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Abstract FK506, a widely used immunosuppressant, is produced by industrial
fermentation using Streptomyces tsukubaensis. In this study, a novel precursor,
salicyl alcohol, was added and provided significant improvement in FK506 pro-
duction. Furthermore, differences of the expression of the structural genes between
the two media were also investigated. The results showed that the expression of key
genes in enriched medium was much higher than that in the control. Compared with
the non-enriched medium, the enriched medium caused 52.25-% enhancement of
FK506 production. Salicyl alcohol could play a crucial role in the transcription of
FK506 structural genes.

Keywords FK506 - Salicyl alcohol - RT-qPCR - Gene transcription -
Fermentation

Introduction

FK506 (tacrolimus), produced by Streptomyces tsukubaensis, is a 23-member
macrolide with a hemiketal-masked o,[-diketoamide function (Fig. 1a) [1, 2]. Itis a
potent immunosuppressant widely used for preventing rejection of transplanted
organs, Rh hemolytic disease of newborns and the treatment of autoimmune
diseases, such as inflammatory skin diseases and eczema [3]. It has already served
as neuroprotective and neuroregenerative agents [4]. FK506 and cyclosporine have
shown similar mechanisms of action via inhibiting calcineurin phosphatase and,
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thereby, reducing T cell-mediated immune response by decreasing the production of
interleukin-2 [5]. However, in clinical settings, the immunosuppressant FK506 is
advantageous over cyclosporine because the effect of FK506 was 10-100 times
more potent than cyclosporine, and FK506 is less toxic [6-8].

FK506 was first isolated by Fujisawa Healthcare Co. from fermentation of S.
tsukubaensis in Japanese soil sample [1, 9]. There is minimal value in synthetic
production of FK506 due to its low efficiency, high cost, unprofitability and other
reasons. Therefore, scientists have great interested in improving FK506 production
through development of the bioprocess. The biosynthetic pathway of FK506
production involves a hybrid polyketide synthase (PKS)-nonribosomal peptide
synthetase (NRPS) system. The gene fkbO encoding a chorismate hydrolase is
responsible for the biosynthesis of 4,5-dihydroxycyclohex-1-enecarboxylic acid
(DHCHC), the starter unit for biosynthesizing FK506. Then DHCHC and ten
extender units, named two malonyl-CoA, two methoxymalonyl-ACP, five methyl-
malonyl-CoA, and a specific allylmalonyl-CoA are incorporated into an incipient
polyketide chain [10]. Then, the next steps, resulting in the nascent macrolactone
intermediate of FK506 (preFK506), were the incorporation of lysine-derived
pipecolic acid and a cyclization step, mediated by the NRPS and FK506-binding
protein (fkbP). Eventually, post-PKS processing reactions were catalyzed by a
specific methyl transferase and oxido-reductase leading to FK506 [11-13].
Increasing the production of FK506 is mainly focused on optimization of the
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fermentation conditions [14]. On one hand, changing the media and culture
conditions to find out the significant effects on enhancing the biosynthesis of FK506
[15, 16]. On the other hand, construction of efficient engineered strains by genetic
engineering are also applied to improve the yield of FK506 [17-19]. Furthermore,
adding precursors of FK506 biosynthesis seems to be another way to enhance the
output of FK506. Turlo and Gajzlerska found that it was an effective way to boost
FK506 production by adding piperidinecarboxylic moiety analogues [2]. It is also
reported that adding vinyl propionate, which is used as a precursor for converting
propionyl-CoA to methylmalonyl-CoA, can significantly increased the production
of FK506 of S. sp. RM7011 [20].

The aim of our research was to optimize the culture medium composition for the
purpose of enhancing FK506 production in S. tsukubaensis No. 9993. In this study,
we found a novel and effective precursor, o-hydroxybenzyl alcohol (salicyl alcohol,
Fig. 1b), which could effectively boost the FK506 biosynthesis. In addition, the
expression of fkbO and fkbP genes in enriched medium were higher than those in
non-enriched medium.

Materials and methods
Microorganism, medium and cultivation conditions

The strain S. tsukubaensis No. 9993, which produced FK506, was taken from our
laboratory and was deposited as No. FERM BP-927. The strain was grown on an
agar plate containing 20 g/L of oatmeal, 2 g/L. of sucrose and 10 g/L of agar at
28 °C in an incubator for 10 days. The seed medium (g/L) was: glucose 10, yeast
extract 5, glycerol 10, corn steep liquor 5, soluble starch 15, CaCO; 2, pH 7.0. The
fermentation medium (g/L) was: glucose 6, yeast extract 1.5, soybean powder 5,
peanut meal 12, corn starch 30, K,HPO, 5. Fermentation was processed at 28 °C
and 220 r/min for 7 days. In a 250 mL flask, 100 pL. of spore suspension was
inoculated into 30 mL of seed medium and cultured for 24 h. Then, 500 pL of seed
solution was transferred into 25 mL of fermentation medium in a 250-mL flask and
cultured for 7 days. Each condition was carried out for three replicates.

In the series of experiments, the culture mediums were enriched with salicyl
alcohol, which acted as an FK506 precursor. The concentrations of the compound
were 0, 0.0375, 0.0750, 0.1500, 0.2250, and 0.3000 g/L. Media were sterilized at
121 °C for 30 min, cooled to room temperature, then inoculated with 2 % (v/v) of
the seed culture.

Analytical methods

Biomass was determined as reported [21]. The mycelia were centrifuged at
12,000 rpm for 10 min, washed three times by deionized water, centrifuged and
dried at 80 °C for 24 h in desiccators to measure the dry weight. 3 mL of
fermentation was transferred into a 10-mL centrifugal tube containing 2-mL
methanol. After 20 min shaking at room temperature, the methanol extract was
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centrifuged for 20 min at 3000 rpm, and then the supernatant was collected for
high-performance liquid chromatography (HPLC) equipped with a Zorbax SB-C18
packing (4.6 x 150 nm, 5 pm; Agilent, USA). The mobile phase involved 0.1-%
H;POy,:acetonitrile = 32:68 (v/v) with a flow rate of 1 mL/min. The column
temperature was 50 °C, and the detection wavelength was 205 nm [22]. The total
sugar was determined by the dinitrosalicylic acid (DNS) method [23].

Real time-quantitative polymerase chain reaction (RT-PCR) analysis

The transcription level of fkbO and fkbP were assayed by RT-qPCR; Bio-Rad CFX
96) using SYBR Green Two-Step RT-qPCR SuperMix (Takara). The samples were
isolated from the enriched medium and non-enriched medium at 72, 96, 120, 144
and 156 h. Total RNA was extracted by an RNAprep Pure Cell/Bacteria Kit
(Tiangen Biotech, Beijing); then, cDNA was synthesized via reverse transcription.
The sequences of primers are listed in Table 1.

Statistical analysis

The data are presented as the mean + standard deviation (SD). The significance of
paired data was determined by a student’s t-test. Data with more than two groups
were analyzed by an analysis of variance (ANOVA) followed by the post-hoc
Dunnett’s multiple comparison test. Differences were considered significant at
*p < 0.05, **p < 0.01.

Results and discussion
Effect of salicyl alcohol on FK506 production

The production of FK506 in the medium was detected after 7 days of cultivation in
the medium cultivated with enriched medium. The results were compared with the
non-enriched culture medium (control). The output of FK506 in the medium
containing salicyl alcohol was significantly higher than the control and the yield was
enhanced by increasing the concentration of salicyl alcohol. The optimum
concentration was 0.225 g/L, which provided a 49-% increase compared to that

Table 1 Sequences of primer pairs for real time-quantitative polymerase chain reaction (RT-qPCR)
assay

Target gene Primer name Primer sequence (5'-3')

JkbO JkbO—forward GCACCGACGAGTACCTGTTC
JkbO—reverse GCGTTGATCCCACTGATGTA

fkbP JfkbP—forward GCTGCCCGTCGAGACACT
JfkbP—reverse TCCGCATAGGTGAGTGAGGT

16S rRNA 16S rRNA—forward GCATCTGTGGTGGTTGAAAG
16S rRNA—reverse CGTGTCTCAGTCCCAGTGTG
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of the control (Fig. 2a). Under the optimum concentration, 0.225 g/L of salicyl
alcohol, the yield of FK506 (394.02 pg/mL) was significantly improved when
salicyl alcohol tested as a precursor of FK506 was added during early fermentation
(0 h), higher than any other periods (Fig. 2b).

Effect of enriched medium on cell metabolism and FK506 production

The biomass accumulation in the non-enriched medium exceeded the enriched
medium during any fermentation period, indicating that salicyl alcohol could inhibit
cell growth (Fig. 3a). The rate of total sugar consumption was faster than that of the
non-enriched medium in the prophase of fermentation. Subsequently, both of these
two conditions had the similar sugar consumption rate. However, the consumption
rate with enriched medium accelerated at the end of the stationary phase
(144-168 h). In the prophase stage of fermentation, the strain growth in the
enriched medium was slower than that of the control, but the total sugar
consumption rate was faster (Fig. 3b); this indicated salicyl alcohol might act as a
precursor for FK506 biosynthesis instead of a growth promoter. This was also
observed in other studies on the abduction of erythromycin by n-propanol [24]. The
results also showed that salicyl alcohol prolonged the stationary phase of S.
tsukubaensis, which induced intermediate metabolites to synthesize FK506 during a
later period of fermentation. The differences in pH are showed in Fig. 3c; the pH in
the enriched medium was lower with more stabilization than that of the control,
reflecting that FK506 biosynthesis might be favorable in low-pH conditions. In
addition, pH stabilization is also of benefit for FK506 biosynthesis [25].

Response to structural gene transcription in the FK506 biosynthesis
pathway

The transcription levels of FKS506 biosynthesis structural genes, fcsABCD,
JkbGHIK, fkbL, fkbO, fkbP, fkbABC, and fkbDM, were investigated in this
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Fig. 2 The production of FK506 in fermentation with salicyl alcohol. a The effect of salicyl alcohol on
the FK506 production and b the time effect of salicyl alcohol on the FK506 production. The values are
presented as the mean & SD from three independent experiments, **p < 0.001
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Fig. 3 The effect of salicyl alcohol on biomass (a), total sugar (b), pH (c), and FK506 production (d) in
fermentation. The values represent the average £ SD from three independent samples
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Fig. 4 The effect of salicyl alcohol on the expression of fkbO and fkbP by RT-qPCR in fermentation.
Data are represented as the change in gene expression relative to the control. Values are presented as
averages = SD from two independent measurements
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section. Chorismatase (FkbO) was encoded by fkbO, which was the rate-limiting
enzyme in the first step of FK506 biosynthesis [26]. Therefore, transcription of the
key gene fkbO could be regarded as a signal of FK506 overproduction. The NRPS
FkbP was responsible for extending the set linear polyketide intermediate by an
unnatural amino acid residue, L-pipecolate, then generated 9-deoxo-31-O-
demethyl-FK506 (preFK506) through intramolecular lactonization for further
tailoring [12, 13]. To calculate the relative gene expression, RT-qPCR analysis
was performed. The results showed that salicyl alcohol had a remarkable effect on
gene transcription related to FK506 biosynthesis. In this study, the transcription
level of fkbO was higher than the control before 120 h, which indicated a large
number of precursors were supplied for FK506 biosynthesis during the fermentation
process. Generally, the response of production was later than that of transcription
[26]. Research found the maximum fkbO transcriptional level was reached at 96 h,
while the yield of FK506 was increasing (Figs. 3d, 4). It was found that
enhancement of fkbP expression occurred during secondary metabolite stimulation,
which corresponded to FK506 production in the stationary phase. In early
fermentation, the main goal was to accumulate the precursors for FKS506
biosynthesis; hence, fkbP, which for biosynthesized FK506, was higher after
96 h. The more the expression of fkbP, the more the linear polyketide chain is
cyclized; additionally, fkbP expression can enhance secondary metabolite synthesis,
thereby increasing FK506 production.

Conclusions

In this study, we covered an approach to enhance FK506 production by adding
salicyl alcohol as a precursor. The biosynthesis of FK506 was improved
significantly, and reached yields 52.2 % higher (423.8 pg/mL) than that of non-
enriched medium (278.5 pg/mL). The results suggest that salicyl alcohol could play
an important role in the transcriptions of fkbP and fkbO. It has great potential for
industrial fermentation of FK506, increasing production to meet market demands.
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