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Abstract Rapamycin, as a macrocyclic polyketide with
immunosuppressive, antifungal, and anti-tumor activ-
ity produced by Streptomyces hygroscopicus, is receiving
considerable attention for its significant contribution in
medical field. However, the production capacity of the wild
strain is very low. Hereby, a computational guided engi-
neering approach was proposed to improve the capability
of rapamycin production. First, a genome-scale metabolic
model of Streptomyces hygroscopicus ATCC 29253 was
constructed based on its annotated genome and biochemi-
cal information. The model consists of 1003 reactions, 711
metabolites after manual refinement. Subsequently, several
potential genetic targets that likely guaranteed an improved
yield of rapamycin were identified by flux balance analy-
sis and minimization of metabolic adjustment algorithm.
Furthermore, according to the results of model prediction,
target gene pfk (encoding 6-phosphofructokinase) was
knocked out, and target genes dahP (encoding 3-deoxy-
D-arabino-heptulosonate-7-phosphate synthase) and rapK
(encoding chorismatase) were overexpressed in the parent
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strain ATCC 29253. The yield of rapamycin increased by
30.8% by knocking out gene pfk and increased by 36.2
and 44.8% by overexpression of rapK and dahP, respec-
tively, compared with parent strain. Finally, the combined
effect of the genetic modifications was evaluated. The titer
of rapamycin reached 250.8 mg/l by knockout of pfk and
co-expression of genes dahP and rapK, corresponding
to a 142.3% increase relative to that of the parent strain.
The relationship between model prediction and experimen-
tal results demonstrates the validity and rationality of this
approach for target identification and rapamycin production
improvement.

Keywords Streptomyces hygroscopicus ATCC 29253 -
Rapamycin - Genome-scale metabolic model - Target
prediction - Metabolic engineering

Introduction

Rapamycin, produced by Streptomyces hygroscopicus, is
a 31-membered macrocyclic natural product with various
biological and pharmacological activities, such as antifun-
gal, immunosuppressive, and antitumor [8, 11, 36]. More
importantly, as an immunosuppressant, rapamycin has a
more efficient mode of action and lower biological toxicity
compared with FK506 and cyclosporine A [32]. Recently,
rapamycin has attracted much attention of many research-
ers and pharmaceutical companies owing to its pharmaco-
logical importance and broad applicability.

Currently, the low yield of rapamycin is still a bottle-
neck for further industrialization and commercialization,
so much work has been done in strain modification and
culture optimization. Four strategies have been mainly
used in the rapamycin improvement: (a) traditional
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physical and chemical mutagenesis [44]; (b) optimiza-
tion of fermentation process [24, 38]; (c) recombination
by protoplast fusion [10]; and (d) genetic engineering
methods [22, 27]. However, mutagenesis, fermentation,
optimization, and recombination by protoplast fusion are
laborious and tedious processes and sometimes require
long and unpredictable durations. Due to the orientation
and the short period, metabolic engineering technology
has great advantages to improve productivity of natural
products.

Indeed, metabolic engineering could efficiently regulate
the key pathways of natural products, such as polyketides
and nonribosomal peptides. For example, it was reported
that overexpression of propionyl-CoA carboxylase pro-
moted the accumulation of methylmalonyl-CoA, a key
precursor of rapamycin and led to the marginally enhanced
production of rapamycin in UV2-2 strain [22]. Irina et al.
[7] improved production of actinorhodin and undecylpro-
digiosin by pfkA2 gene knockout in Streptomyces coeli-
color. Although genetic manipulations may improve the
precursor synthesis and production titer, validation of the
target genes is usually uncertain and unpredictable. In addi-
tion, because microorganisms have complicated intercon-
nected metabolic networks, manipulation of the specific
gene may generate an effect on other metabolic pathways.
Therefore, it is difficult to evaluate the cellular behaviors
comprehensively and identify the accurate target genes
for efficient strain improvement. Along with the maturity
of the GSMM and the improvement of the model analysis
method, systems biology plays an increasingly important
role in strain metabolic engineering by changing meta-
bolic flux distribution within a microorganism based on
systematic strategies. The GSMM allows us to analyze
the cell from a systems viewpoint to predict whole-cell
effects of gene perturbations and to simulate known and
hypothesized phenotypes. With the development of high-
throughput sequencing technology and the reduction of
sequencing costs, more and more microorganisms have
been sequenced. The complete genome of Streptomyces
rapamycinicus ATCC 29253 has been sequenced by Bara-
nasic et al. [3], providing the foundation for constructing
the genome-scale metabolic model and gaining comprehen-
sive insight into Streptomyces hygroscopicus physiology.
Stoichiometric models-based GSMM can be employed to
interpret cellular metabolic response to genetic perturba-
tion and unravel the underlying mechanism of undesired
phenotypes. This approach not only saves time, labor, and
research expenditure by decreasing the amounts of labo-
ratory experiments but also can rationally guide the meta-
bolic engineering. Currently, GSMMs have been used to
identify metabolic engineering targets for many important

@ Springer

industrial products, such as biofuels, amino acids, vitamins,
and secondary metabolites [1, 28, 30, 45].

In this study, a GSMM of Streptomyces hygroscopicus
ATCC 29253 was reconstructed to simulate the intracellu-
lar flux distribution. Then, several target genes were iden-
tified by FBA and MOMA prediction. These targets were
then ranked and knockout target pfk, and overexpression
targets dahP and rapK were selected to be engineered to
improve production of rapamycin. Finally, the combined
effects of pfk gene knockout and dahP and rapK overex-
pression on rapamycin biosynthesis were studied.

Materials and methods
Construction of genome-scale metabolic network

The genome-scale metabolic network for S. hygroscopicus
ATCC 29253 was reconstructed according to Thiele et al.
[39]. The first genome sequence draft of S. hygroscopicus
ATCC 29253 has been reported recently. S. hygroscopicus
ATCC 29253 genome length is 12.7 MB, coding 10,002
genes, with 70.5% GC content [3], which were stored in
the NCBI, KEGG, and other databases. In this study, genes,
enzyme complexes, and reactions were identified by path-
way map of KEGG database, resulting in the initial net-
work. Public databases, such as KEGG, BRENDA, and
BiGG, were used to manually refine the draft metabolic
network. Identifying network gaps and selecting candi-
date gap-filling reactions with strong supporting evidence
are the biggest challenges for model refinement. GapFind
and GapFill [26] algorithms were used to computationally
identify and resolve gaps, thus minimizing the amount of
manual curation needed. Candidate reactions suggested by
GapFill were chosen from the BiGG database; this data-
base contains genome-scale models that have undergone
extensive refinement and validation, and thus is a resource
of high-confidence reactions. Some reactions from the
experimental data and published literature were also sup-
plemented in the network. Besides, biosynthetic reactions
for the biomass and rapamycin were included. Since there
was no detailed information on the biomass composition
of Streptomyces hygroscopicus ATCC 29253, DNA, RNA,
protein, lipids, small molecules, and cell wall components
(carbohydrate, peptidoglycan, and teichoic acid) were
partly measured and partly referred from literature data. As
for the rapamycin synthesis, the synthesis of specific pre-
cursors and overall reaction was added. At last, transport
reactions and exchange reactions were added to the meta-
bolic network to get a complete model. The refined model
was shown in File 1S in Supplementary Materials.



J Ind Microbiol Biotechnol (2017) 44:259-270

261

Table 1 Strains and plasmids used in this study

Strains or plasmids Description Source or reference
Strains
E. coli DH5a Host for general cloning Our lab
E. coli ET-12567 Donor stain for conjugation Our lab
S. hygroscopicus Wild-type strain ATCC
ATCC 29253
S. hygroscopicus-P S. hygroscopicus harboring pIB139 This study
S. hygroscopicus-R S. hygroscopicus harboring pIB139R This study
S. hygroscopicus-D S. hygroscopicus harboring pIB139D This study
S. hygroscopicus-Ak S. hygroscopicus with an in-frame deletion of pfk This study
S. hygroscopicus-DR S. hygroscopicus harboring pIB139DR This study
S. hygroscopicus-Ak-DR S. hygroscopicus-Ak harboring pIB139DR This study
Plasmids
pUC18 E. coli cloning vector; Amp® Our lab
Puc119-kan® pUC119 with Kan® Our lab
pIB139 E. coli-Streptomcyes shuttle vector with ermE* promoter Our lab
pIBI39R pIB139 with ermE*-controlled rapK This study
pIB139D pIB139 with ermE*-controlled dahP This study
pIB139DR pIB139 with ermE*-controlled dahP and rapK This study
pKC1139 Temperature-sensitive E. coli-Streptomyces shuttle vector Our lab
pApfk pKC1139 based deletion plasmid with in-frame deletion of pfk, Aer, Kan® This study

Target gene prediction

The resulting model was analyzed using Constraint-Based
Reconstruction and Analysis (COBRA). Gene predic-
tion was performed using the COBRA Toolbox-2.0 in
MATLAB, with GLPK and CPLEX as the optimization
programming solvers [34]. For the overexpression target
identification, the algorithm developed by Boghigian et al.
[5] was employed. First, the model of xml format (File
2S in Supplementary Materials) was read on the MAT-
LAB platform, and FBA algorithm was then employed
to obtain an initial flux distribution with the maximiza-
tion of the specific growth rate as the objective function.
Subsequently, each non-zero reaction flux was amplified
to some extent (for instance, twofold), and the quadratic
programming problem was solved by MOMA algorithm
[35], which was performed by searching for the minimal
Euclidean distance between the parent metabolic model
and model after gene perturbation. Finally, the overex-
pression targets were identified through comparing a frac-
tion value, fpy (the ratio of weighted and dimensionless
specific growth rate and specific rapamycin production
rate). The knockout target identification was implemented
by the same simulation method with some modifications.
To be specific, each non-zero reaction flux was set to zero,
and the quadratic programming problem was solved by
MOMA algorithm. The knockout targets were identified
through comparing fpy value. Target genes that had the

higher fp; were the better candidates to be manipulated
experimentally:

f PH = (fbiomass) (frapamycin)
. (Vbiomass,change ) (Vrapamycin,change )
Vbiomass,wild Vrapamycin,wild

Strains, plasmids, and cultivation conditions

Strains and plasmids used in this study are listed in Table 1.
E. coli DH5a was used to propagate all plasmids. E. coli
ET12567/pUZ8002 was used as the non methylating plas-
mid donor strain for intergeneric conjugation with Strep-
tomyces hygroscopicus. E. coli strains were cultured in
Luria—Bertani (LB) medium at 37 °C. The integrative E.
coli-Streptomyces vector pIB139 containing the ermE*
promoter (PermE*) [41] was used for gene overexpression,
and temperature-sensitive E. coli-Streptomyces shuttle vec-
tor pKC1139 was used for gene knockout in Streptomyces
hygroscopicus.

Wild-type S. hygroscopicus was cultivated on the agar
slant medium for about 14—18 days to harvest spores. Fresh
slants were washed into 50 mL un-baffled shake flask con-
taining glass beads with 5 mL sterile water, and it was
shaken and filtered to get spore suspension. An aliquot of
1 mL of the spore suspension (~10%/mL) was inoculated
into a 250 mL un-baffled shake flask containing 30 mL
seed medium, and incubated at 28 °C and 220 rpm for 60 h.
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Table 2 Primers and their sequences used in this study

Primer Function Sequence 5 — 3/

srapK-F Amplification of rapK GCCTCATATGAAGAGATCTGCCCGTATTTTCTTCCTG (Ndel/BgIIl)
srapK-R CTCGTCTAGATTAGGATCCTGCTCATCGGTGGTCCTT (Xbal/BamHI)
crapK-F Amplification of rapK used for co expression =~ GCCTCATATGAAGAGATCTAGGAAGCCCGTATTTTCTTCCTG (Ndel/BgIIl)
crapK-R CTCGTCTAGATTAGGATCCTGCTCATCGGTGGTCCTT (Xbal/BamHI)
dahP-F Amplification of dahP CATACATATGGTGCGGGTGACCGTGAAC (Ndel)

dahP-R GAACTCTAGATTAGGATCCCCCCACCTGCGTCTTTATG (Xbal/BamHI)
pfk-LF Amplification of upstream regions of pfk ATAGTCTAGAACTCGGCGGTCTGCTTCT (Xbal)

pfk-LR TAATGGATCCTCACGGTCGCAGGTATTG (BamHI)

pfk-RF Amplification of downstream regions of pfk TAATGGTACCTGGCGAGGGTCACTCTTG (Kpnl)

pfk-RR ATACGAATTCCTTGTCGTCCCGTCCACC (EcoRI)

pIB-F Sequencing of overexpressed strains TTGCGCCCGATGCTAGTCG

pIB-R GCACGACAGGTTTCCCGACTG

Underlined parts: the restriction enzyme cutting site, italic: ribosome binding sites

Then, 3 mL seed culture was transferred into a 250 mL un-
baffled shake flask containing 30 mL fermentation medium,
and cultured at 28 °C and 220 rpm for 120 h.

Slant and plate medium contained 4.0 g/L. mannitol,
20 g/L oat flour, 2.5 g/L yeast extract, and 20 g/L agar and
pH 7.0. The seed medium was composed of 20 g/L glu-
cose, 20 g/L soluble starch, 10 g/L corn flour, 6 g/L yeast
powder, 6 g/L peptone, 1.5 g/L casein hydrolysate, 0.5 g/L.
MgSO, and 1.0 g/I. K,HPO, and pH 7.0. The fermentation
medium contained 45 g/L glucose, 15 g/L soluble starch,
40 g/L soybean meal, and 1 g/L (NH,),SO, and pH 7.0.
In the process of medium preparation, soybean meal was
first dissolved quantitatively, autoclaved, and then centri-
fuged at 8000 x g for 10 min at 4 °C to remove the insoluble
ingredients. After that, other medium compositions were
quantitatively added into the supernatant of soybean meal
and autoclaved again.

Gene cloning, plasmid construction, and transformation

General DNA manipulation was performed according to
the standard protocols [23]. All primers used in this work
were listed in Table 2. To delete gene pfk, deletion plasmid
was constructed by amplifying the upstream and down-
stream flanking regions from genomic DNA of Streptomy-
ces hygroscopicus. The upstream and downstream flanking
regions of pfk were amplified using the primers pfk-LF/
pfk-LR and pfk-RF/pfk-RR, respectively. The above two
fragments were excised with Xbal-BamHI and Kpnl-
EcoRl, respectively, sequentially ligated into the pUC119-
Kan® which possessed the kanamycin resistance cassette.
After digestion with the restriction enzymes Xbal-EcoRI,
the fragments were ligated into pKC1139 that had been
digested with the same restriction enzymes, resulting in the
deletion plasmid pApfk. This plasmid was then transferred
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into S. hygroscopicus ATCC 29253 through conjugal trans-
fer [23]. The double crossover mutant was selected as
described previously [25], and verified by PCR amplifica-
tion and DNA sequencing.

When target genes were overexpressed, rapK and dahP
were amplified from genomic DNA of S. hygroscopicus
ATCC 29253 using primer pairs of srapK-F/srapK-R and
dahP-F/dahP-R, respectively. The PCR products were
digested by restriction enzymes Ndel and Xbal. Then,
it was cloned into pIB139 which was digested with the
same restriction enzymes to get pIB139R and pIB139D.
When co-expressing the target genes rapK and dahP,
the ribosome binding site was added in the upstream
sequence of rapK gene, and the redesigned primer pairs
of rapK gene were listed in Table 2. To delete the BamHI
restriction site, pUC18 was excised with BamHI, line-
arized, blunt-ended and ligated, generating pUC18M. For
the construction of PIB139-DR carrying double genes,
PCR product of dahP was excised with Ndel-Xbal and
transferred to the same sites of pUC18M, generating
pUC18M-D. Then, PCR product of rapK (primer pairs of
crapK-F/crapK-R containing a ribosome bind site) was
digested with Bg/II-Xbal and transferred to the BamHI-
Xbal sites of pUC18M-D, generating pUC18M-DR. The
Ndel-Xbal fragment of the dahP and rapK genes was
excised from the pUC18M-DP and ligated into pIB139
to yield pIB139DR. Each constructed plasmid was trans-
ferred into E. coli ET12567/pUZ8002, which was subse-
quently introduced into S. hygroscopicus ATCC 29253
through conjugal transfer [23]. The positive exconjugants
were verified by PCR amplification and DNA sequencing
with primer pair pIB-F/pIB-R. The construction process
of the overexpression plasmids and the location of pIB-F/
pIB-R in pIB139 are shown in File 3S in Supplementary
Materials.
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Analytical methods

Dry cell weight (DCW) was measured by sampling 10 mL
fermentation broth. The fermentation broth was centrifuged
at 8000xg for 10 min and washed twice with distilled
water, then dried to constant weight at 80 °C. The total
residual sugar content was measured by phenol-sulfuric
acid method with glucose as the standard [12]. The concen-
tration of rapamycin was measured by high-performance
liquid chromatography (HPLC) (1200; Agilent Technolo-
gies, USA) equipped with a Zorbax SB-CI8 analytical
column (250 mm x 4.6 mm; Agilent Technologies) [47].
Briefly, 2 mL of culture samples was mixed with 2 mL
methanol, and then was shaken intermittently in a water
bath at 50 °C for 120 min. After that, the mixed liquor
was centrifuged at 6000x g for 10 min and the supernatant
was subjected to HPLC analysis. The mobile phase was
composed of methanol, acetonitrile, and water (70:15:15,
v/v/v) with a flow rate of 1.0 mL/min, using UV detector at
277 nm, and the column temperature was 40 °C. The con-
centration of rapamycin in the samples was measured using
a calibration curve generated by authentic rapamycin stand-
ards (MP Biomedicals, USA).

Analysis of in vitro enzyme activities

The culture samples were harvested at the exponential
phase (60 h) and the stationary phase (120 h) by centrifu-
gation at 8000x g for 10 min, washed twice with 100 mM
Tris-HCI (pH 7) containing 20 mM KCl, 5 mM MnSO,,
2 mM DTT, and 0.1 mM EDTA, and then resuspended in
the same buffer. Cells were broken by ultrasonication (UH-
250A ULTRASONIC PROCESSOR) under the power
output of 250 W on ice bath for 10 min. Cell debris was
then removed by centrifugation at 10,000x g for 10 min at
4 °C. The supernatant was further centrifuged at 10,000x g
for 20 min at 4 °C, and the resulting supernatant (crude
enzyme extract) was used for assay of enzyme activity
and the protein concentration. Total protein concentration
was quantified by Bradford assay with a reagent solution
(Quick Start Bradford Dye, BioRad) [42].

The standard assay for DAHP (3-deoxy-p-arabino-
heptulosonate-7-phosphate) synthase activity was spec-
trophotometrically (549 nm) monitored by following the
oxidation with NalO, and reaction with thiobarbituric acid
at 100 °C. [29]. Chorismatase activity was spectrophoto-
metrically determined by following the decrease in NADH
concentration with lactate dehydrogenase as auxiliary
enzyme, and the decrease of NADH concentration was fol-
lowed for 5 min at 340 nm and 25 °C [21]. As described
before [37], the standard assay for 6-phosphofructokinase
activity was spectrophotometrically determined by follow-
ing the decrease in NADH concentration with aldolase,

triosephosphate isomerase, and glycerophosphate dehydro-
genase as auxiliary enzymes, and the decrease of NADH
concentration was followed at 340 nm.

Results
GSMM construction for S. hygroscopicus ATCC 29253

In this study, S. hygroscopicus ATCC 29253 GSMM was
constructed by integrating the genome annotation results
and literature data. A model, including 1003 reactions and
711 metabolites, was obtained after being refined. Here, the
biomass composition (File 1S in Supplementary Materi-
als) was obtained by integrating the corresponding results
related to other Streptomyces from experiments and ref-
erences. The energetic coefficients for both cell growth
and maintenance were also evaluated based on the previ-
ous report [6]. Subsequently, the model constraint con-
ditions were set to ensure accurate calculation. Accord-
ing to the fermentation experiments of S. hygroscopicus
ATCC 29253, the specific glucose uptake rate was set to
0.8 mmol/g DCW/h and the specific rapamycin synthetic
rate to 5 x 107* mmol/g DCW/h as the lower bound.
The maximum specific growth rate calculated by FBA
was 0.0535 h™!, very close to the experimental results
0.0512 h~! with an error less than 4.5%, manifesting the
high accuracy of our model.

Target gene identification based on in silico simulations

Preliminary simulation results were obtained using FBA
and MOMA algorithm. Target genes for improving rapa-
mycin production were identified with the aid of fpy [5].
Reactions that produced an fpy value greater than 1 were
chosen as the potential targets. Figure 1 shows fp of sev-
eral important reactions closely related to the rapamycin
overproduction. The prediction targets include 4 knock-
out targets and 13 overexpression targets. As shown in
Fig. 1, pfk target has the highest ratio (fpy = 3.2) among
knockout targets. Therefore, the gene pfk was selected as
the experimental knockout target for rapamycin improve-
ment. Peng et al. [43] increased flux of malonyl-CoA by
deletion of gene fum; malonyl-CoA is a key precursor to
the synthesis of rapamycin, which indirectly confirms the
rationality of the knockout target fum. Overexpression tar-
gets were divided into primary and secondary metabolic
targets. Among these eight primary metabolic targets,
ppC and accA were responsible for synthesis of precur-
sors of rapamycin methylmalonyl-CoA and malonyl-CoA,
respectively. Jung et al. [22] improved production of rapa-
mycin by overexpression gene ppc, which indicates that
overexpression target ppc is correct. It was reported that

@ Springer



264

J Ind Microbiol Biotechnol (2017) 44:259-270

12 4 Knockout targets

- o

e 20
Overexpression targets
Primary metabolism Secondary 118
targets targets
- 16
I rapamycin ;
- 14

Specific rapamycin production rate
(10 °mmol/g DCW/h)

12

10

PH

W @0 gad o QPO NP \'\9‘(\«\6“(\ \\;Soaocp\da“p (a%\;pﬁc (@
f

Fig. 1 Prediction effect of single gene perturbation on the specific
rapamycin production and fpy. The enzymes encoded by these genes
are as follows: mdh: malate dehydrogenase; fum: fumarate hydratase
gad: glutamate decarboxylase pfk: 6-phosphofructokinase ppC: pro-
pionyl-CoA carboxylase; ilvB: acetolactate synthase asd: aspartate-

semialdehyde dehydrogenase; ligK: 4-hydroxy-4-methyl-2-oxogluta-
rate aldolase; metK: S-adenosylmethionine synthetase; lysC: aspartate
kinase; accA: acetyl-CoA carboxylase; dahP: 3-deoxy-p-arabinohep-
tulosonate-7-phosphate synthase; rapK: chorismatase; rapA\B\C: pol-
yketide synthase; rapL: lysine cyclodeaminase (color figure online)

Table 3 Genetic targets identified by MOMA algorithm and fpy; for experimental implementation

Gene ORF EC Reaction stoichiometry

dahP M271_35760 2.5.1.54 Phosphoenolpyruvate + p-erythrose-4-phosphate + H,O = 3-deoxy-p-arabino-hept-2-ulosonate-
7-phosphate + phosphate

rapK M271_40655 3.3.2.13 Chorismate + H,O = pyruvate + 4,5-dihydroxycyclohexa-1,5-dienecarboxylic acid

pfk M271_16840 2.7.1.11

ATP + p-fructose-6-phosphate = ADP + p-fructose-1,6-bisphosphate

ORF open reading frame, EC enzyme commission number

malonyl-CoA was identified as a key metabolite of rapa-
mycin synthesis by comparative metabolic profiling anal-
ysis [47], which indirectly confirmed that the target accA
was rational. Targets asd and lysC promoted the synthesis
of lysine, which can be transformed into pipecolic acid, a
precursor for the synthesis of rapamycin. Target gene dahP,
which encodes the first enzyme in the shikimate synthesis
pathway, had the highest ratio (fpy = 14.7). Therefore, the
gene dahP was selected as the target of primary metabo-
lism for rapamycin improvement. As shown in Fig. 1, fpoy
of all the secondary metabolic targets are the same. Target
genes rapA/B/C were responsible for the polymerization of
methylmalonyl-CoA and malonyl-CoA to the polyketide
chain, according to [27] rapamycin synthesis was promoted
by overexpression of rapH gene, and rapH gene plays a
positive role in gene overexpression of rapA/B, indicated
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that rapamycin synthesis could be promoted by overexpres-
sion of rapA/B. Lysine cyclodeaminase encoded by rapL
provided pipecolic acid for rapamycin synthesis. Huang
et al. [19] promoted the synthesis of FK506 by overexpres-
sion of lysine cyclodeaminase in Streptomyces tsukubae-
nsis, which indirectly confirmed that the target rapL was
rational because of the close biosynthetic and structural
relationships between FK506 and rapamycin. Gene rapK
encodes chorismatase, a key enzyme responsible for con-
verting chorismate to 4,5-dihydroxycyclohexa-1,5-diene-
carboxylic acid (DCDC), which is followed by the conver-
sion to (4R, 5R)-4,5-dihydroxycyclohex-1-enecarboxylic
acid (DHCHC:rapamycin starting unit). As an experimental
study, rapK was selected as the secondary metabolic target.
Detailed information about genes pfk, dahP, and rapK was
shown in Table 3.
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Table 4 Specific activity of

. Strain Time (h) Enzyme activities (U/mg protein)
enzymes by parent strain ATCC
29253 and recombinants in Chorismatase DAHP synthase 6-phosphofructokinase
batch cultures
ATCC 29253 60 0.11 £0.02 0.14 +£0.02 0.23 £ 0.03
120 0.09 £ 0.01 0.11 +£0.02 0.17 £0.02
S. hygroscopicus-R 60 0.23 £ 0.02 - -
120 0.19 £ 0.02 - -
S. hygroscopicus-D 60 - 0.21 £ 0.03 -
120 - 0.16 + 0.02 -
S. hygroscopicus-Ak 60 - - 0.15£0.03
120 - - 0.11 £0.02
S. hygroscopicus-DR 60 0.22 £ 0.02 0.28 £0.03 -
120 0.19 +£0.02 0.19 £ 0.02 -
S. hygroscopicus-Ak-DR 60 0.22 +£0.02 0.29 £ 0.03 0.15 +£0.03
120 0.18 £ 0.02 0.19 £0.02 0.11 £0.02

Results are represented as mean £ SD of three independent observations

Improving rapamycin production by the perturbation
of target genes

To rationally increase the rapamycin production, the target
gene pfk was inactivated by the kanamycin resistance cas-
sette without affecting the expression of the downstream
genes. The two targets rapK and dahP were overexpressed
under the promoter ermE* in Streptomyces hygroscopi-
cus ATCC 29253 using conjugation from Escherichia coli

ET12567/pUZ8002. To avoid any unexpected effect caused
by the existence of multiple copies of the plasmid itself, the
parent strain harboring pIB139 (named S. hygroscopicus-P)
was used as the control strain. There were no differences
in rapamycin production, cell growth, and morphology
between S. hygroscopicus-P and wild-type strain when cul-
tured in fermentation medium (not shown).

There was no change in morphological phenotype
between the pfk deletion mutant S. hygroscopicus-Ak and
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the parent strain ATCC 29253. However, the growth of
S. hygroscopicus-Ak strain was slightly affected, with a
lower biomass concentration (8.1 + 0.6 g/L at 120 h) as
compared with the parent strain (8.8 &+ 0.3 g/L at 120 h)
(Fig. 2). In addition, the 6-phosphofructokinase activities of
S. hygroscopicus- Ak strain at 60 and 120 h were assayed to
0.15 £ 0.03 and 0.11 £ 0.02 U/mg, respectively, while these
were 0.23 + 0.03 and 0.17 £ 0.02 U/mg of parent strain
(Table 4), indicating that the target gene pfk was replaced by
the resistance cassette. 6-phosphofructokinase was not com-
pletely inactivated by deletion of pfk gene due to the pres-
ence of isogenes in S. hygroscopicus. Rapamycin produc-
tion increased by 30.8%, up to 135.4 + 6.2 mg/L at 120 h,
compared with the parent strain (103.5 £ 4.2 mg/L). The
result suggested that altered glucose metabolism by knock-
out of pfk gene could improve the production of rapamycin.

In the dahP-overexpressed strain S. hygroscopi-
cus-D, the dahP synthase activity was 0.21 £ 0.03
and 0.16 £ 0.02 U/mg at 60 and 120 h, respectively,
approximately 1.5 times higher than those of wild type
(0.15 & 0.02 and 0.11 £ 0.02 U/mg at 60 and 120 h,
respectively) (Table 4). It indicated that overexpressed gene
dahP functioned well in S. hygroscopicus-D. As shown in
Fig. 2, the cell growth was changed little for the engineered
strain (S. hygroscopicus-D: 8.4 £ 0.3 g/L. vs. parent strain
ATCC 29253: 8.8 & 0.3 g/L at 120 h). Importantly, rapa-
mycin production increased by approximately 45%, up
to 149.8 £ 6.2 mg/L at 120 h, compared with the parent
strain. Accordingly, the specific rapamycin production rate
(0.163 £ 0.01 wmol/g DCW/h) for S. hygroscopicus-D was
higher than that for the corresponding parent strain ATCC
29253 (0.107 £ 0.005 pwmol/g DCW/h). The result sug-
gested that dahP gene overexpression played a positive role
in rapamycin production and shikimate pathway may be
one of the rate-limited steps in the synthesis of rapamycin.

As shown in Fig. 2, the S. hygroscopicus-R strain
showed an increase in rapamycin titer (141.1 & 6.5 mg/L),
which was approximately 36.2% higher than that in
the wild-type strain after 120 h cultivation. The choris-
matase activity of the resulting strain S. hygroscopicus-R
was 0.23 £ 0.02 and 0.19 & 0.02 U/mg at 60 and 120 h,
respectively, approximately 2.1 times those of wild type
(0.11 £ 0.02 and 0.09 £ 0.01 U/mg at 60 and 120 h,
respectively) (Table 4). Enzyme activity analysis confirmed
that the activity of chorismatase in S. hygroscopicus-R was
significantly improved compared with the control strain
ATCC 29253. The first step of rapamycin biosynthesis is
the conversion of chorismate to DHCHC. These findings
clearly show that the polyketide starter unit plays a key role
in rapamycin biosynthesis.
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Effect of combined genetic modifications on rapamycin
synthesis

The impact of individual genetic modification on cellu-
lar phenotype can be accumulative due to the interactions
among the interconnected pathways [20]. S. hygroscopi-
cus-DR with co-expression of genes dahP and rapK, S.
hygroscopicus-Ak-DR with gene pfk knockout, and co-
expression of genes dahP and rapK were constructed to
study their combined effects on the rapamycin synthesis.
Furthermore, fermentation kinetics between the S. hygro-
scopicus ATCC 29253 and strain S. hygroscopicus-Ak-DR
were studied.

As shown in Fig. 2, DCW reached 8.1 g/L in engi-
neering strain S. hygroscopicus-DR and 8.8 g/L in the
wild-type strain at 120 h. However, rapamycin produc-
tion reached 210.8 mg/L in S. hygroscopicus-DR at 120 h.
Production of rapamycin was significantly improved by
co-expression of dahP and rapK. Interestingly, compared
with wild-type strain, increment of rapamycin produc-
tion in S. hygroscopicus-DR exceeded the sum of incre-
ments in S. hygroscopicus-D and S. hygroscopicus-R
(Fig. 2). This result indicated that co-expression of genes
dahP and rapK had a positively synergistic effect on rapa-
mycin production. Enzyme activity of S. hygroscopicus-
DR was analyzed to explore the potential mechanism of
the synergistic effect. The DAHP synthase activity of S.
hygroscopicus-DR was 0.28 + 0.03 and 0.19 + 0.02 U/
mg at 60 and 120 h, greater than that in S. hygroscopicus-
D (0.21 £ 0.03 and 0.16 £ 0.02 U/mg at 60 and 120 h,
respectively) (Table 4). However, activity of chorismatase
in S. hygroscopicus-DR was about the same as that in S.
hygroscopicus-R. We concluded that synergistic effect
may be due to the further increase of the DAHP synthase
activity in S. hygroscopicus-DR.

As shown in Fig. 2, rapamycin production reached
250.8 mg/L in S. hygroscopicus-Ak-DR at 120 h. How-
ever, DCW reached 7.4 g/L in engineering strain S.
hygroscopicus-Ak-DR and 8.8 g/L in the wild-type strain
at 120 h. Furthermore, fermentation characteristic curve
of S. hygroscopicus-Ak-DR was studied. As shown in
Fig. 3, the growth of S. hygroscopicus ATCC 29253
and S. hygroscopicus-Ak-DR is basically synchronous
but DCW decreased obviously with S. hygroscopicus-
Ak-DR. The results suggested that intracellular fluxes
in S. hygroscopicus-Ak-DR might be altered through
the biomass precursors towards rapamycin biosynthesis,
thus resulting in increased rapamycin biosynthesis at the
expense of decreased biomass as the cell growth and the
synthesis of rapamycin share some common precursors.



J Ind Microbiol Biotechnol (2017) 44:259-270 267
Fig. 3 Fermentation character- —e—sugar(WT) —m— biomass(WT)  —w— rapamycin(WT)
istics between the wild-type S. —@—sugarcom) —m— biomass(com) —wv— rapamycin(com)
hygroscopicus ATCC 29253 and - 280
strain S. hygroscopicus-Ak-DR 70 -
under the same culture condi- 110 240
tion. WT represents wild-type
strain S. hygroscopicus ATCC 601
29253, and com represents S. 1g 200
hygroscopicus-Ak-DR. The 50 -
data are the average values of - I 160 E)
at least three series of three o) 40 K] =
= - 16 @ - £
parallel tests, and error bars 5 @ S
represent standard deviations 2 g 120 E
i 0 30 9
(color figure online) @ =
44 d 80 24
20
4 40
10 42
Ho
04
T T T T T T T T T T T T T T 0
-20 0 20 40 60 80 100 120 140
Time(h)

Discussion

GSMM provides an approach for strain optimization—
system metabolic engineering. This approach can be used
to identify target genes in synthesis of target product thus
improve product yield on the basis of metabolic engineer-
ing. In fact, this strategy has been successfully used to
identify target genes for the improvement of biochemical
products, such as lysine, flavanone, and putrescine [4, 14,
31]. In the present work, the GSMM of S. hygroscopicus
ATCC 29253 was constructed and used to identify gene tar-
gets for improved rapamycin production.

Among the initial predicted targets, 4 knockout targets
and 13 overexpression targets were identified using FBA
and MOMA algorithm raised by [5]. Rapamycin produc-
tion increased by 30.8% with pfk gene knockout. Irina et al.
[7] improved production of actinorhodin and undecylpro-
digiosin by pfkA2 gene knockout in Streptomyces coeli-
color. 6-Phosphofructokinase encoded by pfk played an
important role in the flux distribution of EMP and PPP gly-
colytic pathways. We suggested that PPP glycolytic path-
way was enhanced by deletion of pfk resulting in formation
of more NADPH, as a redox precursor which promoted the
production of rapamycin. A role for NADPH in enhance-
ment of antibiotic production has also been suggested
before [15].

Target gene dahP encodes DAHP synthase, the first
enzyme in the shikimate pathway. As shown in Fig. 4,
the reaction catalyzed by DAHP synthase may play an
important role in carbon flux distribution by connecting
the pentose phosphate pathway and shikimate pathway. It

was reported that aroG (encoding DAHP synthase) overex-
pression could significantly increase the flux of shikimate
pathway in Escherichia coli [9]. In addition, exogenously
feeding shikimate can promote rapamycin production in
Streptomyces hygroscopicus [13, 47]. In fact, the primary
shikimate pathway played a key role in the supply of pre-
cursor chorismate, which was used as the donor in DHCHC
biosynthesis [2]. In addition, dahP overexpression has been
previously applied to improve FK506 yields by enhancing
shikimate pathway [18]. However, the yield increment was
not so much as predicted by the algorithm. The bottleneck
may be that metabolic regulation on the model was not
taken into account in the process of simulation. In addition,
DAHP synthase may be strictly controlled by feedback
inhibition. Three DAHP synthase isozymes encoded by
aroF, aroG, and aroH are sensitive to tyrosine, phenylala-
nine, and tryptophan, respectively, in E. coli. [40]. Increase
of DAHP synthase activity was limited due to feedback
inhibition in S. hygroscopicus-D which resulted in the dif-
ference between experimental and simulation results. It is
necessary to apply specific metabolic adaptations to resist
feedback inhibition [17]. Fortunately, it has been revealed
that some antibiotic biosynthetic clusters contain another
isoenzyme gene, which is not inhibited by aromatic amino
acids [16, 33, 46]. Therefore, it provides an opportunity
to further enhance rapamycin production. The other target
gene rapK encodes chorismatase, which catalyzes hydrol-
ysis of chorismate into DCDC that can be converted to
DHCHC. DHCHC, as the polyketide starter unit, was con-
sidered to be one of the important precursors to promote the
synthesis of FK506 [19]. As shown in Fig. 4, chorismate
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Fig. 4 Schematic overview of rapamycin biosynthetic pathway in
Streptomyces hygroscopicus ATCC 29253. The experimental over-
expression targets for improved rapamycin production are shown in

not only can be transformed into aromatic amino acids for
microbial growth, but also can be converted to DHCHC
for the synthesis of rapamycin. As a common precursor
of microbial growth and rapamycin synthesis, the high
efficient transformation from chorismate to DHCHC may
be an important factor to promote the production of rapa-
mycin. Overexpression of gene rapK resulted in a 36.2%
increase in rapamycin yield in S. hygroscopicus-R. The
result indicated that intracellular formation of DHCHC
seemed to be one of the rate-limiting factors. Crystal Struc-
ture and amino acid site-directed mutagenesis of choris-
matase had been studied by Juneja et al. [21]. This gives us
some insight into improvement of rapamycin by enhancing
the specific activity of chorismatase.

With the help of GSMM, production of rapamycin was
promoted by genetic modification on target genes. How-
ever, the observed improvements in the specific rapa-
mycin production rate were different from the predicted
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green. The experimental knockout target for improved rapamycin
production is shown in red. The shaded boxes represent precursors of
rapamycin biosynthesis (color figure online)

improvements. These differences might be due to the fact
that effects of metabolic regulation on the model were not
taken into account in the process of simulation. There-
fore, there existed some limitations in our constraint-based
metabolic model. Even so, the observed improvement in
the rapamycin production proved the validity of the meta-
bolic engineering target. In addition, rapamycin, as a sec-
ondary metabolite, has a complex bio-synthetic pathway,
and there may be a number of rate-limiting steps in the
synthetic pathway. The production of rapamycin may not
be promoted significantly if we only pay attention to a cer-
tain gene modification alone. Recently, strategy of multi-
ple gene perturbation was employed to improve production
of microbial products. It was reported that production of
FK506 was significantly improved by perturbation of mul-
tiple genes simultaneously [18]. The production of rapamy-
cin was further promoted by co-expression of genes rapK
and dahP. Furthermore, there existed synergistic effect
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between genes dahP and rapK in promoting the improve-
ment of rapamycin. The differences of DAHP enzyme
activity in S. hygroscopicus-D and S. hygroscopicus-DR
further confirmed that DAHP synthase was subjected to
feedback inhibition. In addition, the results gave us insight
into causes of synergistic effect. As shown in Fig. 4, Shi-
kimate can be transformed into chorismate which was a
common precursor in synthesis of rapamycin and aromatic
amino acids in Streptomyces hygroscopicus. Overexpres-
sion of chorismatase can promote the transformation from
chorismate to structural unit of rapamycin in S. hygro-
scopicus-DR. More metabolic flux to DHCHC reduced the
accumulation of aromatic amino acids and weakened the
feedback inhibition to DAHP synthase, but provided more
precursors for the synthesis of rapamycin. At last, the pro-
duction of rapamycin reached 250.8 mg/L by co-expression
of genes rapK and dahP in S. hygroscopicus-Ak. The pro-
duction of rapamycin was significantly improved by com-
bined genetic modifications.

In the present study, the GSMM-guided metabolic engi-
neering strategy was employed to improve the rapamycin
production of S. hygroscopicus ATCC 29253. Fermenta-
tion characterization of the engineered strains with pfk
gene knockout and rapK, dahP overexpression showed the
improved capacities of rapamycin production. The pro-
duction of rapamycin was further improved through target
gene pfk knock out and co-expression of target genes dahP
and rapK simultaneously. The titer of rapamycin reached
250.8 mg/L in engineering strain S. hygroscopicus-Ak-DR
compared with parent strain (103.5 mg/L). Our method for
the industrial production of macrocyclic polyketide (rapa-
mycin) is a successful example which can be applied to
guide improvement of other secondary metabolites.
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