for FK506 biosynthesis [9, 45].

At the optimum addition time and final concentration,
1.5 g/ of succinate supplemented at 96 h resulted in
the maximal FK506 concentration, up to 388.7 mg/L
(Fig. 7b), indicating that succinate absorbed by strain
HT-FKBOPLMD enhanced carbon flow from succinyl-
CoA to methylmalonyl-CoA, further boosting the conver-
sion of methylmalonyl-CoA to FK506 to some extent. As a
metabolite of the glycolytic pathway, lactate could be fed
into the acetyl-CoA pool to be further catalyzed into
malonyl-CoA, another important precursor of FK506 syn-
thesis. Therefore, various concentrations of lactate were
added at different stages. It can be seen in Fig. 7athat 15 g/L
of lactate added at 36 h resulted in the highest FK506
production (382.3 mg/L).
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Fig. 7 The effects of exogenous nutrients on FK506 production by
engineered strain HT-FKBOPLMD. Optimization included addition
times and final concentrations of lactate (a), succinate (b), soybean oil

According to the above analysis, the addition of
chorismate and shikimate could improve FK506 production
by both D852 and engineered strain HT-FKBO. Therefore,
in order to further strengthen the intracellular level of the
FK506 precursor (DHCHC), the levels of both exogenous
shikimate and chorismate were optimized. As shown in
Fig. 7d, shikimate added at 48 h at a final concentration of
0.5 g/L led to the highest production of FK506, which
reached 402.8 mg/L (14 % improvement). Similarly, when

(¢), shikimate (d), chorismate (e), pipecolate (f), lysine (g), valine
(h) and isoleucine (i). Values are presented as the averages £ SD
from three independent measurements

adding 0.25 g/L. of chorismate at 48 h, the FK506 con-
centration increased by 15.2 %, from 353.2 to 406.9 mg/L,
compared with the control group (Fig. 7e).

Based on the previous analysis of pipecolate biosyn-
thetic pathway for both D852 and engineered strains HT-
FKBP and HT-FKBL, we added lysine and pipecolate to
further enhance another important precursor level for
FK506 biosynthesis. Here, the concentrations of lysine and
pipecolate were optimized, respectively, as well as the

@ Springer



1032

J Ind Microbiol Biotechnol (2013) 40:1023-1037

addition time. The results showed that lysine and pipeco-
late could accelerate FK506 production, consistent with
rapamycin [5]. In particular, 1.0 g/L of lysine and 0.25 g/L
of pipecolate supplemented at 48 h resulted in the highest
production of FK506, at 398.8 and 394.9 mg/L, respec-
tively (Fig. 7f, g).

Valine and isoleucine were also added to the medium
since they can be transformed to methylmalonyl-CoA via a
multi-step reaction. For the engineered strain HT-
FKBOPLMD, 1.5 g/L of valine feeding at 96 h had the
greatest effect on FK506 yield, with an increase of 42.4 mg/L,
compared with the same strain without exogenous addition
(Fig. 7h). When isoleucine was supplemented at a final
concentration of 1.0 g/L. at 96 h, FK506 production was
enhanced to 389.9 mg/L (Fig. 71), representing the highest
improvement among all the supplementation stages and
final concentrations.

Taking into account that the metabolic pathway of fatty
acids was related with FK506 precursors malonyl-CoA and
methylmalonyl-CoA, we added soybean oil to improve the
availability of intracellular methylmalonyl-CoA and mal-
onyl-CoA for FK506 biosynthesis. As shown in Fig. 7c,
when 5 g/L soybean oil was added at 24 h, the production
of FK506 was enhanced to 391.1 mg/L, which exhibited a
larger increment on FK506 biosynthesis compared with the
effect of soybean oil. In contrast, a final concentration of
soybean oil of >20 g/L inhibited cell growth and reduced
FK506 production.

In view of the enhancement measures described above,
we tested combinatorial feeding strategies based on the ini-
tial fermentation medium used during fed-batch fermenta-
tions. These nutrients were fed into the bioreactor as follows:
soybean oil and lactate were added at 24 and 36 h at a final
concentration of 5 and 15 g/L, respectively; shikimate,
chorismate, lysine and pipecolate were added at 48 h at (.5,
0.25, 1.0 and 0.25 g/L, respectively; succinate, isoleucine
and valine were added at 96 h at 1.5, 1.0 and 1.5 g/L,
respectively.

Asshown in Fig. 8a, both the total sugar consumption rate
and cell growth rate were affected. After feeding various
nutrients into the culture under the optimized conditions, the
total sugar consumption rate and biomass growth rate during
the exponential phase by parent strain D852 was reduced. In
contrast, in the engineered strain HT-FKBLOPLMD the total
sugar consumption rate was elevated, with unchanged bio-
mass. Under both conditions, the maximal biomass for HT-
FKBLOPLMD was always lower than that for D852.
Moreover, FK506 production was greatly improved by
feeding various nutrients at different phases (Fig. 8b). The
recombinant strain accumulated as much as 457.5 £
10.3 mg/L of FK506, which was a 29.5 % increase com-
pared with the same strain without nutrient feeding (Fig. 8b).
S. tsukubaensis can produce two major by-products, FK520
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and FK506D, which differ from FK506 in structure only by
the C-21 substitution with an ethyl and propyl group,
respectively, instead of an allyl group (Fig. 1). This differ-
ence is dependent on the corresponding AT domain of the
PKS system in substrate utilization, with the selection of
ethylmalonyl-CoA benefitting the extender unit for gener-
ating FK520 versus the choice of allylmalonyl-CoA for
promoting FK506 as well as FK506D [23]. To evaluate the
relevance of the production of the FK506 and by-products
FKS520/FK506D, we sampled the recombinant strain HT-
FKBLOPLMD and subjected it to HPLC quantification. For
the engineered strain HT-FKBLOPLMD, when no precur-
sors were added, the yield of FK520 (53.1 & 6.6 vs.
33.1 £ 3.6 mg/L for parent strain) increased accordingly
with FK506, indicating a ratio of FK520 to FK506 similar to
that in D852 (Fig. 8b). In the case of FK506D, a similar
observation was made, with FK506D increasing at the same
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Fig. 8 The production performance profiles of wild-type strain S.
tsukubaensis D852 and engineered strain HT-FKBOPLMD in fed-
batch fermentation with various exogenously feeding nutrients.
a Total sugar and biomass profiles, b FK506 and by-products
(FK520, FK506D) profiles. Values are presented as the averages £
SD from three independent measurements



J Ind Microbiol Biotechnol (2013) 40:1023-1037

1033

ratio as the improvement in FK506 production. This finding
is consistent with the conclusion that the duplication of
secondary metabolic pathways and precursor supplementa-
tion not only enhanced the flux towards the formation of
polyketide chains but also concomitantly boosted the for-
mation of the extender unit shared by the biosynthetic
pathway of FK520, FK506D and FK506 [13, 23]. However,
surprisingly, following the exogenous addition, the final
concentration of FK520 and FK506D by HT-FKBOPLMD
fell by 44 % and 35 % compared with the values of no
exogenous addition (Fig. 8b).

Discussion

Metabolic engineering has become a rational alternative to
classical strain improvement for the optimization of
metabolite production. The introduction of directed genetic
modifications through recombinant DNA technology can
be visualized as a means by which to improve the cellular
properties of production strains and result in substantial
increases in existing polyketide antibiotic fermentation
processes [4, 26, 39, 48]. Immunosuppressants, such as
FK506, FK520 and rapamycin, have been available for
clinical use for many decades, and their high effectiveness,
safety and tolerance profiles continue to make them
important agents in the treatment of autoimmune diseases,
such as atopic dermatitis, and the prevention of trans-
planted organ rejection. Hence, the medical significance of
these compounds requires higher industrial production.
Increasing the pool size of the rate-limiting precursor is a
fundamental approach to strain improvement. This can be
achieved by increasing the gene dosage of key enzymes
involved in precursor biosynthesis [7, 44], regulating the
expression of secondary metabolic pathways [25, 28, 47],
overexpressing structural genes coding for enzymes
involved in the biosynthesis of the metabolite [34], as well
as by supplementing the desired precursors or closely
related derivatives [15]. In this study, we report an
approach to improve the intracellular secondary metabolic
pathway precursor pool based on a prior model prediction
to enhance the upstream portion of the FK506 biosynthesis
pathway in S. tsukubaensis.

FkbO and FkbL are known to provide or incorporate
direct precursors for FK506 production, independently of
the polyketide biosynthetic elongation units (including
methylmalonyl-CoA, malonyl-CoA, methoxymalonyl-
ACP, allylmalonyl-CoA) in microorganisms. Moreover,
FK506 biosynthesis requires two unusual pathway-specific
building blocks, namely, the chorismate-derived starter
unit DHCHC and lysine-derived pipecolate, raising the
question of whether their intracellular concentrations are a
limiting factor in production improvement. Therefore, we

partially diverted the carbon flux that would have normally
gone through central metabolic pathways during the
growth phase into the FK506 biosynthesis structure unit
instead, resulting in an overall increase in FK506 yield in
the mutant strain. Indeed, the k., (17.6 & 0.7 s~ '; catalytic
rate) and the K,,, value (0.2 £ 0.03 mM; concentration of
substrate that gives half-maximal activity) of the FkbO
enzyme for chorismate compares favorably to the k., and
the K, previously reported for the chorismate mutase
activity [2, 10]. In addition, steady-state kinetic analysis of
the pipecolate biosynthetic reaction encoded by FkbL
yielded a K, for lysine of 46 + 4 uM and a k., of
0.61 £ 0.02 min~"', resulting in a keo/Km of 13 £ 1 mM ™
min~! [12]. FkbO and FkbL both out-competed other
enzymes for the corresponding substrates chorismate and
lysine. Our findings clearly demonstrate that FK506 pro-
duction in the fkbO-overexpression mutant was greatly
improved without any change in the components of the
batch cultures (Fig. 3). A higher yield of 226.4 mg/L
(158 % of wild-type strain) was achieved in batch cultures
into which chorismate was fed to the mutant strain at low
concentration. On the other hand, although individual fkbP
overexpression resulted in a slight increase in FK506
production, strains (HT-FKBL and HT-FKBPL) with an
extra fkbL copy produced a considerable yield. These data
indicate that the intracellular formation of the PKS starter
and extender units seemed to be the rate-limiting factors. It
was noteworthy that only one molecule of DHCHC and
pipecolate was incorporated into the FK506 scaffold
(Fig. 1), yet the production in HT-FKBO following
duplication of the DHCHC biosynthetic gene and in HT-
FKBPL upon amplification of the pipecolate biosynthetic
gene increased by approximately 40 % compared to that in
parent strain D852. It is likely that in the original strain the
above two biosynthetic pathways have a lower turnover
number than that of PKS and thus are unable to provide
sufficient precursors for FK506 biosynthesis.

Another two post-PKS modification genes are fkbM and
JfkbD, which are involved in C31 methylation and C9
hydroxylation, respectively, and which were also overex-
pressed in an effort to further understand the effect of these
pathways on polyketide formation as well as to increase the
target product titers. The biochemical activities and func-
tions of these two enzymes have been studied in detail in a
previous study [32]. Sequence analysis from various species
has shown that they resemble the rapamycin biosynthetic
genes, with little or no change in most of the amino acid
residues. In addition, the relatively low homology between
FkbM and S-adenosylmethionine-dependent methyltrans-
ferase indicates that some evolutionary distance exists
between the primary and secondary pathways. The genes
JfkbM and fkbD have been found to be linked to the post-PKS
modification genes in many organisms [14, 24], suggesting
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that fkbM and fkbD could be also clustered as a tricistronic
operon in S. tsukubaensis. Importantly, inactivation of fkbD
has been found to result in the production of 9-deoxo-31-0O-
demethyl-FK506 instead of 9-deoxo-FK506, which dem-
onstrates a polar effect of the fkbD gene on the expression of
JfkbM [32]. In our study, when fkbM or fkbD were overex-
pressed, gene expression level increased by roughly 400 %
and FK506 production increased by 24 % and 20 %,
respectively (Fig. 5), indicating that fkbM and fkbD could
influence FK506 biosynthesis.

In general, the overexpression of an individual gene
caused more carbon flux to FK506. However, the impact of
individual genetic modifications on cellular phenotype can
be accumulative due to the interactions among the inter-
connected pathways [17]. The synergistic effect could be
evaluated by determining to which extent the investigated
genes coupled together to affect the phenotype. Based on
our analysis, the impact of multiple genetic modifications
on FK506 production can be divided into three patterns:
additive effects, which essentially reflect two entirely
unrelated pathways, positive synergistic effects, which
reflect positively related pathways, and negative synergistic
effects, which reflect negatively related pathways.

Our results indicate that the overexpression of fkbP had
an additve effect on FK506 production when combined
with fkbO gene overexpression (Fig. 6). Moreover, over-
expression of the above three genes simultaneously exerted
a distinctly positive synergistic effect, which resulted in a
108 % improvement of FK506 production (Fig. 6). We
therefore concluded that both positive synergistic and
additive existed among the three overexpressed genes,
which was validated by gene expression data (Fig. 2).
Moreover, it could be noted that the overexpression of the
JfkbM and fkbD genes in combination caused only a limited
increase in production compared with that by the corre-
sponding control strains HT-FKBM and HT-FKBD, indi-
cating that these genes influenced FK506 production only
to a limited extent. This might be due to the fact that the
increased intracellular activity of methylation and
hydroxylation saturated preFK506 (unmodified FK506),
the last two dedicated biosynthetic enzymes of the path-
way. Additionally, directing the carbon flow towards the
secondary precursor pathways might be superior to post-
PKS modification pathways since the former specifically
increased the level of polyketide starter and elongation
precursors for FK506 and influenced antibiotic synthesis
more directly, whereas the latter only elevated the
expression level of modification in general [35]. Further-
more, the five genes overexpressed in the parent strain gave
rise to an increased FK506 titer by 18.4 % compared with
the HT-FKBOPL strain, demonstrating that the impact of
overexpressing fkbM and fkbD depended upon the level of
the other structural genes.
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Overexpressing five genes relieved the limitation in the
starter and incorporation of precursors. However, the cel-
lular levels of some precursors, such as malonyl-CoA and
methylmalonyl-CoA, were too low for chain elongation
[29, 38]. Thus, we hypothesized that the other precursors
might influence FK506 biosynthesis, suggesting that feed-
ing the mutant with optimized nutrients may be necessary
(Fig. 7). The increased pool of CoA-esters precursor via
exogenous supplementation was so significant that even the
very effective CoA-esters precursor biosynthetic pathway
in the gene cluster could not provide sufficient precursors
to the mutant. On the other hand, lysine, pipecolate,
chorismate or shikimate precursor addition could improve
production for the engineered strain (Figs. 3, 4). Further
improvement in the production of FK506 was achieved by
feeding the direct precursors in combination to allow
extended production, although cell growth slowed down to
a normal rate after 96 h (Fig. 8), possibly due to precursor
availability, since methylmalonyl-CoA or malonyl-CoA
was available for FK506 synthesis [31]. There has been
considerable interest in enhancing the yield of polyketides
by increasing the supply of precursors because intracellular
availability of biosynthetic precursors is a key factor
determining the productivity of secondary metabolites [39].
Nutrients such as the branched-chain amino acids isoleu-
cine and valine, odd-numbered fatty acids, and succinate
all enter secondary metabolism through related pathways.
In fact, these nutrients have also been previously shown to
boost the production of some macrolide antibiotics when
supplemented [22, 33, 39]. We therefore concluded that a
promotion in precursor supply led to an increase in FK506
in S. tsukubaensis HT-FKBOPLMD since methylmalonyl-
CoA was located at a metabolic branch point [29]. Hence,
the exogenous feeding strategies switched the metabolic
flow of methylmalonyl-CoA away from the central meta-
bolic branch towards the FK506 biosynthetic branch. It
should also be noted that although the amount of shikimate
added was low, shikimate (or chorismate, or pipecolate) is
an expensive material and therefore not suitable for use in
large-scale fermentation systems [50]. Therefore, the
amplification of carbon flux towards shikimate or choris-
mate using metabolic engineering strategies, as well as the
elimination of feedback inhibition of aromatic amino acids
on shikimate pathway could be performed; both approa-
ches are very significant in terms of improving FK506
production in large-scale fermentation systems.

FK506 and FK506-related compounds use the same
primary metabolic precursors and share the early part of the
biosynthetic pathway up to the common intermediate
compound [23]. Thus, some of the increased precursor
pools likely flow into the biosynthetic pathway and thereby
could be expected to generate an increased yield. The
metabolic engineering approach for decreasing the by-
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products would eliminate contamination. However, it has
been shown that disruption of ethylmalonyl-CoA biosyn-
thesis also exerts a negative effect on FK506 production
due to the common encoding genes [23]. Therefore, the
yield of FK506 could not be improved further if either
FK520 and FK506D biosynthesis were to be blocked in
S. tsukubaensis under the initial fermentation condition
(Fig. 8b). Nevertheless, the levels of the by-products
(FK520 and FK506D) were reduced by applying the
exogenous addition stragies (Fig. 8b). Such an approach is
advantageous to industrial production strategies since these
by-products complicate the subsequent extraction and
purification of FK506 from the fermentation broth.

In fact, improved production of secondary metabolites
involves significant changes in precursor, energy and
cofactors from primary to secondary metabolism [35].
Based on an understanding of the biosynthetic pathway
characterized so far, we suggest that the increased FK506
productivity in the engineered strain increases the compe-
tition for DHCHC, methylmalonyl-CoA, malonyl-CoA,
methoxylmalonyl-CoA, allylmalonyl-CoA, pipecolate,
ATP and NADPH between primary and secondary
metabolism and introduces new metabolic bottlenecks.
These new key steps could be identified by metabolic flux
analysis and modified by further rational genetic engi-
neering approaches, which is the focus of our future
research in the search for improved FK506 production. On
the other hand, existing synthetic biology technology can
also be applied to increase productivity and yield [11, 27],
as has been demonstrated for the production of a number of
valuable metabolites.

In the study reported here, we employed an effective
strategy to increase the precursor pool pathway in order to
upregulate the upstream portion of the FK506 biosynthesis
pathway in S. tsukubaensis. This approach opens the door
to the possibility of using more effective metabolic engi-
neering strategies and more appropriate exogenous addi-
tion strategies for improved FK506 production. In addition,
the industrial production of FK506 uses a similar fermen-
tation medium that also contains starch and dextrin, sug-
gesting that our technology could be used in an industrial
setting. Importantly, our improved method for the indus-
trial production of macrocyclic polyketide (FK506) is a
successful example which can be applied to guide the
manufacture of high-quality clinical compounds or novel
production systems in industrial processes.
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