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Abstract Inulin fructotransferase (IFTase) has received
considerable attention due to its ability to catalyse inulin
hydrolysis to difructose anhydride (DFA III), a natural low-
calorie functional sweetener. In the present study, for the
first time, we describe the expression of IFTase in Pichia
pastoris under the control of the formaldehyde dehydroge-
nase 1 promoter (PFLDI). Using this system, we achieved
efficient secretion with four substrate fed-batch strategies
in a 3-L fermenter. The co-feeding induction strategy with
methylamine hydrochloride and methanol achieved the
maximum extracellular IFTase activity of 62.72 U mL™!,
which was 3.2-fold higher than that obtained with the wild-
type strain. In addition to methanol, carbon sources such as
glucose and glycerol could also be utilised by PFLDI-con-
trolled P. pastoris for IFTase production using methylamine
hydrochloride induction. However, we found that glycerol
and glucose should be strictly controlled at low concentra-
tions of 0.5-1.5 % (v/v) and 1-1.5 % (w/v), respectively.
The use of glycerol and glucose demonstrated that P. pasto-
ris was also attractive for IFTase production via methanol-
free cultivation strategies. This study may provide the basis
for the industrial use of this recombinant IFTase for the
production of DFA TII.
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Introduction

Difructose anhydride (DFA III) is a cyclic disaccharide
consisting of two fructose units. DFA III is a non-reducing
sugar with half the sweetness and one-fifteenth the calo-
ries of sucrose [19]. It increases the absorption of calcium
at low doses in both the small and large intestines of rats
[34] and humans [32]. Inulin fructosyltransferase (DFA III-
forming IFTase, EC 4.2.2.18), a member of the glycoside
hydrolase family 91, catalyses the formation of DFA III
from inulin using a B-2,1-fructans depolymerisation reac-
tion and is considered to be the most promising enzyme for
the production of DFA III [18]. Since 1997, many IFTase
genes have been expressed as active enzymes in Escheri-
chia coli [29]. Most of the recombinant IFTases exhibited
relatively high levels of intracellular expression, but the
extracellular enzyme activity of these [FTases was very low
[13, 14, 20, 21]. The secretory production of proteins has
several advantages, such as few contaminating proteins, no
space limitation for the accumulation of the protein, sim-
ple downstream processing steps and little harm to the host
cells [7]; thus, the efficient secretion of IFTase would be
a significant step towards the industrial production of DFA
1.

The Pichia pastoris expression system is being suc-
cessfully used for the production of various recombinant
heterologous proteins [1-3, 24]. A key advantage of using
P. pastoris as a host system is that it combines the ability
to efficiently secrete heterologous proteins with a unique
capacity to grow in minimal medium at high cell densities
with low levels of endogenous protein secretion [3]. The
tightly regulated alcohol oxidase 1 promoter (PAOXI) is
commonly used for heterologous protein expression in this
system. It is highly and strictly induced during the growth
of the yeast on methanol but is tightly repressed by most
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common carbon sources such as glucose, glycerol and
ethanol [24]. However, there are some concerns regarding
the use of methanol as a carbon source for industrial pro-
duction due to its potential as a fire hazard and its toxicity.
Therefore, promoters that are not induced by methanol are
more attractive for the expression of proteins. The constitu-
tive strong promoter from glyceraldehyde-3-P dehydroge-
nase (PGAP) can achieve methanol-free cultivation and is
readily available for heterologous expression of proteins in
P. pastoris [11, 22]. However, strong constitutive promoters
are not a good choice for the over-expression of proteins
that are toxic to yeast [3].

Formaldehyde dehydrogenase promoter (PFLDI) is
another important promoter for the efficient expression
of foreign genes in P. pastoris [7, 26, 27]. It can achieve
expression levels of the target protein that are similar to
those obtained with methanol induction by PAOX1 [6]. This
PFLDI-controlled P. pastoris expression model is not only
strongly induced with methanol as the sole carbon source
(and ammonium sulphate as a nitrogen source), but it can
also achieve high expression of heterologous proteins with
certain methylated amines as the sole nitrogen sources,
such as methylamine hydrochloride or methylamine [31].
In contrast to the AOXI genes, FLD expression could be
induced by various nitrogen sources such as methylamine
and methylamine hydrochloride and was highly depend-
ent on carbon source which was different preference by
P. pastoris for proteins expression [15, 26, 38]. In addi-
tion to generally utilised sorbitol [8, 27, 28], glucose and
glycerol also have the potential to be used as carbon source
in this PFLDI-controlled system [8, 28, 38]. Although, in
some cases, cells grown in these carbon sources produce
low levels of detectable active enzymes, Hartner et al. [15]
concluded that using glucose as a carbon source did not
impede the expression of heterologous proteins, and the
absence of heterologous protein expression was due to a
lack of induction rather than to strong repression. In addi-
tion, it was reported that the production of target proteins
can be largely enhanced by methanol/methylamine co-
induction strategy or sorbitol/methanol co-feeding induc-
tion strategy [9, 28]. Therefore, this system offers flexible
nitrogen and carbon sources for P. pastoris to express high
levels of recombinant proteins with an efficient inducer and
allows for the selection of appropriate fermentation con-
ditions for the industrial production of enzymes. Moreo-
ver, these features make PFLDI an attractive alternative
to PAOX] for its application in methanol-free cultivation
strategies [6, 27, 38]. However, there have been no reports
regarding the expression of IFTase in P. pastoris under the
control of PFLD].

It was reported that the Arthrobacter aurescens SK
8.001 IFTase was thermostable and could be a good candi-
date for the industrial production of DFA III [41]. We have
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previously described the construction of the recombinant
pPIC9 K-IFTase expression vector with the mature IFTase
gene under the control of the alcohol oxidase 1 promoter
(PAOX1I) [39]. In this work, the feasibility of the secre-
tory expression of IFTase in P. pastoris under the control
of PFLDI was investigated to achieve a promising alterna-
tive system to E. coli. Based on the studies of the effect of
carbon and nitrogen sources on [FTase production in shake
flasks, lab-scale fermentations were further carried out with
various feeding-substrate strategies that might provide the
basis for the industrial production of IFTase.

Methods
Strains, plasmid and media

The recombinant plasmid pPIC9K-IFTase, harbouring the
matured IFTase gene from Arthrobacter aurescens SK
8.001 [40], was previously constructed. The Escherichia
coli strain DH5a and the P. pastoris strain GS115 were
purchased from Invitrogen (Carlsbad, CA, USA). MD solid
medium: 1.34 g L™! yeast nitrogen base (YNB), 4 mg L™!
biotin, 20 g L' glucose and 20 g L' agar. YPD solid
medium: 10 g L~ yeast extract, 20 g L~! peptone, 20 g L ™!
glucose and 20 g L~! agar. Modified BMGY medium:
1.34 ¢ L~ YNB, 4 mg L~ biotin, 10 g L™! yeast extract,
20 g L~! peptone, 0.1 M potassium phosphate buffer (pH
6.5) and carbon source of 0.5-2.5 % (v/v) methanol, 0.25—
2 % (v/v) glycerol, or 0.5-2.5 % (w/v) glucose. Modified
BMMY medium (pH 6.5): BMGY medium added nitrogen
source of 0.5-3 % (w/v) methylamine hydrochloride or
0.1-2 % (v/v) ammonium sulphate.

Construction and transformation of FLDI-based expression
vectors

The PFLDI fragment was amplified from the total P.
pastoris GS115 DNA using the following primers:
5'-GCAGCGAGCTCGCATGCAGGAATCTCTGG-3’
(forward primer) and 5-GGCCGGATCCTGTGAATAT-
CAAGAATTGTATGAACAAGC-3’  (reverse  primer).
These primers introduced Sac I and BamH 1 restriction sites
at the 5’ and 3’ ends, respectively. The PCR products of
the PFLDI fragment were digested with Sac I and BamH
I and ligated into the vector pPICOK-IFTase that had been
digested with the same restriction endonucleases to form
the plasmid pPIC9K-FLD1-IFTase. Then, the recombinant
expression vector pPICOK-FLDI1-IFTase was linearised
with Sal I and then transformed into P. pastoris GS115
by electroporation using a Gene Pulser X-cell II under the
parameters of 1,500 V, 200 €2, 25 wF and 5 ms (Bio-Rad,
Mississauga, ON, Canada).
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Screening of transformants

Successful transformations (GS115-FLD1-IFTase) were
preliminarily selected by growth on MD solid medium and
further screened by growth on YPDS solid medium con-
taining the antibiotic G418 with concentrations of 0.25,
1, 2 or 4 mg mL~!. The transformants were confirmed by
polymerase chain reaction (PCR).

Extracellular expression assays

P. pastoris GS115-FLD1-IFTase transformants were inocu-
lated into 25 mL modified BMGY medium and incubated
at 30 °C with shaking (200 rpm). When an optical density
at 600 nm (ODg,) of 6 was obtained, the cells were har-
vested by centrifugation and resuspended to an ODyg, of 1
in a 1-L shake flask containing 100 mL modified BMMY
inducing medium (pH 6.5) with specific nitrogen source
and carbon source. Every 24 h, a 1-mL sample was col-
lected for biomass analysis and enzyme assay.

Enzyme assay

To assay IFTase activity, the [FTase-containing solution
(0.2 mL) at a suitable dilution, distilled water (0.3 mL),
0.1 M citrate buffer (pH 6.0, 0.5 mL) and 2 % (w/v) inu-
lin solution (1.0 mL) were mixed. The mixture was incu-
bated at 60 °C for 15 min, and the reaction was halted by
incubating it in boiling water for 10 min. The concentration
of DFA III produced was determined by high-performance
liquid chromatography (HPLC) using a water Sugur-
PakTM 1 column (6.5 mm x 300 mm, USA) and a refrac-
tive index detector (Shodex RI101). The HPLC conditions
and the definition of IFTase activity used are consistent
with Hang [12].

Fed-batch fermentation

A comparison study of fed-batch cultivation strategies
using methylamine hydrochloride/ammonium sulphate
as a nitrogen source and glycerol, glucose or methanol as
carbon sources was conducted in a 3-L bioreactor (LiF-
lus GM BioTRON, Korea) with a working volume of 2 L.
The inoculum was produced at 30 °C in a 1-L flask con-
taining 200 mL YPD medium shaken at 250 rpm for 18 h.
Then, 10 % (v/v) of the inoculum was inoculated into the
3-L fermenter containing a mineral medium with the fol-
lowing basal composition per litre: KH,PO, 12.0 g, MgSO,
- TH,0 4.70 g, CaCl, - 2H,0 0.36 g, 0.1 mL alkoxylated
ester JG73 (LookChem, China), and 1 mL of PTM4 trace
salts” solution (CuSO,, - 5H,0, 2.0 g L™!; Nal, 0.08 g L™';
MnSO, - H,0, 3.0 g L!; Na,MoO, - 2H,0, 0.2 g L7
H,BO;, 0.02 g L™!; CaSO, - 2H,0, 0.5 g L™'; CoCl,, 0.5 g

L™!; ZnCl,, 7 g L™'; FeSO, - 7TH,0, 22 g L™!; biotin, 0.2 g
L~'and I mL L™! concentrated H,SO,).

The pH of the medium was adjusted and maintained at
6.0 with the addition of 25 % ammonium hydroxide and
30 % phosphoric acid. The dissolved oxygen (DO) level
was maintained above 30 % of air saturation. The tempera-
ture was controlled at 30 °C for the glycerol batch and fed-
batch phase and then decreased to 22 °C at the beginning
of the induction phase. When glycerol was depleted from
the culture broth, the glycerol fed-batch phase was started.
The fed-batch solution contained 500 g L' glycerol and
2 mL L' PTM4 stock solution that was pumped into the
fermenter according to a predetermined protocol [23]. The
methylamine hydrochloride and carbon source of glycerol
or glucose feeding stock solution contained the follow-
ing components: 400 g L' glycerol or 400 g L™! glucose,
80 g L™! methylamine hydrochloride and 2 mL L~! PTM4
stock solution. The methanol and nitrogen source of hydro-
chloride or ammonium sulphate feeding stock solution
contained 700 mL L~! pure methanol, 2 mL L~' PTM4
stock solution and 80 g L™! methylamine hydrochloride or
80 g L~! ammonium sulphate. During the induction stage,
the mixed-feed rate of the feeding substrates was conducted
as follows: the feed rate was set to 5 mL h~! L~! initial fer-
mentation volume during the first 5 h and then increased to
7.5 mL h™! L™! initial fermentation volume; after 1012 h
of induction, the feed rate was increased to 10 mL h~! L~!
initial fermentation volume and was maintained at this level
throughout the remainder of the fermentation.

Results
Screening of multicopy strains

After transformation, the P. pastoris expression vectors
were integrated into the host chromosome to maximise the
stability of the expression strains, which contained vary-
ing copy numbers of heterologous gene [3]. The gene copy
number can be roughly correlated to the level of G418
resistance and has been identified as a ‘rate-limiting’ step
in the production of recombinant proteins from P. pasto-
ris [5, 30, 33]. To investigate the effect of the IFTase gene
(ift) copy number on the yield of IFTase, we compared the
IFTase production of four P. pastoris strains with PFLDI
that were selected from YPDS medium containing 0.25,
1,2 and 4 mg mL~! G418. As shown in Fig. 1, all of the
transformants exhibited extracellular expression of active
IFTase with the induction of 1 % methylamine hydrochlo-
ride (m/v). However, strains with different ift copy numbers
showed little effect on their IFTase activity (p > 0.05). P.
pastoris strains with resistance to 1 mg mL~' G418 exhib-
ited slightly higher IFTase activity than the other strains.
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It was reported that the expression levels of recombinant
proteins in P. pastoris could be greatly enhanced by uti-
lising multicopy transformants [23, 33, 36]; however, the
effect of copy number on recombinant protein expression
levels is unpredictable in this system [35]. This could be
because increasing the copy number of the expression cas-
settes did not exert a knock-on effect (a significant posi-
tive correlation between gene copy number and activity of
foreign proteins) on transcription and translation, both of
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Fig. 1 Comparison of IFTase activity in GS115-FLDI-IFTase
recombinants at 72 and 96 h. The strains were selected on 0.25, 1,
2, and 4 mg mL~! G418 and were cultivated in shake flasks at 30 °C
and 250 rpm with 1 % (v/v) methanol as a carbon source and 1 %
(w/v) methylamine hydrochloride as an inducer. “Values in the same
induction time that do not share the same superscript are not signifi-
cantly different. Significant differences were defined at p < 0.05. Data
were compared by ANOVA and Duncan’s tests with SPSS statistics
package software (Version 18.0). The error bars correspond to the
standard deviation of three independent determinations

which may become rate-limiting due to a lack of resources,
such as energy and precursors [24]. Similar results have
been reported elsewhere [4, 16]. Therefore, the GS115-
FLDI1-IFTase strain with 1 mg mL~! G418 resistance was
selected for use in subsequent studies.

Effects of nitrogen sources on [FTase production

FLD1 was a key enzyme required for the methylated amine
metabolism as nitrogen source, as well as in the methanol
catabolism as a carbon source in methylotrophic yeasts [3,
10, 31]. FLD1 is involved in both the oxidation of formic
acid in methanol metabolism and the metabolism of for-
maldehyde generated from primary amines that serve as
the primary source of energy and protect cells against the
toxic effects of formaldehyde [37]. To investigate the effects
of nitrogen source on IFTase production in the PFLDI-
controlled P. pastoris, the GS115-FLD1-IFTase strain was
grown with different nitrogen sources using methanol as the
carbon source. We observed that both methylamine hydro-
chloride and ammonium sulphate were the available nitro-
gen sources for IFTase production by the PFLDI-controlled
P. pastoris (Fig. 2). P. pastoris cultivated in methylamine
hydrochloride exhibited relatively higher IFTase activity
(with maximum value of 521 U mL™") and cell density
(with maximum ODy, value of 4.64) than when it was
grown with a nitrogen source of ammonium sulphate (with
maximum IFTase activity and ODgy, of 4.25 U mL~! and
3.99, respectively) after 96 h of induction. These results
were in accordance with those reported for lipase expression
in PFLDI-controlled P. pastoris strains under analogous
culture conditions [28]. In this article, we further investi-
gated the effect of nitrogen concentrations on IFTase pro-
duction and proposed a nitrogen-controlled strategy for the
efficient secretion of IFTase. As shown in Fig. 2a, whilst the
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Fig. 2 Effects of different nitrogen sources on cell growth and extra-
cellular IFTase activity in the PFLDI-controlled P. pastoris with 1 %
(v/v) methanol as carbon source. a ammonium sulphate, b methyl-
amine hydrochloride. Recombinant strains were induced for 96 h.
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methylamine hydrochloride concentration decreased from 1
to 0.5 %, the IFTase activity was drastically reduced whilst
P. pastoris maintained a relatively high biomass. How-
ever, when the methylamine hydrochloride concentration
was increased from 1.5 % (w/v) to 3 % (w/v), the biomass
sharply decreased and gradually led to decreased IFTase
activity. This result suggested that low concentrations of
methylamine hydrochloride weakly induced the iff gene,
whereas high concentrations of methylamine hydrochloride
were conducive to [FTase expression but detrimental to cell
growth. Thus, the concentration of methylamine hydrochlo-
ride is an important parameter that needs to be regulated for
efficient IFTase expression. We concluded that P. pastoris
at a high cell density might achieve high I[FTase expression
levels induced by relatively high 1.5 % (w/v) to 3 % (w/v)
concentrations of methylamine hydrochloride.

Effect of carbon sources on [FTase production

As described above, FLDI1 is involved in the detoxification
of formaldehyde in methanol metabolism [25]. In princi-
ple, Cl-amines are oxidised to carbon dioxide or assimi-
lated into the biomass following the same pathways that are
involved in methanol metabolism. However, yeast cannot
use methylamine as a sole carbon and nitrogen source, and
therefore a supplementary source of easily metabolised car-
bon must be provided for sustained growth [37]. To investi-
gate the effect of carbon sources on cell growth and [FTase
production in PFLDI-controlled P. pastoris, the recombi-
nant strains were cultivated with different carbon sources
using 1 % methylamine hydrochloride (w/v) as the inducer.
Interestingly, as shown in Fig. 3, methanol, glycerol and
glucose were all effective carbon sources for [FTase pro-
duction in PFLDI-controlled P. pastoris with optimum
concentrations of 2, 0.75 and 1 %, respectively. Glucose
and glycerol were more suitable carbon sources for cell
growth and resulted in 2.1-fold and 3.5-fold increased bio-
mass than cells cultivated in methanol due to the high tox-
icity of methanol at low cell densities of P. pastoris [17]. It
has reported that glycerol and glucose could be used as car-
bon sources for the expression of foreign proteins, and they
were very suitable for cell growth in this P. pastoris system
in conjunction with methylamine hydrochloride or meth-
ylamine induction. However, the lipolytic activities were
very low [28, 38]. In this research, [FTase maintained rela-
tively stable activity at low concentrations of glycerol (0.5—
1.5 %) and glucose (1-1.5 %) but was negatively impacted
at concentrations exceeding these ranges (Fig. 3b). To some
extent, high concentrations of glucose and glycerol could
result in continuous rapid cell growth and therefore reduce
the expression of heterologous proteins (Fig. 3b, c¢). Deter-
mination of residual carbon sources also showed that the
low concentrations of 0.25 % (v/v) glycerol and 0.5 %
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Fig. 3 Effects of different carbon sources on cell growth and extra-
cellular IFTase activity in the PFLDI-controlled P. pastoris with 1 %
methylamine hydrochloride (w/v) as nitrogen source. a methanol, b
glycerol, ¢ glucose. Recombinant strains were induced for 96 h. The
extracellular IFTase activity (filled squares) and ODy, (filled trian-
gles) are shown. The error bars correspond to the standard deviation
of three independent determinations

(w/v) glucose exhibited carbon source limitation, and high
concentrations (2 and 2.5 %, respectively) exhibited dis-
tinctly carbon source excess (Data not shown). We dem-
onstrated that concentrations of glycerol and glucose may
greatly affect the [FTase production in P. pastoris. Hartner
et al. [15] confirmed that the carbon source did not impede
the expression of heterologous proteins with suitable induc-
tion. Therefore, in addition to methanol, glycerol and glu-
cose could be efficient carbon sources for [FTase produc-
tion but should be strictly controlled at low concentrations.
In addition, it was reported that sorbitol is an available
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carbon source for the expression of lipase in this system [8,
26]; however, it was slightly utilised for IFTase production
(data not shown), presumably owing to the lack of induc-
tion of ift transcription by sorbitol in P. pastoris [42].

Characterisation of PFLDI-controlled P. pastoris in shake
flasks

Based on the effect of nitrogen and carbon sources on the
IFTase production by the recombinant strains, P. pastoris
was cultivated in shake flasks in the following media with
the optimised concentrations described above: 2 % (w/v)
methylamine hydrochloride/0.75 % (v/v) glycerol (MA-
Gly), 2 % (w/v) methylamine hydrochloride/1 % (w/v) glu-
cose (MA-Glu), 2 % (w/v) methylamine hydrochloride/2 %
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Fig. 4 Characterisation of the PFLDI-controlled P. pastoris with
different carbon and nitrogen sources in shake flasks. The extracel-
lular IFTase activity in MA-Gly (filled squares), extracellular [FTase
activity in MA-Glu (filled circles), extracellular IFTase activity in
MA-Met (filled triangles), extracellular IFTase activity in NH4-Met
(filled diamonds), ODg, in MA-Gly (open squares), ODg, in MA-
Glu (open circles), ODg, in MA-Met (open triangles), and ODg, in
NH4-Met (open diamonds) are shown. The concentrations of MA,
Gly, Glu, Met, and NH4 were 2, 0.75, 1, 2, and 0.5 %, respectively.
The culture conditions were 50 mL/250 mL medium at 30 °C and
250 rpm. The error bars correspond to the standard deviation of three
independent determinations

(v/v) methanol (MA-Met) and 0.5 % (w/v) ammonium sul-
phate/2 % (v/v) methanol (NH4-Met). As shown in Fig. 4,
the GS115-FLD1-IFTase strain exhibited a relatively high
IFTase production in the MA-Gly and MA-Glu media,
which was consistent with cell growth throughout the culti-
vation phase. In contrast, relatively low IFTase activity and
biomass in methanol-induced cultivation were observed
when the strain was grown in methylamine hydrochloride
or ammonium sulphate medium. In particular, even under
optimised conditions of carbon and nitrogen sources, cell
growth and IFTase enzyme activity were only slightly
improved in any medium. It has been previously reported
that the concentration of secreted proteins in the medium
is roughly proportional to the concentration of cells in cul-
ture, thus the low biomass in the shake flask cultivation
may be responsible for this result [3].

Comparison of IFTase production with different feeding
substrates in fed-batch bioreactor cultivations

Because biomass was the limiting factor for I[FTase expres-
sion by PFLD1-controlled P. pastoris, a fed-batch fermenta-
tion strategy was utilised to study the potential expression
capacity of the GS115-FLD1-IFTase strain fed with differ-
ent carbon and nitrogen substrates. As shown in Table 1,
the activity of recombinant IFTase obtained with ferment-
ers was 4.6- to 9.9-fold higher than that achieved from
shaken flasks because the cell density and the extent of
aeration were higher. As shown in Fig. 5b, when metha-
nol was added as inducer, the recombinant [FTase activity
dramatically increased regardless of whether methylamine
hydrochloride or ammonium sulphate was used as the nitro-
gen source, and the maximum IFTase activity of 62.72 and
53.38 U mL™" occurred at 100 and 112 h with relatively
high biomass (ODg,, of 112.4 and 168.1 corresponding
with dry cell weight of 16.9 and 22.9 g L™!, respectively),
respectively. Notably, methanol-methylamine hydrochlo-
ride co-feeding induction greatly enhanced the IFTase pro-
duction by the PFLDI-controlled P. pastoris with a high
cell density strategy, which was 9.9-fold higher than the

Table 1 Comparison of IFTase activity secreted by PFLDI-controlled P. pastoris with different carbon and nitrogen sources in shake flasks and

3 L fermenter

Nitrogen sources Carbon IFTase activity (U mL ™) Specific activity Productivity Total protein Yield
sources S (U mL~" ODgy) (UmL™'h™h (gL
Shake flasks 3 L fermenter®
Methylamine hydrochloride ~ Glycerol 6.49 4 0.13>¢  30.13 + 1.06* 0.12 0.28 1.37
Methylamine hydrochloride Glucose 7.22 £0.10° 51.68 + 1.77° 0.24 0.48 1.92
Methylamine hydrochloride Methanol 6.3340.17° 62.72 £ 1.60° 0.57 0.63 2.25
Ammonium sulphate Methanol 542 +£0.31% 53.38 + 1.84° 0.33 0.49 2.01

45.¢ Values in the same cultivation levels that do not share the same superscript are significantly different

¢ The ratio of IFTase activity secreted by P. pastoris in 3 L fermenter and in shake flasks or that of wild-type strain
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Fig. 5 Time-course profile of recombinant [FTase production with
different carbon and nitrogen sources in 3 L fermenter. a Methyl-
amine hydrochloride as an inducer. The extracellular IFTase activity
in MA-Gly (filled squares), extracellular [FTase activity in MA-Glu
(filled triangles), ODgy, in MA-Gly (open squares) and ODgy, in
MA-Glu (open triangles) are shown. b Methanol as an inducer. The
extracellular [FTase activity in NH4-Met (filled squares), extracellu-
lar IFTase activity in MA-Met (filled triangles), ODg, in NH4-Met

shake flask cultivation and 3.2-fold greater than the activ-
ity of the wild-type strain. This result was consistent with
the above nitrogen source studies in shake flasks. Moreover,
compared with other substrate feeding strategies, cells culti-
vated in this co-feeding induction medium exhibited higher
IFTase specific activity, productivity and total protein yields
(Table 1). These results were in accordance with those
reported for YILIP2 production in the same expression sys-
tem under analogous culture conditions, which confirmed
the presumption that methanol and methylamine hydrochlo-
ride exhibited a synergistic effect on enzyme production
[38]. Wang et al. [38] also reported that the YILIP2 expres-
sion in PFLDI-controlled P. pastoris showed higher levels
than those obtained in a PAOXI-controlled system, regard-
less of the inducers (methanol, methylamine hydrochloride
or a mixture of both) used in high cell density fed-batch cul-
tures. However, in terms of IFTase production, PAOXI-con-
trolled expression system exhibited higher values of produc-
tivity and yield, but the specificity activity of IFTase was not
as high as in PFLD1 system (Data not shown). These results
suggested that further optimisation studies were needed to
improve IFTase production in PFLDI-controlled system, as
well as to determine the optimum mixed ratio of methanol
and methylamine hydrochloride.

When methylamine hydrochloride was used as inducer,
IFTase production was greatly dependent on the use of
glucose or glycerol as the carbon source (Fig. 5a). As a
methanol-free cultivation strategy in P. pastoris, glucose
was a suitable carbon source for IFTase expression by
PFLDI-controlled P. pastoris, and the IFTase activity was
2.6-fold higher than that obtained with the wild-type strain

(open squares) and ODgy, in MA-Met (open triangles) are shown.
One unit of ODgy, corresponds with 0.14 g L™" dry cell weight.
“Fed-batch induction” represents the induction stage of methylamine
hydrochloride and (or) methanol, feeding with carbon source (metha-
nol, glycerol or glucose) and nitrogen source (methylamine hydro-
chloride or ammonium sulphate). The error bars correspond to the
standard deviation of three independent determinations

(Table 1). The use of glycerol as a carbon source clearly
generated a low IFTase production ratio of fermentation
to shake flasks (Table 1) but yielded an extremely high
final biomass compared with cells grown on other carbon
sources (Fig. 5). After induction of 36 h, IFTase activity
increased very slowly, whereas cells were sustained rapid
growth for 36 h. Wang et al. [38] reported that compared
with sorbitol, glucose and methanol, glycerol were the
optimum carbon sources for cell growth with induction
of methylamine, whereas lipase production was very low.
Using the same carbon and nitrogen substrate, Resina et al.
[28] also detected low levels of lipolytic activity in the cul-
ture supernatant at the end of the cultivation, only when
glycerol concentration became limiting (with batch cultiva-
tions). It demonstrated that glycerol concentration could be
an important factor for the production of enzymes, which
was also consistent with our results of glycerol concentra-
tion effect in shake flasks. It was also presumed that foreign
proteins may also have an effect on the utilisation of car-
bon sources in this expression system. This phenomenon is
most likely related to a physiological condition of nitrogen
limitation that cells experience when growing in the pres-
ence of methylamine hydrochloride as the sole nitrogen
source [28].

Furthermore, using glycerol or glucose carbon source
feeding strategies, the production of IFTase is still lower
than when using methanol as a feeding carbon source; this
observation further indicated that the co-induction with car-
bon and nitrogen sources for PFLD1-controlled P. pastoris
has a significant induction role in the expression of foreign
proteins.
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Overall, it was demonstrated that the four feeding sub-
strates could be used for the efficient secretion of IFTase
in high cell density fed-batch fermentation strategies with
PFLDI-controlled P. pastoris. The expression of [FTase in
PFLDI-controlled P. pastoris was dependent on the nitro-
gen sources or inducers and the carbon sources used for cell
growth. The extracellular IFTase activity achieved with co-
induction was higher than the values when either methanol
or methylamine hydrochloride was used as the sole inducer.
The same behaviour was also reported for lipase production
by Wang et al. [38] and Resina et al. [28], and these obser-
vations confirmed that methanol and methylamine have a
synergistic effect on foreign protein production in this co-
induction fermentation protocol.

Discussion

In this report, we describe how PFLDI-controlled IFTase
expression and secretion was achieved in P. pastoris for the
first time. Using a fed-batch fermentation strategy, efficient
and regulated recombinant IFTase was induced by methanol
or methylamine hydrochloride. With four feeding-substrate
strategies, the recombinant IFTase activity was 1.5- to 3.2-
fold higher than that obtained with the wild-type strain.

The IFTase production by the GS115-FLDI1-IFTase
strain was slightly affected by the ift copy and was closely
related to cell growth during the induction phase. It was
significantly affected by carbon sources (and its concentra-
tions) or inducers. Co-induction with methanol and meth-
ylamine hydrochloride resulted in higher IFTase activ-
ity compared to induction by a single inducer at high cell
density, but the opposite result was obtained when the P,
pastoris biomass was at low levels (for example in shake
flask cultivations). In particular, this PFLDI-controlled
P. pastoris system was especially attractive as offering a
methanol-free cultivation strategy and flexible nitrogen
and carbon sources for IFTase extracellular expression in
P. pastoris, which might provide the basis for the expres-
sion of other heterologous proteins in this system. These
results indicated that the PFLDI-controlled P. pastoris is a
promising alternative to the E. coli system for the indus-
trial production of IFTase and DFA III. Further studies are
needed to achieve higher IFTase production by optimis-
ing the fermentation conditions for industrial applications
and to understand the regulation mechanisms of PFLDI
for IFTase expression with different carbon and nitrogen
sources at varying concentrations.

Acknowledgments This work was supported by the NSFC Project
(No. 31371788), the 863 Project (No. 2013AA102102), the Fundamen-
tal Research Funds for the Central Universities (No. JUSRP51304A),
and the Support Project of Jiangsu Province (BK20130001) and Shaox-
ing city (No. 2013A23002).

@ Springer

References

1. Ahmad M, Hirz M, Pichler H, Schwab H (2014) Protein expression in
Pichia pastoris: recent achievements and perspectives for heterolo-
gous protein production. Appl Microbiol Biotechnol 98:5301-5317

2. Cereghino GPL, Cereghino JL, Ilgen C, Cregg JM (2002) Pro-
duction of recombinant proteins in fermenter cultures of the yeast
Pichia pastoris. Curr Opin Biotech 13(4):329-332

3. Cereghino JL, Cregg JM (2000) Heterologous protein expression
in the methylotrophic yeast Pichia pastoris. FEMS Microbiol
Rev 24:45-66

4. Chen L, Guo MJ, Chu J, Zhuang YP, Zhang SL (2011) Effects of
copy number on expression of porcine insulin precursor (PIP) by
recombinant Pichia Pastoris. Chem Bioeng 28(2):63-67

5. Clare JJ, Rayment FB, Ballantyne SP, Sreerkrishna K, Romanos
MA (1991) High-level expression of tetanus toxin fragment C in
Pichia pastoris strains containing multiple tandem integrations of
the gene. Nat Biotechnol 9:455-460

6. Cos O, Resina D, Ferrer P, Montesinos JL, Valero F (2005) Heter-
ologous production of Rhizopus oryzae lipase in Pichia pastoris
using the alcohol oxidase and formaldehyde dehydrogenase pro-
moters in batch and fed-batch cultures. Biochem Eng J 26:86-94

7. Daly R, Hearn MTW (2005) Expression of heterologous proteins
in Pichia pastoris: a useful experimental tool in protein engineer-
ing and production. ] Mol Recognit 18:119-138

8. Duan H, Umar S, Hu Y, Chen J (2009) Both the AOXI promoter
and the FLDI promoter work together in a Pichia pastoris
expression vector. World J Microbiol Biotechnol 23:1779-1783

9. Gao MJ, Li Z, Yu RS, Wu JR, Zheng ZY, Shi ZP, Zhan XB, Lin
CH (2012) Methanol/sorbitol co-feeding induction enhanced
porcine interferon-a production by P. pastoris associated with
energy metabolism shift. Bioprocess Biosyst Eng 35:1125-1136

10. Gellisen G (2000) Heterologous protein production in methylo-
trophic yeasts. Appl Microbiol Biotechnol 54:741-750

11. Guo C, Huang Y, Zheng H, Tang L, He J, Xiang L, Liu D, Jiang
H (2012) Secretion and activity of antimicrobial peptide cecropin
D expressed in Pichia pastoris. Exp Ther Med 4(6):1063—-1068

12. Hang H, LiY, Zhao M, Jiang B, Miao M, Mu W, Zhang T (2013)
Dry powder preparation of inulin fructotransferase from Arthro-
bacter aurescens SK 8.001 fermented liquor. Carbohyd Polym
95:654-656

13. Haraguchi K (2013) Cloning of inulin fructotransferase (DFA III-
producing) gene from Arthrobacter sp. L68-1. Carbohyd Polym
93:473-477

14. Haraguchi K, Mori S, Hayashi K (2000) Cloning of inulin fruc-
totransferase (DFA III-producing) gene from Arthrobacter globi-
formis C11-1.J Biosci Bioeng 89:590-595

15. Hartner F, Glieder A (2006) Regulation of methanol utilisation
pathway genes in yeasts. Microb Cell Fact. doi:10.1186/1475-
2859-5-39

16. Hohenblum H, Gasser B, Maurer M, Borth N, Mattanovich D
(2004) Effects of gene dosage, promoters, and substrates on
unfolded protein stress of recombinant Pichia pastoris. Biotech-
nol Bioeng 85(4):367-375

17. Hu XQ, Chu J, Zhang SL, Zhuang YP (2014) Comparative per-
formance of S-adenosyl-L-methionine biosynthesis and degrada-
tion in Pichia pastoris using different promoters and novel con-
sumption inhibitors. Enzyme Microb Tech 55:94-99

18. Jung WS, Hong CK, Lee S, Kim CS, Kim SJ, Kim SI, Rhee S
(2007) Structural and functional insights into intramolecular fructo-
syl transfer by inulin fructotransferase. J Biol Chem 282:8414-8423

19. Kikuchi H, Nagura T, Inoue M (2004) Physical, chemical
and physiological properties of difructose anhydride III pro-
duced from inulin by enzymatic reaction. J Appl Glycosci
51(4):291-296


http://dx.doi.org/10.1186/1475-2859-5-39
http://dx.doi.org/10.1186/1475-2859-5-39

J Ind Microbiol Biotechnol (2014) 41:1783-1791

1791

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kim CS, Hong CK, Kim KY, Wang XL, Kang SI, Kim SI (2007)
Cloning, expression and characterization of Bacillus sp. Snu-7
inulin fructotransferase. J Microbiol Biotechnol 17(1):37-43
Kim HY, Kim HI, Choi YJ (2000) An efficient purification with
a high recovery of the inulin fructotransferase of Arthrobac-
ter sp. A-6 from recombinant Escherichia coli. Biotechnol Lett
22:291-293

Kottmeier K, Ostermann K, Bley T, Rodel G (2011) Hydrophobin
signal sequence mediates efficient secretion of recombinant pro-
teins in Pichia pastoris. Appl Microbiol Biotechnol 91:133-141
Ling Z, Ma T, Li J, Du G, Kang Z, Chen J (2012) Functional
expression of trypsin from Streptomyces griseus by Pichia pasto-
ris. J Ind Microbiol Biotechnol 39:1651-1662

Macauley-Patrick S, Fazenda ML, McNeil B, Harvey LM (2005)
Heterologous protein production using the Pichia pastoris
expression system. Yeast 22:249-270

Nakagawa T, Ito T, Fujimura S, Chikui M, Mizumura T, Miyaji
T, Yurimoto H, Kato N, Sakai Y, Tomizuka N (2004) Molecu-
lar characterization of the glutathione dependent formaldehyde
dehydrogenase gene FLDI from the methylotrophic yeast Pichia
methanolica. Yeast 21:445-453

Resina D, Maurer M, Cos O, Arnau C, Carnicer M, Marx H, Gas-
ser B, Valero F, Mattanovich D, Ferrer P (2009) Engineering of
bottlenecks in Rhizopus oryzae lipase production in Pichia pas-
toris using the nitrogen source-regulated FLDI promoter. New
Biotechnol 25(6):396-403

Resina D, Cos O, Ferrer P, Valero F (2005) Developing high cell
density fed-batch cultivation strategies for heterologous protein
production in Pichia pastoris using the nitrogen source-regulated
FLDI promoter. Bitechnol Bioeng 91(6):760-767

Resina D, Serrano A, Valero F, Ferrer P (2004) Expression of a
Rhizopus oryzae lipase in Pichia pastoris under control of the
nitrogen source-regulated formaldehyde dehydrogenase pro-
moter. J Biotechnol 109:103-113

Sakurai H, Yokota A, Tomita F (1997) Molecular cloning of an
inulin fructotransferase (depolymerizing) gene from arthrobacter
sp. H65-7 and its expression in Escherichia coli. Biosci Biotech-
nol Biochem 61:87-92

Scorer CA, Clare JJ, Mccombie WR, Romanos MA, Sreekrishna
K (1994) Rapid selection using G418 of high copy number trans-
formants of Pichia pastoris for high-level foreign gene expres-
sion. Nat Biotechnol 12:181-184

Shen S, Sulter G, Jeffries TW, Cregg JM (1998) A strong nitro-
gen source-regulated promoter for controlled expression of for-
eign genes in the yeast Pichia pastoris. Gene 216(1):93-102

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

Shigematsu N, Okuhara Y, Shiomi T, Tomita F, Hara H (2004)
Effect of difructose anhydride III on calcium absorption in
humans. Biosci Biotechnol Biochem 68:1011-1016

Sunga AJ, Cregg JM (2004) The Pichia pastoris formaldehyde
dehydrogenase gene (PNOI) as a marker for selection of multi-
copy expression strains of P. pastoris. Gene 330:39-47

Suzuki T, Hara H, Kasai T, Tomita F (1998) Effects of difructose
anhydride III on calcium absorption in small and large intestines
of rats. Biosci Biotechnol Biochem 62:837-841

Thill GP, Davis GR, Stillman C, Holtz G, Brierley R, Engel M,
Buckholtz R, Kinney J, Provow S, Vedvick T, Siegel RS (1990)
Positive and negative effects of multi-copy integrated expression
vectors on protein expression in Pichia pastoris. Proceedings of
the 6th international symposium on genetics of microorganisms,
vol 2. Societe Francaise de Microbiologie, Paris, pp 477-490
Vassileva A, Chugh DA, Swaminathan S, Khanna N (2001) Effect
of copy number on the expression levels of hepatitis B surface
antigen in the methylotrophic yeast Pichia pastoris. Protein Expr
Purif 21:71-80

Veenhuis M, Van Dijken JP, Harder W (1983) The significance
of peroxisomes in the metabolism of one-carbon compounds in
yeasts. Adv Microb Physiol 24:1-82

Wang X, Shen X, Sun Y, Zhao H, Xu L, Liu Y, Yan Y (2012)
Production of Yarrowia lipolytica lipase LIP2 in Pichia pasto-
ris using the nitrogen source-regulated FLDI promoter. J Chem
Technol Biotechnol 87:553-558

Zhan R, Mu W, Jiang B, Zhou L (2013) Secretory expression
of inulin fructotransferase in Pichia pastoris. Sci Technol Food
Indus 34(1):171-174

Zhao M, Mu W, Jiang B, Huang H, Zhou L, Zhang T (2011)
Cloning and extracellular expression of inulin fructotransferase
from Arthrobacter aurescens SK8.001 in E. coli. J Sci Food
Agric 91:2715-2721

Zhao M, Mu W, Jiang B, Zhou L, Zhang T, Lu Z, Jin Z, Yang
R (2011) Purification and characterization of inulin fructotrans-
ferase (DFA IlI-forming) from Arthrobacter aurescens SK 8.001.
Bioresour Technol 102:1757-1764

Zhu T, Hang H, Chu J, Zhuang Y, Zhang S, Guo M (2013) Tran-
scriptional investigation of the effect of mixed feeding to identify
the main cellular stresses on recombinant Pichia pastoris. J Ind
Microbiol Biotechnol 40:183-189

@ Springer



	Efficient secretion of inulin fructotransferase in Pichia pastoris using the formaldehyde dehydrogenase 1 promoter
	Abstract 
	Introduction
	Methods
	Strains, plasmid and media
	Construction and transformation of FLD1-based expression vectors
	Screening of transformants
	Extracellular expression assays
	Enzyme assay
	Fed-batch fermentation

	Results
	Screening of multicopy strains
	Effects of nitrogen sources on IFTase production
	Effect of carbon sources on IFTase production
	Characterisation of PFLD1-controlled P. pastoris in shake flasks
	Comparison of IFTase production with different feeding substrates in fed-batch bioreactor cultivations

	Discussion
	Acknowledgments 
	References


