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Abstract Rapamycin is an important natural macrolide
antibiotic with antifungal, immunosuppressive and antican-
cer activity produced by Streptomyces hygroscopicus. In
this study, a mutant strain obtained by ultraviolet mutagen-
esis displayed higher rapamycin production capacity com-
pared to the wild-type S. hygroscopicus ATCC 29253. To
gain insights into the mechanism of rapamycin overproduc-
tion, comparative metabolic profiling between the wild-type
and mutant strain was performed. A total of 86 metabolites
were identified by gas chromatography—mass spectrometry.
Pattern recognition methods, including principal compo-
nent analysis, partial least squares and partial least squares
discriminant analysis, were employed to determine the key
biomarkers. The results showed that 22 potential biomarkers
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were closely associated with the increase of rapamycin
production and the tremendous metabolic difference was
observed between the two strains. Furthermore, metabolic
pathway analysis revealed that amino acids metabolism
played an important role in the synthesis of rapamycin, espe-
cially lysine, valine, tryptophan, isoleucine, glutamate, argi-
nine and ornithine. The inadequate supply of amino acids, or
namely “nitrogen starvation” occurred in the mutant strain.
Subsequently, the exogenous addition of amino acids into
the fermentation medium of the mutant strain confirmed the
above conclusion, and rapamycin production of the mutant
strain increased to 426.7 mg/L after adding lysine, approx-
imately 5.8-fold of that in the wild-type strain. Finally, the
results of real-time PCR and enzyme activity assays dem-
onstrated that dihydrodipicolinate synthase involved with
lysine metabolism played vital role in the biosynthesis of
rapamycin. These findings will provide a theoretical basis for
further improving production of rapamycin.

Keywords Metabolomics - Exogenous feeding
strategy - Real-time PCR - Enzyme activity assays -
Dihydrodipicolinate synthase

Introduction

Rapamycin (Sirolimus), produced by Streptomyces hygro-
scopicus, is a 31-membered macrocyclic natural product
with various biological and pharmacological activities,
such as antifungal, immunosuppressive and antitumor [3,
13, 35]. It should be noted that rapamycin shows lower tox-
icity and more powerful clinical activity than cyclosporine.
With the widespread clinical application and promising
prospects, rapamycin has recently attracted much attention
of many researchers and pharmaceutical companies.
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So far, considerable efforts have been made to improve
rapamycin production, such as fermentation technol-
ogy optimization [7, 26, 27], traditional strains mutation
[8, 46, 50], and protoplast-related techniques [5]. Nota-
bly, ultraviolet mutagenesis, as a traditional method, has
been successfully applied in the field of microbial breed-
ing. However, traditional method is a tedious, laborious
and unpredictable process with long period. Nowadays,
the low yield of rapamycin still is a bottleneck for further
industrialization and commercialization. This problem
results from the lack of means for efficiently targeting the
key enzymes as well as the poor knowledge on mecha-
nism of rapamycin overproduction. Fortunately, several
reports have been published on analysis of the overpro-
duction mechanism in different mutant strains [48]. It is
worth noting that metabolic profiling analysis has become
a reliable method to investigate the enhancement mecha-
nism of target products in the mutant strain and guide
the further rational strategy for strain improvement. For
example, Yu et al. [47] used gas chromatography—mass
spectrometry (GC-MS)-based metabolomics to reveal
metabolic differences between the mutant and wild-type
strain of Rhizopus oryzae, and the findings provided new
insights into the link between high-yielding fumaric acid
strain and specific cellular metabolism. Additionally,
real-time quantitative PCR coupled with enzyme activity
assays was complemented to provide deeper insights into
cellular metabolic mechanism. Chen et al. [4] combined
real-time PCR and enzyme kinetic analysis approaches,
and discovered transaldolase was a rate-limiting enzyme
of xylose metabolism in the pentose phosphate pathway
for improving bioethanol by Pichia stipites. Therefore,
the combination of metabolic profiling and gene expres-
sion abundance has been proven to be a powerful tool and
has been successfully applied to determine the key metab-
olites and limiting steps [16].

In this study, GC-MS platform-based metabolomics
was carried out to investigate intracellular metabolic dif-
ference between the wild-type and mutant strain. The pat-
tern recognition methods of principal component analy-
sis (PCA), partial least squares (PLS) and partial least
squares-discriminant analysis (PLS-DA) were used to
determine key biomarkers related to rapamycin produc-
tion. Subsequently, metabolic pathway analysis using
MetPA was performed to identify a key metabolic mod-
ule associated with rapamycin synthesis. Then, exogenous
feeding strategy was performed to further verify the results
of metabolic profile analysis and identify the vital pathway
for the improvement of rapamycin production. Finally,
real-time PCR and enzyme activity assays were employed
to comparatively analyze the impact of key enzymes on
the rapamycin synthesis.
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Materials and methods
Microorganism and culture condition

Wild-type ATCC 29253 of S. hygroscopicus used in this
study was a stock of our laboratory and was cultivated on
the agar slant medium about 12—15 days to harvest spores.
Fresh slants were washed into 100 mL un-baffled shake
flask containing glass beads with 3-5 mL sterile water, and
it was shaken and filtered to acquire single spore suspen-
sion. An aliquot of 0.5 mL resulting single spore suspen-
sion (10%/mL) was inoculated into a 250 mL un-baffled
shake flask containing 30 mL seed medium, and incubated
at 28 °C, 220 rpm for 60 h. Then, 3 mL seed cultures were
transferred into a 250 mL un-baffled shake flask contain-
ing 30 mL fermentation medium, and cultured at 28 °C,
220 rpm for 120 h.

Slant and plate medium contained 4.0 g/LL manni-
tol, 20 g/L oat, 2.5 g/L yeast extract, and 20 g/L agar, pH
7.0. The seed medium was composed of 20 g/L. soluble
starch, 20 g/L glucose, 10 g/L corn flour, 6 g/L peptone,
6 g/L yeast powder, 1.5 g/L casein hydrolysate, 0.25 g/L.
MgS0O,-7H,0 and 1.0 g/L K,HPO, and pH 7.0. The fer-
mentation medium contained 20 g/L glycerin, 20 g/L. dex-
trin, 10 g/L soybean meal, 5.0 g/L peptone, 5.0 g/L yeast
powder, 0.5 g/LL K,HPO,, 0.5 g/L. KH,PO,, 0.5 g/L NaCl,
2.0 g/ MgSO,-7H,0 and 1.5 g/L r-lysine, and pH 6.5.
In the process of medium preparation, soybean meal and
corn flour in the medium were first dissolved quantitatively,
autoclaved, and then centrifuged at 10,000 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.

UV mutagenesis and mutants screening

The detailed UV mutagenesis was performed according to
the methods described by Zhu et al. [50] with slight modi-
fications. The single spore suspension of S. hygroscopi-
cus ATCC 29253 was exposed to UV rays at a distance of
20 cm from UV lamp for 10, 20, 30, 50, 60, 80, and 100 s,
subsequently incubated on the ice bath for 2 h. To avoid
any photoreaction resulting in reverse mutation of strains,
all procedures and exposures were carried out in a dark
room. Then, the spore suspension was diluted and spread
on agar plate medium and incubated at 28 °C for 6-7 days.

A high-throughput screening method was employed
to acquire high-yielding strains [46]. Single colony from
agar plate medium was transferred into one correspond-
ing well of the duplicate 96-well plates (A and B) which
were incubated at 28 °C for 10 days. Then, each medium
in one 96-well plate (A) was plugged out and transferred
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into 1.5 mL Eppendorf tube with 0.5 mL methanol, subse-
quently incubated at room temperature for 12 h. Methanol
extracts were centrifuged and used for bioassay. Another
96-well plate (B) was stored at 4 °C for further fermenta-
tion according to results from 96-well plate A.

On the basis of the above procedure, the over-producing
mutants were obtained. To test the genetic stability of rapa-
mycin production ability, the high-yielding mutants were
continuously sub-cultured for ten generations from agar
slant medium to the next and each generation should be
cultured under the same conditions.

Analytical methods of rapamycin production

The concentration of rapamycin was measured by HPLC
method [48]. Briefly, 2 mL of culture samples was
extracted and immediately mixed with 2 mL methanol, and
then was shaken intermittently in a water bath at 50 °C for
120 min. The fermentation suspension was centrifuged at
8000x g for 10 min. The concentration of rapamycin in fer-
mentation broth was determined by HPLC (Agilent 1200,
USA) equipped with a Zorbax SB-C18 analytical column
(250 mm x 4.6 mm; Agilent Technologies). The mobile
phase was mixture 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 concentration of rapamycin in the samples was meas-
ured using a calibration curve generated by authentic rapa-
mycin standards (MP Biomedicals, USA). Dry cell weight
(DCW) was measured by sampling 5 mL cell cultures, the
fermentation broth was centrifuged at 8000x g for 10 min
and washed with sterile deionized water, then dried to a
constant weight at 80 °C. Total sugar content was meas-
ured by phenol-sulfuric acid method [49] with glucose as
a standard [19].

Sample preparation of intracellular metabolites
for GC-MS

Samples’ quenching and extraction of intracellular metabo-
lites were performed according to the methods described
by Wentzel et al. [41] with slight modifications. At each
sampling time point (48, 72, 96 and 120 h), 10 mL of cul-
ture samples was taken from the fermentation vessel of the
wild-type and mutant strain and immediately transferred to
a 50 mL tube containing 40 mL 60 % cooled methanol solu-
tion pre-chilled on a methanol bath refrigerated at —40 °C.
The whole procedure from sampling to quenching was
completed within 10-15 s. The samples were mixed vigor-
ously with a vortex mixer (HYQ-3110; Crystal Technology,
USA) for 2 s, and stored at —40 °C for quenching about
5 min to stop cellular metabolism. The mixture was cen-
trifuged at 8000x g for 10 min at —20 °C, the supernatant

was removed while the cell pellet was washed at least three
times with 10 mL 0.9 % (w/v) NaCl solution refrigerated
at 4 °C, and subsequently was centrifuged at 5000x g for
5 min at 4 °C. The resulting cell pellet was grinded using
liquid nitrogen for crushing cell wall and dissolved in the
1.5 mL tube containing 1.0 mL cooled methanol solution
(50 % (v/v), —40 °C). The freeze—thaw cycle was repeated
for at least three times, and then the cell extract was centri-
fuged at 10,000x g for 5 min at —20 °C. The supernatant
was collected in the another 1.5 mL tube and additional
0.5 mL cold methanol-water solution [50 % (v/v), —40 °C]
was added into cell pellet to completely extract the sam-
ples. The extracted cell pellet was re-suspended for 30 s
and then centrifuged at 10,000xg for 15 min at —20 °C.
The supernatant was collected and pooled with the former
one, then stored at —80 °C.

Next, a 100-pL aliquot of sample extracts mixed with
20 L succinic d4 acid (0.2 mg/mL) as the internal stand-
ard was lyophilized for 12 h (Alpha 1-2LD PLUS, Christ,
Germany). After lyophilization, the samples were subjected
to two-stage chemical derivatization with 50 mL methox-
amine hydrochloride (20 mg/mL in pyridine) and incubated
at 40 °C for 80 min. Subsequently, 80 mL N-methyl-N-
(trimethylsilyl) trifluoroacetamide was added into the sam-
ple and incubated at 40 °C for 80 min for trimethylsilyla-
tion [22].

Determination of intracellular metabolites by GC-MS

The derivatized metabolite samples were detected and
analyzed by GC-MS using an Agilent 6890N-5975C
MSD system (Agilent Technologies, CA) equipped with
a DB-5MS capillary column (30 m x 0.25 mm, 0.25 mm
film thickness, Agilent Technologies, CA) and an Agilent
7683B auto-sampler. One microliter of the derivatized
sample was injected with a split ratio of 1:1. Helium was
used as the carrier gas at a flow rate of 1.0 mL/min. The
column temperature was initially held at 70 °C for 2 min,
then raised to 270 °C with a gradient of 8 °C/min and held
for 3 min. The interface temperature was set at 250 °C;
mass spectra were obtained from iron beam of 70 eV
under an ionization current of 40 wA with a scan range of
50-650 m/z.

Extraction of total RNA

The whole RNA was isolated from S. hygroscopicus wild-
type and mutant strain grown in fermentation medium at
72 h, when cell growth entered logarithmic phase accord-
ing to method of Jung et al. [20]. The cell pellets were har-
vested by centrifugation and grinded using liquid nitrogen,
and then suspended using 1 mL of Trizol reagent (Invit-
rigen™, USA) as an extracting solution (Sigma, USA),
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subsequently incubated at room temperature for 5 min. The
mixture was centrifuged at 12,000xg for 5 min at 4 °C.
The supernatant was transferred into 200 pL of chloro-
form, vortex-mixed and followed by the incubation at room
temperature for 5 min, centrifuged at 12,000x g for 15 min
at 4 °C. The supernatant was transferred into a new tube
and mixed with 400 nL isopropanol, vortex-mixed and fol-
lowed by the incubation at room temperature for 10 min,
centrifuged at 12,000x g for 10 min at 4 °C. The cell pel-
lets were washed using 75 % alcohol, and centrifuged at
12,000x g for 5 min at 4 °C. After drying for 5 min, the
pellets were dissolved using 20 wL. DEPS-free water. To
remove DNA mixed in RNA, DNase I (Fermentas, USA)
was added into the RNA extraction, and treated for 1 min.
The integrity of RNA was detected by means of formalde-
hyde denaturing agarose gel electrophoresis, and then the
concentration and purity of RNA were measured on the
basis of the optical absorbance ratio of RNA samples at
260 and 280 nm.

Gene transcription expression analysis of key enzymes
by real-time RT-PCR

To supply accurate gene sequence for analysis of RT-PCR,
the target genes of primary metabolism were amplified
and sequenced with the primer designed on the basis of
genomic sequence of Streptomyces rapamycinicus strain
NRRL 5491 [1]. Then, real-time PCR was carried out to
detect gene relative transcriptional expression abundance
according to the method of Borges et al. [2]. cDNA was
prepared using PrimeScript™ RT reagent Kit (Takara,
Dalian, China) under instructions. Then, RT-PCR analysis
of each gene was performed in a Bio-Rad iQ5 (Bio-Rad,
USA) with the SYBR® Premix Ex Taq™ (Takara, Dalian,
China) under the manufacturer’s protocol. The house-keep-
ing gene hrdB was regarded as internal standard to normal-
ize abundance of target genes expression. The sequences
of primers for quantitative real-time RT-PCR are listed in
Table 1. The data of qRT-PCR were analyzed by 2~24CT
method [34].

Enzymes activity assays

Samples for enzyme activity analysis were harvested at
72 h when cell growth entered logarithmic phase. An ali-
quot of 10 mL fermentation broth was centrifuged at
10,000x g for 10 min at 4 °C. Cell pellets were washed
three times by 100 mM Tris—HCI (pH 7.0) including
20 mM KCI, 5 mM MnSO,, 2 mM DTT and 0.1 mM
EDTA, and then re-suspended in the same buffer. Cell sus-
pension was broken by ultra-sonication for 10 min (10 suc-
cessive cycles with each cycle containing 30 s on and 30 s

@ Springer

Table 1 Sequences of primers for quantitative real-time RT-PCR

Primer name Sequence (5'-3")

pyc-RTF GAGGCGATGAAGATGGAG
pyc-RTR CTGCTGAATCGTGTTGATG
dapA-RTF ACTCGCTGCTCATCTGGTG
dapA-RTR TTCTCCGCATCGCTGGTG’
rapL-RTF CTGCTGAATCGTGTTGATG
rapL-RTR ATGGTGGGCAGGTTGAAGC
hrdB-RTF GAACTTGTAGCCCTTGGTGTAG
hrdB-RTR TGCTCTTCCTGGACCTCATC

off), subsequently centrifuged at 12,000x g for 20 min. The
resulting suspension was stored at —80 °C for further anal-
ysis of total protein concentration and enzyme activity.

We used Bradford method [42] to measure concentra-
tion of total protein. The pyruvate carboxylase (PCx, EC
6.4.1.1) activity was assayed by monitoring the decrease
of NADH at 340 nm [30]. Activity of the dihydrodipicoli-
nate synthase (DHDPS, EC 4.2.1.52) was measured using
a coupled assay originally described by Sibarani et al.
[36]. The activity of lysine cyclodeaminase (LCD, EC
4.3.1.28) was measured by the method of Tsotsou and Bar-
birato [40].

Data processing and multivariate statistical analysis

The integration and de-convolution of GC-MS data were
carried out in the Mass Spectral De-convolution and Iden-
tification System, Version3.2 (National Institute of Stand-
ards and Technology, Gaithersburg, MD). The annotation
of metabolites was performed via matching their mass
fragmentation patterns with those in the NIST mass spec-
tral library (2008, Gaithersburg, MD, USA) and the Golm
Metabolome Database. The match factor was more than
50 %. According to retention time, all GC-MS data formed
a matrix about the relative abundance of metabolites at dif-
ferent time.

The peak area of each metabolite was normalized to the
internal standard succinic acid d, and cell biomass. The
matrix generated from relative abundance of all metabo-
lites identified was imported into SIMCA-P package (Ver
11.5; Umetrics, Umea, Sweden) as well as MATLAB and
uploaded into web-based platform using MetaboAnalysis
3.0 (http://www.metaboanalyst.ca) [43, 44] for the mul-
tivariate statistical analysis. Each sample contained three
biological replicates. The relative abundance of each
metabolite, relative transcriptional abundance of genes and
activity of each enzyme between the wild-type and mutant
strain of S. hygroscopicus were analyzed using a Student’s ¢
test performed with SPSS 20.0 software package.
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Results

Comparison of fermentation kinetics between the
wild-type and mutant strain

Fermentation characteristics were compared between the
wild-type S. hygroscopicus ATCC 29253 and mutant S.
hygroscopicus U2-3D9 under the same culture condition.
As shown in Fig. 1, the whole fermentation process could
be divided into four phases, namely lag phase (0-12 h),
logarithmic phase (12-72 h), stable phase (72—-120 h) and
decline phase (120—134 h). In the lag phase, DCW reached
1.11 and 1.13 g/L in the wild-type and mutant strain of S.
hygroscopicus, respectively. The pH value decreased to 5.6
and 5.2 from initial 6.5, due to some organic acid produced
at this period (see Supplementary Table S1). However,
rapamycin production was not detected in the wild-type
strain and was only 35.1 mg/L in the mutant strain.

In the logarithmic phase (12-72 h), the total sugar in
the medium sharply decreased to 22.9 and 32.3 g/L in the
mutant and wild-type strain, respectively. The pH value
kept at the range from 4.5 to 5. Cell growth rate of the
mutant strain was 0.16 g/(L-h) and the highest cell bio-
mass reached 10.8 g/L, while in the wild-type strain, cell
growth rate was 0.13 g/(L-h) and the highest biomass was
9.0 g/L, indicating the mutant grew faster than the wild-
type strain. It should be noted that the rapamycin produc-
tion of the wild-type strain had only 12 mg/L at 72 h, while
the production of rapamycin in the mutant strain started to
increase from 35.1 to 210.2 mg/L. One probable explana-
tion was that accumulation of secondary metabolites was a
response to the external environment that was not in favor
of cell growth, when an organism was growing at its full
potential [24].

24 36 48 60 72

84 96 108 120 132
Time (h)

In the stable phase (72—120 h), when rapamycin began
accumulating in large quantities, the production of rapa-
mycin sharply increased from 210.2 to 426.7 mg/L. Thus,
the highest production of rapamycin was achieved at 120 h,
which was approximately 5.8-fold compared to that of the
wild-type strain (from 12 to 48.7 mg/L). Besides, the pH
varied from 3.9 to 4.5. However, the pH value of the mutant
and wild-type strain suddenly increased to 5.2 and 5.8 after
120 h, while rapamycin production began to decrease. It is
speculated that it might be due to an effect of organic acids’
consumption [45]. And previous research has reported that
a weak alkaline final pH value was unfavorable for the
accumulation of rapamycin [25].

Determination of key biomarkers and metabolic
module closely associated with rapamycin biosynthesis
by comparative metabolomics

Fermentation characteristics supplied the extracellular
cues for cell growth and rapamycin production. How-
ever, the mechanism of rapamycin overproduction dis-
crepancy was not still understood. To solve this, the
analysis of intracellular metabolic profile was carried out
by GC-MS to reveal key biomarkers and metabolic mod-
ule as well as key enzymes in rapamycin overproduc-
tion. Samples were obtained from the wild-type strain
and mutant strain U2-3D9 to detect the pools of intra-
cellular metabolites every 24 h (48, 72, 96 and 120 h).
Three parallel experiments were performed at each time
point. As a result, about 86 metabolites were identified
and quantified by GS-MS (Supplementary Table S1),
including 29 organic acids, 25 amino acids and amides,
10 sugars and alcohols, 8 fatty acids, 7 nucleotides and 8
other compounds.
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Fig.2 PCA, PLS and PLS-DA analysis of intracellular metabolites
from the wild-type and mutant strain. The samples were withdrawn
from the cultivation at 48, 72, 96 and 120 h. a PCA-derived score

Next, PCA (R*> = 0.971, Q> = 0.913) and hierarchi-
cal clustering algorithm were performed to analyze struc-
ture and quality of metabolomics data. In the score plot
(Fig. 2a), the tight clustering of three parallel samples at
each time point and clear separation between the samples
of the two strains indicated that these data were suitable
for further analysis of different metabolic characteristics
and monitoring culture process at different phases [9]. Heat
map combined with the hierarchical clustering analysis re-
confirmed the above conclusion (Fig. 3). Simultaneously,
PLS (using rapamycin yield as Y value, R* (X) = 0.594, R?
(Y) =091, 0* = 0.789) was performed to analyze samples
from different strains and culture phases. In the score plot

@ Springer

correlation coefficient

plots; b PLS-derived score plots; ¢ PLS-derived loading plots; d 25
compounds correlated with the rapamycin by PLS-DA. W represents
wild-type strain, U represents mutant strain

(Fig. 2b), the samples from the mutant strain were located
in the first quadrant of the coordinate axes owing to relative
higher rapamycin production. In contrast, another samples
from the wild-type strain mainly gathered in the lower left
corner of the coordinate system. PLS analysis was consist-
ent with PCA and Hierarchical clustering algorithm, sug-
gesting the rationality of sample extraction and the reliabil-
ity of data.

Moreover, PLS analysis was applied to evaluate the cor-
relation of metabolites to rapamycin production. Accord-
ingly, the variable importance of the projection plots (VIP)
on each metabolite was generated by PLS (Fig. 2¢). VIP
value indicated the contribution of each metabolite to the
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Fig. 3 Hierarchical clustering
algorithm of all samples, dif-
ferent colors represent distinct
relative abundance of metabo-
lites, replicate samples cluster
together, and samples from
different strains and time points
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Fig. 4 Metabolic pathway analysis, the ‘metabolome view’ shows
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analysis. @ Aminoacyl-tRNA biosynthesis (p = 5.6 x e°); b phe-
nylalanine metabolism (p = 0.0005); ¢ pantothenate and CoA bio-
synthesis (p = 0.0005); d valine, leucine and isoleucine biosyn-
thesis (p = 0.0008); e glycine, serine and threonine metabolism
(p =0.0019)

synthesis of rapamycin. A total of 25 metabolites (VIP
score >1) ranked in the top were chosen as candidate bio-
markers. Meanwhile, 25 metabolites associated with rapa-
mycin production were also found by PLS-DA according to
correlation coefficient (Fig. 2d). Among them, 19 metabo-
lites were positively correlated with rapamycin production,
while the rest had negative correlation with rapamycin pro-
duction. Ultimately, it was concluded that 22 metabolites in
the analysis of PLS-DA were the same as that in the analy-
sis of PLS (Supplementary Table S2).

To further analyze the most relevant metabolic pathway
of rapamycin synthesis, MetPA integrated with KEGG
pathway database was performed on the basis of 22 metab-
olites (see Supplementary Table S2) derived from the above
analysis. The ‘metabolome view’ shows all matched path-
ways according to p values by pathway enrichment analysis
and pathway impact values by pathway topology analysis.
In Fig. 4, Y-axis means the minus logarithm of p value cal-
culated from the pathway enrichment analysis, and X-axis
represents the impact value calculated from pathway topol-
ogy analysis. The p values of aminoacyl-tRNA biosynthesis
(p = 5.6 x e, phenylalanine metabolism (p = 0.0005),
pantothenate and CoA biosynthesis (p = 0.0005), valine,
leucine and isoleucine biosynthesis (p = 0.0008) and gly-
cine, serine and threonine metabolism (p = 0.0019) were
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Fig. 5 Dynamically comparative analysis of amino acids metabolic
modules between the wild-type and mutant strain at 48, 72, 96 and
120 h. VAL valine; LYS lysine; GLU glutamate; PIP pipecolic acid;
SAC saccharopine; TRY tryptamine; ARG arginine; ILE isoleucine;
ORN ornithine

<0.01 (see Supplementary Table S3), indicating their close
correlation with rapamycin synthesis. Therefore, amino
acid metabolism might be a key metabolic module of rapa-
mycin synthesis.

Analysis of amino acid metabolic module and key
biomarkers for potential regulation of rapamycin
overproduction

Significant differences in the abundances of intracellu-
lar amino acids were observed between the wild-type and
mutant strain. In fact, amino acids are essential parts of car-
bon and nitrogen metabolism for maintaining cell growth
and protein synthesis. In addition, amino acid catabolism
is a vital source of fatty acid precursors [39] for rapamycin
biosynthesis [37]. The pools of intracellular metabolites in
amino acid metabolic module containing valine, isoleucine,
glutamate, arginine, ornithine, tryptamine, lysine, pipecolic
acid, and saccharopine (VIP score >1 and those closely
associated with rapamycin production) were compared
between the wild-type and mutant strain during the fermen-
tation period in detail, as shown in Fig. 5.

Valine and isoleucine metabolism

Relative abundance of valine at four time points (48, 72, 96
and 120 h) in the mutant was much lower than that of the
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wild-type strain (Fig. 5). Meanwhile, a clear negative corre-
lation could be observed between concentrations of valine
and rapamycin production, as shown in Fig. 2d. Relative
abundance of isoleucine in the mutant strain was 0.646,
0.651, 0.698, 0.701, respectively, and a little lower than that
in the wild-type strain. When cell growth entered into the
stable phase, the metabolic difference between the mutant
and wild-type became more obvious, and relative level of
isoleucine in the wild-type strain was about twofold of that
in the mutant strain. In fact, both isoleucine and valine are
the precursors of methylmalonyl-CoA [21, 23], which is a
key node of the carbon flux, switching from the primary
metabolism into the secondary metabolic branch [28, 32].
Therefore, more isoleucine and valine in the mutant strain
might supply methylmalonyl-CoA for rapamycin synthesis.
As analyzed above, methylmalonyl-CoA is a key node for
improving rapamycin production, while valine and isoleu-
cine metabolism are key metabolic modules related to rapa-
mycin synthesis. This conclusion was consistent with the
reports by Jung et al. [20] and Cheng et al. [6].

Glutamate, arginine and ornithine metabolism

VIP values of glutamate, arginine and ornithine were
1.3, 1.8 and 1.4, respectively, indicating their close asso-
ciation with rapamycin production. In Fig. 4, the relative
abundance of glutamate in the mutant strain was 0.25
(48 h), 0.18 (72 h), 0.13 (96 h), 0.09 (120 h), while that
of the wild-type strain was 0.31, 0.21, 0.19, 0.11. Along
with cell growth, the relative level of glutamate began to
decrease, but during the whole fermentation period, relative
abundance of glutamate in the wild-type strain was always
higher than that in the mutant strain.

Relative level of arginine in the mutant strain was 0.38
(48 h), 0.28 (72 h), 0.21 (96 h) and 0.16 (120 h), while
arginine was not detected in the wild-type strain. Ornith-
ine in the mutant strain reached its peak of 0.0328 at 48 h
in Fig. 5, but it cannot be detected at other time points. In
the wild-type strain, relative abundance of ornithine was
0.04 (48 h), 0.0296 (72 h) and was not detected at the other
two time points. As we all known, arginine and ornithine
are involved in urea cycle [29]. Thus, in the mutant strain,
more arginine might be metabolized into urea. Additionally,
it might be speculated that urea cycle might be a potential
key metabolic module to provide a nitrogen source for
rapamycin synthesis.

Tryptophan metabolism

The relative abundance of tryptamine in the mutant strain
was approximately 50 % higher than that in the wild-type
strain in the whole fermentation period. Tryptamine is an
intermediate metabolite related to shikimate metabolic

pathway which generates chorismate by the chorismate
mutase. Ultimately, chorismate metabolism provides a start-
ing unit (4R,5R)-4,5-dihydroxycyclohex-1-enecarboxylic
acid (DHCHC) for rapamycin synthesis [15, 33]. In that
case, the depletion of intracellular tryptophan or the high
level of tryptamine might indicate the strong activeness
of shikimate metabolic pathway, leading to generate more
DHCHC for rapamycin synthesis. On the other hand, high
intracellular abundance of aromatic amino acids may influ-
ence other metabolic reactions. For example, as the rate-lim-
iting step in shikimate synthesis originating from erythrose
4-phosphate and phosphoenolpyruvate, 3-deoxy-7-phospho-
heptulosonate synthase could be inhibited due to high intra-
cellular abundance of aromatic amino acids [45].

Lysine metabolism

The relative level of intracellular lysine in the mutant strain
was 3.92 (48 h), 2.25 (72 h), 2.25 (96 h) and 1.36 (120 h),
and the relative abundance of the wild-type strain was 2.08,
0.92, 0.91 and 0.42, respectively. It could be seen that more
lysine was quickly consumed in the mutant strain to syn-
thesize rapamycin from 48 to 120 h. However, the intracel-
lular concentration of lysine was higher in the mutant strain
compared to the wild-type strain, indicating that lysine
plays an important role in rapamycin overproduction. In
addition, the relative levels of both saccharopine and pipec-
olic acid in the mutant were lower than those in the wild-
type strain. Along with the fermentation process, intracellu-
lar concentrations of the two metabolites involved in amino
acids metabolism were continuously declined both in the
mutant and wild-type strain.

In sum, more amino acids were used to supply precur-
sors for rapamycin synthesis in the mutant strain, compared
to that in the wild-type. As shown in Fig. 2c, these amino
acids were the main contributors to differences of rapamy-
cin production and fermentation performance. In addition,
the result indicated the shortage of valine, glutamate, isole-
ucine, and ornithine in the synthesis of rapamycin (Fig. 2d).
But lysine and rapamycin production was positively cor-
related since its coefficient was greater than zero, imply-
ing that the addition of lysine to the fermentation medium
might help improve the supply of intracellular lysine in the
process of rapamycin synthesis. As described above, it was
concluded that amino acid metabolism, including lysine
and arginine, valine, glutamate, isoleucine and ornithine, is
key for rapamycin synthesis.

Strengthening the relationship between intracellular
amino acids and rapamycin synthesis

To confirm the above analysis, an exogenous feeding strat-
egy was implemented by supplementing 2.5 g/L arginine,
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tryptophan, lysine, glutamate, isoleucine, valine and orni-
thine into the fermentation medium at different culture
phases [6, 27]. The result showed that rapamycin produc-
tion was improved to different levels, as shown in Fig. 6.
Addition of lysine and isoleucine at 24 h resulted in 2.3 and
twofold increase of rapamycin concentration, respectively.
Besides, rapamycin production was, respectively, improved
by 1.7 and 1.3-fold after adding arginine and tryptophan at
36 h. Addition of ornithine at 60 h led to an improvement of
rapamycin by 49.8 %. As the addition of valine and gluta-
mate at 48 h, rapamycin production was increased to 265.3
and 231.5 mg/L, respectively. On the basis of the above
effects on the rapamycin production after fed-batch of
amino acids, the combinational addition of lysine, arginine
and isoleucine was performed at different culture phases.
Ultimately, rapamycin production of the mutant increased
by 2.4-fold from 187.2 to 451.0 mg/L at 48 h. These results
indicate that the addition of seven different amino acids
was able to promote rapamycin production in varying
degrees, and it was notable that addition of lysine resulted
in the most significant improvement among other six amino
acids and the simultaneous addition of these three amino
acids (lysine, arginine and isoleucine) had synergistic effect
on the production of rapamycin. Thereby, it was confirmed
that amino acid metabolic module was closely associated
with rapamycin synthesis indeed and the closest correlation
was observed between lysine and rapamycin production.

Comparative analysis of gene transcription and key
enzyme activities related to the lysine metabolic
pathway

When entering into logarithmic phase (72 h), total RNA
and proteins were extracted from the wild-type and mutant
strain for transcriptional analysis and key enzyme activ-
ity measurements, respectively. As shown in Fig. 7a, the
transcriptional level of the gene dapA encoding DHDPS
was improved by 5.98-fold in the mutant strain compared
to the wild-type strain. The relative transcriptional abun-
dance of the gene pyc encoding PCx was 2.55 in the mutant
strain, which increased by 2.93-fold over that in the wild-
type strain. The relative transcriptional level of the gene
rapL encoding LCD in the mutant strain (0.56) was about
1.34-fold improvement on the basis of that in the wild-type
strain (0.14). Meanwhile, in Fig. 7b, the activities of PCx,
DHDPS and LCD increased by 39.6, 53.2 and 36.4 % in the
mutant strain, respectively. As a result, these three enzymes
were not only increased by different extents, but also the
enzymes activities were improved significantly in the
mutant strain, suggesting that more metabolic flux of lysine
might flow towards rapamycin synthesis in the mutant
strain. Higher transcriptional levels and activities of key
enzymes led to rapid consumption of primary metabolites
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Fig. 6 The effect of rational feeding of amino acids on the rapamy-
cin production. The values represent the means of five independent
experiments and the error bars represent standard deviations. NO
without any addition; LYS lysine; ARG arginine; GLU glutamate; ILE
isoleucine; VAL valine; ORN ornithine; TRY tryptophan; LA lysine,
arginine and isoleucine

for rapamycin biosynthesis. This result could not only
account for the metabolic difference between the wild-type
and mutant strain, but also indicate that DHDPS played a
vital role in rapamycin production due to the upregulated
dapA as well as the significant increase of DHDPS activity.

Discussion

In the recent years, metabolomics has been increasingly
applied in the industrial strains to trace cellular metabolic
pathway and reveal underlying cellular metabolic mecha-
nism. For example, comparative metabolomics based on
GC-MS was employed to investigate the external stress
mechanism in Saccharomyces cerevisiae under high cell
density culture [11]. In this study, metabolomics enables
us to gain comprehensive insights into complex cellular
metabolic mechanisms in the synthesis of rapamycin. We
used comparative metabolomics to analyze the metabolic
difference between the wild-type ATCC 29253 and the
mutant strain U2-3D9. The results showed that the amino
acid metabolic module was very important for rapamycin
synthesis. With PLS and PLS-DA, a total of 22 metabolites
were identified as key biomarkers responsible for the dis-
crimination of metabolic status between the wild-type and
mutant strain and closely associated with rapamycin pro-
duction. The complex metabolic network relationships in
the cell as well as rapamycin biosynthesis are summarized
in Fig. 8. It is observed that the precursors of rapamycin
synthesis are provided directly or indirectly by these meta-
bolic pathways. Besides, intracellular metabolic network
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Fig. 7 Comparative analysis of key genes expression and key
enzymes activities. a Transcriptional levels of the genes dapA, pyc,
rapL between the wild-type and mutant strain; b key enzymes activi-
ties of lysine pathway between the wild-type and mutant strain. Each
value represents the average of three independent experiments and
the error bars represent standard deviations. DHDPS dihydrodipico-
linate synthase; PCx pyruvate carboxylase; LCD lysine cyclodeami-
nase

is composed of a variety of metabolic modules, which are
influenced and interact with each other.

As described above, amino acid metabolic module was
discovered as a key metabolic module related to rapamy-
cin synthesis using MetPA pathway analysis, demonstrat-
ing that amino acid metabolism plays a crucial role in
the process of rapamycin production. Besides, the previ-
ous research has reported that the degradation of proteins
might be beneficial for cell in response to external pressure
[10], which demonstrated that the intracellular amino acid
metabolism was crucial for maintaining normal cell life
activities. Therefore, amino acid metabolism not only gen-
erates the precursors and nutrition for rapamycin synthesis,
but also occupies a very important position in maintaining
cell life activities among the entire metabolic networks.

By dynamically comparing differences in amino acid
metabolic module between the mutant and wild-type stains,
it was concluded that amino acids of the mutant strain were

efficiently consumed and used to synthesize more rapam-
ycin, resulting in a shortage for the mutant strain, namely
“nitrogen starvation”. The difference of amino acid mod-
ule between the mutant and wild-type strain might origi-
nate from many reasons. One is probably associated with
the availability of different precursors, owing to the fact
that amino acid metabolism is closely related to glycoly-
sis and tricarboxylic acid (TCA) cycle (Fig. 8). Another is
the indispensable energy metabolism, where the TCA cycle
and the glycolysis are the two main energy supply stations
for cell life activities in primary metabolism. However, this
research indicated that more amino acids were metabo-
lized to synthesize more rapamycin. Furthermore, amino
acids are also a vital source of CoA-ester precursors during
rapamycin biosynthesis, especially valine, proline, leucine,
isoleucine and threonine. According to Dotzlaf et al. [12],
amino acids mainly participate in the following three meta-
bolic modules: module I offers propionyl-CoA by oxidative
process; module II is involved in the TCA cycle; and mod-
ule III can be catalyzed and generated to acetoacetyl-CoA.
Actually, these three main intracellular metabolic modules
are mutually interrelated and cooperated to regulate the cel-
lular complex metabolic events. By adding different amino
acids, it was also indicated that changes of the intracellular
amino acids generated a significant impact on synthesis of
rapamycin, which was consistent with previous report [6,
38]. Actually, except for the contribution of amino acids to
rapamycin synthesis, the effects of (2S)-malonayl-CoA and
(2S)-methylmalonyl-CoA on rapamycin production have
been researched and reported by Jung et al. [20] and they
were the two main contributors of rapamycin synthesis.

As a rate-limiting step, DHDPS catalyzes the first com-
mitted reaction of L-lysine biosynthesis [14]. The meta-
bolic flux of the rate-limiting step might be significantly
increased owing to enhancement of DHDPS activity, which
could make cell accumulate more lysine for rapamycin syn-
thesis [18]. PCx, an anaplerotic enzyme, has been proven to
be a major bottleneck for lysine production in Corynebacte-
rium glutamicum [31]. The improvement of enzyme activ-
ity also helps to increase intracellular availability of the
lysine. Additionally, by increasing influx of the oxaloace-
tate, metabolic module of TCA cycle is also improved. It is
known that pipecolic acid is generated from lysine metabo-
lism under the catalysis of LCD [17]. Thereby, sufficient
precursors and nutrition are quite necessary for rapamycin
synthesis. Therefore, these three enzymes played a pivotal
role in the synthesis of rapamycin in terms of transcription
and enzyme activity. It was obvious that DHDPS exhibited
the most significant improvement in the mutant strain by
transcriptional analysis and enzyme activity determina-
tion, compared to the wild-type strain. Simultaneously, the
feeding of asparagine could improve rapamycin produc-
tion [6], indirectly demonstrating that the step reaction is
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considerably important for rapamycin synthesis. Due to the
increase in transcriptional expression and enzyme activi-
ties of DHDPS and PCx, the lysine metabolic reaction rate
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might be increased, ensuring sufficient supply of intracel-
lular lysine. Additionally, the improvement of LCD can
promote the conversion of pipecolic acid to rapamycin.
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«Fig. 8 Schematic diagram of the proposed metabolic pathways
closely associated with rapamycin biosynthesis in S. hygroscopi-
cus. The key metabolic pathways are marked by different colors.
GLC glucose; G6P 6-phospho-gluconate; F6P fructose-6-phosphate;
GAP glyceraldehyde-3-phosphate; DHAP dihydroxyacetone phos-
phate; DHA dihydroxyacetone; 3GP 3-phosphoglycerate; PEP phos-
phoenolpyruvate; PYR pyruvate; AcCoA acetyl-CoA; CIT citrate;
IsoCIT isocitrate; AKG 2-oxoglutarate; SucCoA succiny-CoA; SUC
succinate; FUM fumarate; MAL malic acid; OAA oxaloacetate; E4P
erythrose-4-phosphate; S7P sedoheptulose-7-phosphate; R5P ribose-
5-phosphate; Ru5P ribulose-5-phosphate; XuSP xylulose-5-phos-
phate; ALA alanine; ARG arginine; ASP aspartate; CYS cysteine;
GLN glutamine; GLU glutamate; GLY glycine; HIS histidine; ILE
isoleucine; LEU leucine; LYS lysine; PHE phenylalanine; PRO pro-
line; SER serine; THR threonine; TRP tryptophan; TYR tyrosine; VAL
valine;, DHCHC (4R,5R)-4,5-dihydroxycyclohex-1-enecarboxylic
acid (color figure online)

These conclusions will provide some theoretical basis for
the overproduction of rapamycin in the late stage.

To sum up, the comparative analysis of metabolic pro-
filing coupling with RT-PCR and enzyme activity assays is
a powerful tool for exploring major bottleneck of rapamy-
cin synthesis and enables us to gain profound insights into
global metabolic profiling. A straightforward approach
of rational feeding strategy was used to relieve the prob-
lem of “nitrogen starvation” in the mutant strain. Actually,
when lysine was supplemented into fermentation medium,
rapamycin production showed a maximum improvement
and increased to 426.7 mg/L from 187.2 mg/L by 2.3-fold.
Subsequently, the simultaneous addition of amino acids had
a superimposed effect on the rapamycin production. Ulti-
mately, it was observed that amino acid metabolic module
was a key module of rapamycin synthesis, especially lysine
metabolism. Thus, RT-PCR and enzymes activities of lysine
metabolic pathway could be applied to investigate the effects
of key steps on rapamycin production. These three enzymes
(PCx, DHDPS and LCD) involved in lysine metabolism
were positively associated with rapamycin production, and it
was indicated that DHDPS played a vital role in the synthe-
sis of rapamycin. This work provides a theoretical basis to
further improve rapamycin production and this rational solu-
tion can be applied in other research in the near future.
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