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Single-chain antibody fragment production in Pichia pastoris:
Benefits of prolonged pre-induction glycerol feeding
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Secretory production of a single-chain antibody fragment (scFv) by recombinant Pichia pastoris us-
ing the methanol inducible AOXT promoter is limited biochemically by retarded secretion, and eco-
nomically by the high demand for pure oxygen. To address the problem, the adaptation phase with
growth-limiting feeding of glycerol before the production phase was optimized. In a standard pro-
cedure with a short glycerol-feeding phase before induction, scFv accumulated in the supernatant
only after 15 h. Conversely, scFv started to appear immediately in the medium upon methanol in-
duction when the glycerol-feeding phase was extended to 18 h. Interestingly, despite a significantly
lower cell density in the cultivation with extended glycerol feeding, the same amount of function-
al product of 300 mg/L was obtained about 30 h after the start of glycerol feeding with both meth-
ods. mRNA analysis revealed that the higher and faster production of the product was related to
longer lasting induction of the scFv mRNA. Additional effects of a better adaptation of the secre-
tion machinery may be suggested by higher expression of unfolded protein response-related genes
KARZ2 and PDI. A clear benefit of the longer glycerol-feeding phase was a 75% reduction of the con-
sumption of both pure oxygen and methanol, and a significantly lower cell density, which would
be beneficial for down-stream purification of the product.
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1 Introduction can be produced up to the gram per liter scale [2,
3].
Recombinant protein production by the methy-

lotrophic yeast P. pastoris benefits from the tightly

Highly efficient protein secretion is a major advan-
tage of Pichia pastoris for recombinant protein pro-

duction. Product concentrations close to 15 g/L in
the culture supernatant have been obtained [1],
and also single-chain antibody fragments (scFv)

controlled AOX1 promoter, which is strongly in-
duced during growth on methanol [4]. The draw-
back of methanol induction is the high oxygen de-
mand [5] that may result in low oxygen concentra-
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tions impairing production [6—-8]. Therefore, dosage
of pure oxygen is commonly employed [9]; never-
theless, the necessary oxygen transfer rates are dif-
ficult to scale-up [10]. Alternatively, the oxygen de-
mand is reduced by growth-limiting feeding of
methanol [11], but this may result in cell lysis and
product degradation [12, 13]. Therefore, alternative
strategies are continuously developed, such as the
temperature-limited fed-batch technique [14] and
two-stage pH-control strategy [15].

A phase of limiting glycerol feeding to derepress
the AOX1 promoter usually precedes the induction
by methanol addition [11]. Continued glycerol co-
feeding during a transition phase can improve the
subsequent production [16], but during the actual
production phase, already little co-feeding of glyc-
erol represses the production of the recombinant
protein [17]. An extended feeding phase before in-
duction of recombinant gene expression is com-
mon for Escherichia coli and other organisms. Sim-
ple feed-forward control with a feeding rate in-
creasing exponentially in time is often sufficient to
ensure culture growth with a constant specific rate
[18]. With P, pastoris, dissolved oxygen (DO)-spike
control is recommended to control the glycerol
feeding [11], although it burdens the cells with re-
peated short-term starvation. Exponential glycerol
feeding strategies for derepression of the AOXI
promoter are reported with P. pastoris [19, 20].
Moreover, duration of the feeding phase is usually
short. However, long glycerol fed-batch phases
have been used to adjust the specific methanol up-
take rates by controlling the cell density at induc-
tion [21], and an optimum duration of the feeding
phase for as long as 22 h has been calculated based
on quantitative models [22].

Secretion of the recombinant protein enables
disulfide bond formation, often resulting in proper
protein folding, and simplifies product purification.
However, slowly folding proteins may be retained
in the endoplasmic reticulum (ER). This causes a
20-h delay in secretion of trypsinogen [23] and at
the same time induces the unfolded protein re-
sponse (UPR) [24]. With the yeast Saccharomyces
cerevisiae, a single chain antibody accumulated for
20 h exclusively intracellularly, leading to growth
arrest and UPR induction, until UPR proteases de-
graded the scFv completely, and in this case no
product was secreted [25].

In the actual study the model protein expressed
in P, pastoris is an scFv against fimbriae of entero-
toxigenic Escherichia coli F4. Antibodies directed
against the fimbriae of the enterotoxigenic E. coli
strain F4 (formerly called K88) prevent adhesion of
the pathogen to the porcine intestine, saving new-
born piglets from lethal diarrhea [26]. We have
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shown previously that an scFv directed against the
F4 fimbriae can be produced in P, pastoris and is se-
creted into the growth medium [12]. Application of
this scFv as a preventive feed additive requires
high doses and therefore very low production costs.
Thus, further optimization of the production would
be of advantage.

In this study, prolonged glycerol feeding before
methanol addition was used to minimize the lag
phase between induction and the onset of accumu-
lation of anti-F4-fimbriae scFv in the culture su-
pernatant, saving costly oxygen dosage under un-
limited and methanol-limited conditions. To under-
stand more about cellular responses in cultivations
to protein production, mRNA analyses were per-
formed for product-related genes and UPR-related
genes PDI and KAR?2.

2 Materials and methods
2.1 Strain and genetic constructs

An scFv against fimbriae of enterotoxigenic E.coli
F4 was obtained by phage display screening of a li-
brary constructed from spleen cDNA of F4-chal-
lenged mice. From the phagemid vector of a high-
affinity binder, the scFv sequence called BA11 was
amplified, joined with sequences encoding the
o-mating-factor secretion signal from S. cerevisiae
in the plasmid pPic9 (Invitrogen, Carlsbad, CA) and
a His, tag, and integrated in the genome of P. pas-
toris GS115 Mut* strain to give GS115:BA11 [12].
Successful transformants were selected for pro-
totrophy after complementation of the GS115 his4
strain by the HIS4 gene of pPic9; a high producing
strain was obtained by screening for scFv secretion
[12].

2.2 Maedia

The growth media were prepared according to the
recommendation of the Invitrogen Manual (Easy-
Select™ Pichia Expression Kit, cat. no. K1740-01):
YPD (1% yeast extract, 2% peptone, 2% dextrose)
and BMGY [1% yeast extract, 2% peptone, 100 mM
KH,PO, pH 6, 1.34% yeast nitrogen base with
(NH,),SO, without amino acids, 4 x 10% biotin,
1% glycerol]. To the basal salt medium (BSM;
26.7 mL/L phosphoric acid, 14.9 g/L. MgSO,7H,0,
0.93 g/L CaSO,2H,0, 18.2 g/L K,SO,, 4.13 g/L. KOH,
40 g/L glycerol), 4 mL/L sterile-filtered trace ele-
ment solution PTM1 (6 g/L CuSO,5H,0 0.08 g/L
Nal, 3 g/L MnSO, H,0, 0.2 g/L. Na,MoO, 2H,0,
0.02 g/L H,BO, 0.5 g/L CoCl,, 20 g/L ZnCl,, 65 g/L
FeSO, 7H,0, 0.2 g/L biotin, 5 mL conc. H,SO,) was
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added after autoclaving [22]. The pH value was ad-
justed to pH 6 with 25% ammonium hydroxide so-
lution.

2.3 Culture conditions

For preculture, 10 mL YPD were inoculated with a
single colony of GS115:BA11 from an agar plate
and incubated 24 h at 30°C and 160 rpm. Two times
200 mL BMGY in 1000-mL shake flasks were inoc-
ulated with 1% of the first preculture and incubat-
ed for 24 h as above. The reactor was inoculated
with 5% of the second preculture.

Cultivations were carried out in a Biostat C
bioreactor with a working volume of 10 L. connect-
ed to a DCU3 digital control unit and the MFCSwin
process supervisory system (B. Braun Biotech In-
ternational, Melsungen, Germany). The initial cul-
ture volume was 6 L. The pH value was controlled
at pH 6 by automatic addition of 25% ammonium
hydroxide solution. DO saturation was determined
by a Clark electrode (Ingold, Steinbach, Germany),
and was maintained above 40% by increasing the
stirrer speed from 300 to 1200 rpm, subsequently
increasing the air flow rate from 2 to 16 L/min, and
— where indicated - dosage of oxygen up to
10 L/min, until the maximum oxygen transfer ca-
pacity of the reactor was reached and the culture
was harvested or the DO concentration declined.
The cultivation temperature was 30°C. Antifoam
was added automatically on demand.

When the process control system detected the
DO-controlled decrease in stirrer speed and air
flow rate upon depletion of glycerol from the BSM
medium, glycerol feeding was activated with a rate

" glycerol given by Eq. (1).

Fotveerol = Hset
Cero.
8y Yx/s

‘X - explige - (t - 1p)] (1)
The parameter values used were u., = 0.07/h (set
growth rate), Yy,o = 1 g/g (biomass yield coefficient
on glycerol (experimental values are from 0.88 to
0.97 g/g) and X, = 38.5 g/L (expected cell density at
the time of feeding start f;). The initial rate was
hence 2.7 gL1h™

For induction of scFv expression by methanol,
the glycerol feeding was stopped and the methanol
concentration was increased in three steps to final
concentrations of 0.1%, 0.3% and 0.5%, while wait-
ing for complete consumption of previously added
methanol between the additions. The recorded re-
sistance values were used to calibrate the methanol
sensor (Alkosens electrode and Acetomat con-
troller, Heinrich Frings GmbH, Bonn, Germany) as
described earlier [17]. Afterwards, the methanol
concentration was controlled to the concentration

454

Biotechnol. J. 2011, 6, 452-462

indicated in the results section. The methanol
reservoir was placed on a balance to keep track of
methanol consumption.

Alternatively, for limiting methanol feeding, the
feeding rate was controlled to a profile given in
Eq. (1) using u = 0.04/h and X, = 54 g/L for low cell
densities. At high cell densities, the methanol feed-
ing rate was kept constant at the maximum rate
compatible with the oxygen transfer capacity of the
reactor without dosage of pure oxygen.

To confirm repeatability, all bioreactor cultures
were carried out at least twice. With regards to the
discussed data the results were the same in the re-
peated experiments.

2.4 Purification of the scFv

After cell removal by centrifugation, the pH value
of the supernatant was adjusted to 7.9 with 3 M
K,HPO,. After overnight incubation with Ni-
charged “His-Bind resin” (Novagen, Madison, WI)
the His-Bind resin was transferred to plastic
columns, washed with 5 vol 500 mM NaCl, 20 mM
Tris-HC1 pH 7.9, 5 mM imidazol, and the scFv was
eluted with 500 mM NacCl, 20 mM Tris-HCI pH 7.9,
500 mM imidazol. The eluate was extensively dia-
lyzed against solutions of decreasing NaCl concen-
trations (finally 1 mM NaCl) and lyophilized.

2.5 Cell density analysis

For cell density determination, 1.5 mL culture was
centrifuged in pre-weighed Eppendorf tubes.
Fresh weight was determined after removal of su-
pernatant. The culture volume V was estimated
from the initial volume V|, and mass of added glyc-
erol m Jycerol and methanol my . neglecting den-
sity difgferences and volume contraction (Eq. 2).

V= VO + mglycerol + mmethanol (2)

2.6 scFv analyses

The concentration of scFv was quantified by ELISA
in 96-well plates coated with F4 fimbriae using an
anti-His; monoclonal antibody for detection as de-
scribed earlier [12]. For Western blot, 20 uL culture
supernatant was separated by SDS-PAGE, proteins
were blotted onto a PVDF membrane and detected
by an anti-His, monoclonal antibody [12].

2.7 RNA analysis
Quantitative analysis of the RNAs was performed

as described earlier with a sandwich hybridization
method [27-29]. Briefly, samples were collected by

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Biotechnol. J. 2011, 6, 452-462

fast inhibition of cellular activities immediately on
ice-cold ethanol:phenol (95:5) solution and stored
at -70°C after suspension in RNAlater (Ambion).
Lysis was performed with total RNA extractions
from an RNA extraction kit (Qiagen) and disrupted
with a FastPrep cell homogenizer (ThermoSavant).
Total extracted RNA was quantified using the Ri-
boGreen RNA Quantification Kit (Molecular
Probes). Ribosomal RNA (16S and 23S rRNA from
E. coli; component C) was used as standard for to-
tal RNA quantification assays. The applied nu-
cleotide probes are shown in Table 1; they were op-
timized compared to the previous publication [28]
to obtain a higher sensitivity, especially in view of
partially using a second helper probe. Primers for
DNA amplification and oligonucletide probes for
sandwich hybridization were designed using Clone
Manager 5.0 (SE Central) and synthesized by Sig-

Table 1. Primers and probes used in this work?®

www.biotechnology-journal.com

ma Genosys. Capture probes were 5’ biotin labeled
by Sigma Genosys and detection probes were la-
beled with digoxigenin at 3" using the DIG Oligonu-
cleotide Tailing kit (Roche) according to the manu-
facturer’s instructions.

In vitro transcripts for the quantitative standard
values were synthesized first by PCR with the
primers shown in Table 1. The forward primer ad-
ditionally always contained the sequence for T7-
RNA polymerase 24-nucleotide T7 promoter se-
quence CTAATACGACTCACTATAGGGAGA at the
5" end. In vitro transcription was then performed
with the MAXIscript protocol (Ambion). The qual-
ity of the transcripts was controlled with the Agi-
lent Bioanalyzer and they were quantified using
the Ribogreen RNA quantification assay (Molecu-
lar Probes). The in vitro transcripts were diluted in

Sequence 5'—3’ Position Tm (°C) Th (°C)
AOX1
Forward primer AGC AGG TGA GAACAACCTCAAC 583 66
Reverse primer AAG GTC CACCGT AGG CATTAG A 1988 66
Detection CTT CGATACCGTTAG TG 1541 50 45
Capture GTC TGA TCT TGA CAC CA 1559 50 45
Helper 1 AAG AGG ACC AGT ACC AT 1522 50 45
Helper 2 GAG TTCTTC TGG TGT TG 1576 50 45
KAR2
Forward primer GCCATG CTATTG GTCGTAGT 49 60
Reverse primer GGT AGG CTC GTT CACAAT TC 633 60
Detection TTG AAG TAG GCT GGAACG GT 554 60 50
Capture GTG GCTTGACGTTGAGCGT 575 60 50
Helper CGATGA GACCGG CATCCTT 595 60 50
PDI
Forward primer TGT CCG CTCTCACACTAG CA 726 62
Reverse primer TTC CTC GACTGG TCT GAG TG 2182 62
Detection CCG ACT AGCTTG AAG ACT 1827 54 50
Capture CCT CTC CTG CGATGAATT 1760 54 50
Helper TCT CAATCA GCT CGG TCA 1742 54 50
26S rRNA
Forward primer AAT GAG TGG TGA CAC GAG AC 8 60
Reverse primer GGATGT CGG AGATGCGTAG 168 62
Detection CGC CCT TAA GAA GAA GAG A 82 56 50
Capture CTA AAC CAT CCAGGCACAA 101 56 50
Helper 1 AACTCCTCCTACGCCTTC 62 56 50
Helper 2 TTT ACT GCC CTT CGC CG 119 54 50
scFv (BAT1)
Forward primer TTC GCAGCATCCTCCGCATT 82 62
Reverse primer GAA CGT CCA CGG AAG CGT AT 1029 62
Detection TAG GCT GTG CTG GAG GAT 563 56 50
Capture TCA GAG GTCAGG CTG CT 590 56 50
Helper 1 TCA GTG TGG CCT TGC CTT 535 56 50
Helper 2 CAG TAATAG ACCGCAGAGT 611 56 50

a) Tm, melting temperature; Th, hybridization temperature. Position: First nucleotide localization within the corresponding gene sequence at GenBank or from the

known gene sequence (scFv).

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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DEPC water and used as standards in sandwich hy-
bridization assays.

3 Results

3.1 Production and secretion of scFv under
methanol and oxygen sufficiency

Recombinant P. pastoris was cultivated to produce
an scFv. In the construct used, the expression was
under the control of the methanol inducible AOX1
promoter [12]. After a batch phase on glycerol, ad-
ditional glycerol was fed at a growth-limiting rate
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Figure 1. Production of a single-chain antibody (scFv) with recombinant
P. pastoris under methanol and oxygen sufficient conditions. After growth
in batch and fed-batch mode on glycerol, recombinant protein production
was induced by addition of methanol (arrow). (A) Cell density (squares)
was determined from cell fresh weight (CFW) measurements. The specific
growth rate (W, circles) was calculated from CFW and culture volume V
(Eq. 2). (B) Feeding rates of glycerol (solid line) and methanol (dashed
line) were determined as changes of the reservoir weights. (C) Dissolved
oxygen (DO) saturation (dotted line) was maintained at 40% by increas-
ing the stirrer speed (dashed line) and air flow rate (solid line) and flow
rate of pure oxygen (short dotted line). Time is given relative to the start
time of glycerol feeding, t.. The disturbance at 15 h was connected to a re-
filling of the methanol feed bottle.
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for 2 h to derepress the AOX1 promoter (Fig. 1). For
induction of scFv expression, glycerol feeding was
stopped and three pulses of methanol were added
to adapt the cells and to calibrate the methanol
sensor. Afterwards, the methanol concentration
was controlled above 0.3%. The methanol con-
sumption rate increased fivefold during the course
of the cultivation (Fig. 1B). The maximum methanol
consumption rate was 235 g/h. It took, however,
20 h to reach this maximum rate. During the pro-
duction phase, a specific growth rate of 0.07/h was
maintained; the cell density also increased fivefold
and approached 500 g/L (fresh weight) 25 h after
induction (Fig. 1A). By supplying pure oxygen, a DO
saturation of 40% was maintained for 25 h after in-
duction. When the DO decreased thereafter
(Fig. 1C), the culture was harvested.

After 28 h of production, scFv (1.2 g, lyophilized)
was purified from 4 L culture supernatant by im-
mobilized metal affinity chromatography (IMAC)
using the C-terminal His-tag (Table 2, run 1). The
average specific production rate of this cultivation
was thus 8.7 mg kg h™! (scFv per final cell fresh
weight at per induction time).

The kinetics of product accumulation showed
that the product started to accumulate in the cul-
ture supernatant only after a lag phase of 14 h af-
ter induction (Fig. 2B).

Table 2. Growth and production parameter of cultivations with Pichia
pastoris

Cultivation run 1 2 3
At induction

t 1 (h) 2 12 18
glycerol consumed (g) 225 320 572
spec. growth rate (h7)? 0.09 0.06 0.04
CFW9 (g/L) 130 216 270
30 h after glycerol feeding

Mvieom,max (&/D) 235 170 115
spec. growth rate (h™) 0.07% 0.05 0.03

35470 1824 907
8270 5970 2226

methanol consumed (g)
Total oxygen used (L)

At harvest

At=t_ . —1 (h) 28 35 40

CFWe) (g/L) 491 440 379
scFv (mg) 1190 1048 1166
scFv (mg/kg) 243 271 376
scFv (mg kg™ h™) 8.7 8.0 9.6

scFv/ methanol (mg/g) 0.34 0.42 0.72
scFv/total subs?) (mg/g) 0.33 0.37 0.53
a) Initial rate after resumption of growth.

b) Data at the end of the cultivation, 28 h after start of glycerol feeding.

c) CFW, cell fresh weight.

d) Total substrate (glycerol + methanol) consumed in g.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Impact of an extended glycerol feeding phase on the scFv production profiles. After the batch phase, glycerol was fed for 2 h (triangles, dashed
lines), 12 h (squares, dotted lines), or 18 h (circles, solid lines) before induction of scFv production (methanol induction points indicated by vertical lines).
(A) Cell fresh weight (CFW); (B) scFv concentrations (functional product) as determined by quantitative ELISA; (C) glycerol flow rates; (D) methanol flow
rates. Time is given relative to the start time of glycerol feeding, t;. The line indicates the trend of the experimental data.

3.2 Impact of prolonged glycerol feeding on the lag
phase of product secretion

The impact of the length of the glycerol-feeding
phase on subsequent scFv production was exam-
ined. To avoid starvation during the feeding phase,
while maintaining a limiting glycerol feed, the
feeding rate was increased exponentially with time.
Based on the initial growth rate of the previous cul-
tivation, a set growth rate u,, =0.07/h was em-
ployed.

Glycerol was fed for 12 and 18 h, respectively
(Fig. 2C). During this phase, 320 and 572 g glycerol
were consumed, and cell densities of 216 and
270 g/L were reached (Fig. 2A, Table 2). After in-
duction by switching to methanol, a constant volu-
metric methanol addition rate needed to be main-
tained (0.3%) (Fig. 2D). Methanol concentration fol-
lowed a profile, as a function of time, similar to that
of the standard short glycerol-feeding curve. This
was not influenced by higher cell densities at in-
duction. Therefore, 30 h after the start of glycerol

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

feeding, only the cultivation that was induced ear-
liest had reached the maximum volumetric
methanol uptake rate of ry .y =235 g/h, whereas
the cultivation with the longest glycerol-feeding
phase reached only half as much, ry g =115 g/h.
Correspondingly, the amount of methanol con-
sumed at this time was in the range of 900 g (run 3)
to 3500 g (run 1). While more than 8000 L (0.5 vvm)
oxygen was necessary to maintain a constant DO in
the early induced culture, only 2200 L (0.2 vvm)
were consumed with late induction (Table 2).
Consequently, the specific methanol uptake
rates were 0.09,0.06 and 0.04 g g h! after 2, 12 and
18 h of glycerol feeding (data not shown), and
growth during the production phase was slower af-
ter prolonged feeding (Fig. 2A, Table 2). Product ac-
cumulation, however, started sooner. It took 14 h af-
ter induction before the product could be detected
in the culture supernatant with 2-h glycerol feed-
ing; with 12-h glycerol feeding, the product was
found already 5 h after induction, and immediately
with 18-h glycerol feeding (Fig. 2B). Thus, product
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Figure 3. Production of scFv with limiting methanol feeding. After the batch phase as before, glycerol was fed for 4 h (A) or 18 h (B) before induction of
scFv production by addition of methanol. Methanol was added pulsewise as described in the Materials and methods section, followed by limiting feeding
with exponentially increasing rate (A), or — at high cell density — fed at constant rate (B). Feeding rates for glycerol (solid lines) and methanol (dashed
lines), and cell fresh weight (squares) are shown. Time is given relative to the time of induction, t, . (C, D) Western blots of culture supernatant (constant
volume) taken at different times in relation to induction from cultivations with 4 h (C) or 18 h (D) of glycerol feeding. Full-length scFv is indicated by a
mark on the left. Lower bands may result from partial degradation of the product.

accumulation started about 16-18 h after feeding
start independent of the time of induction by
switching to methanol feeding. The scFv concen-
trations showed similar profiles in all three cultiva-
tion runs (Fig. 2B). The amounts of products puri-
fied and the average specific production rates were
identical in all cases (Table 2, runs 1-3).

Although the final cell density was considerably
higher with early induction compared to cultiva-
tions with longer glycerol feeding, similar product
yields were obtained after purification and
lyophilization; the specific product concentration
was 1.5 times higher with a glycerol-feeding phase
of 18 h, compared to cultivations with short glycerol
feeding (Table 2). Lower cell densities simplify
downstream processing. Thus, a prolonged glycerol
feeding increased the selectivity of methanol con-
version to scFv by reducing gratuitous biomass for-
mation due to lower post-induction specific growth
rate.
3.3 Impact of prolonged glycerol feeding in a
methanol-limited process

Another common cultivation strategy to reduce the
toxic effects of formaldehyde on cell lysis in case of
faster methanol consumption is limited feeding of
methanol. While this strategy is, in the long run, not
appropriate for this scFv due to degradation of the
product [12] (see also Figs. 3C and D), the impact of
the glycerol-feeding phase on the lag phase can
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also be examined in this process. After 4-h glycerol
feeding and pulse addition of methanol, methanol
was fed at an exponentially increasing rate
(Fig. 3A). To ensure a similar mean specific
methanol feeding rate of 130 mg g™! h™! (methanol
per cell fresh weight per time) at the higher cell
density obtained after 18 h of glycerol feeding,
methanol was fed at the maximum rate that did not
result in methanol accumulation (Fig. 3B). This
process did not include pure oxygen supply.

Accumulation of the scFv in the culture super-
natant was analyzed by Western blot. While a slight
product band was detectable soon after induction
in both cultivations, substantial product formation
initiated only after a delay. With short glycerol feed-
ing, the lag phase lasted for 15-18 h after induction
(Fig. 3C), while with prolonged glycerol feeding
high product levels were detected already 7 h after
induction (Fig. 3D). In all cases significant bands
for product degradation appeared.

3.4 Quantitative analysis of RNA markers indicates
higher expression of product (scFv) and
UPR-related stress genes

Various mRNAs were analyzed to obtain a better
view about the cellular responses in the cultiva-
tions for production of scFv with short (2 h) and
long (18 h) glycerol feeding (Fig. 4). The mRNA en-
coding for scFv showed a higher expression level
before methanol induction in the cultivation with

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Amount of selected mRNAs in
analyses during production of a single-
chain antibody (scFv) with recombinant P.
pastoris under methanol and oxygen suffi-
cient conditions with short and with ex-
tended feeding of glycerol. Culture sam-
ples for mRNAs were analyzed from culti-
vations with short term (2 h, left column,
open symbols) and extended (18 h, right
column, filled symbols) glycerol feeding
by sandwich hybridization as described in
Materials and methods. The SDs were an-
alyzed from fourfold analysis. Time t,
refers to time of methanol induction.

459



Biotechnology

Journal

extended glycerol feeding. The scFv mRNA level
was also higher after methanol induction. Howev-
er, the concentration of the scFv mRNA only in-
creased for a very short time after induction in the
cultivation with a short glycerol-feeding phase. In-
terestingly, the profiles for scFv are not directly re-
flecting the level of AOX1 mRNA, which was very
low in both cases before induction and showed a
higher prolonged induction in the cultivation with
the short glycerol-feeding phase. In order to check
the UPR, we analyzed UPR-related genes KAR2
and PDI.The levels of KAR2 and PDI showed a con-
tinuous increase in the cultivation with prolonged
glycerol feeding, in all cultivations; however, their
levels decreased significantly after methanol in-
duction. In the cultivation with short glycerol feed-
ing, they nearly disappeared and recovered then
over 5-10 h, whereas in the cultivation with pro-
longed glycerol feeding the decrease was less se-
vere. Interestingly, in the last phases of all fermen-
tations the KAR2 and PDI mRNA levels were very
similar. No significant differences were observed in
the 26S rRNA levels.

The results of mRNA analysis indicate that
there is a derepression of scFv mRNA synthesis be-
fore methanol induction in the cultivation with long
glycerol feeding, and during this period the levels
of KAR2 and PDI seems to be growth rate related.

4 Discussion

Derepression of the AOX1 gene by glycerol-limited
fed-batch cultivation before methanol induction
has been described earlier as beneficial for an effi-
cient uptake of methanol and induction of the
AQOX1 promoter [19]. Therefore, a short glycerol-
feeding phase is mostly applied in P. pastoris fed-
batch cultivations. Recently, we showed for produc-
tion of an antibody scFv fragment that, if methanol
induction is performed under oxygen limitation, a
prolongation of the glycerol-feeding phase was
beneficial to maximize the amount of product [30].
To further understand this observation, we investi-
gated whether the production of the same protein
was affected if prolonged glycerol feeding was ap-
plied under purely aerobic conditions.

Here we show that a prolonged glycerol-limited
fed-batch feeding phase really is beneficial also in
purely aerobic cultivations. The same final product
yield and similar high quality are achieved using
both short and prolonged glycerol-feeding pro-
cesses.

While the appearance of scFv in the culture su-
pernatant was delayed for 10-20 h with the stan-
dard glycerol-feeding procedure (see Fig. 2 and
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[31]), immediate product accumulation was
achieved after limiting feeding of glycerol for 18 h.
The sum of duration of the glycerol-feeding phase
and the product lag phase after induction hence
was about constant. Similar product concentrations
were obtained at 30 h after feeding start.

This observation is interesting as the prolonged
glycerol-feeding strategy resulted in very signifi-
cant savings of methanol and pure oxygen of about
75%. Furthermore, the same amount of product was
obtained with a 23% lower cell density, which pro-
vides a clear advantage to the downstream purifi-
cation process.

The same behavior (faster appearance of the
product in the growth medium after methanol in-
duction) was observed not only for the optimal
feeding strategy of methanol (non-limiting, 0.3%),
but also when methanol limitation was applied
during the induction phase.

Within this work we followed the mRNA levels
of two genes involved in protein folding and secre-
tion, KAR2/BiP and PDI. Both of these genes have
been related previously to improved secretion of
human trypsinogen [32]. Here we saw strongly in-
creased levels of these mRNAs —but only in the cul-
tivation with long glycerol feeding. Interestingly,
both genes were derepressed before induction dur-
ing the glycerol-limitation phase, leading to two
(PDI) or three times higher expression levels at the
time of induction for PDI or KAR2/BiP, respective-
ly. Surprisingly, in the cultivation with a short glyc-
erol-feeding phase the mRNA levels of both genes
strongly decrease at the time of induction and are
only recovering slowly. The clearly different behav-
ior of PDI and KARZ2/BiP indicates that the fold-
ing/secretion system is different under the two cul-
ture conditions. Although still to be confirmed by
measurements at the proteomic level, the mRNA
analysis suggests a higher level of the chaperones
PDI and KAR2/BiP at the time of induction in the
cultivation with prolonged glycerol feeding, which
would enhance the folding process. The strong de-
crease of these mRNAs, especially of PDI after
methanol induction would be especially detrimen-
tal for folding if the actual PDI level is low, as can
be assumed for the cultivation with short glycerol
feeding.

A further interesting observation at the mRNA
level is that the expression of the scFv mRNA does
not reflect the expression of the AOX1 mRNA.
Whereas the AOX1 mRNA level was very low in the
glycerol-feeding phase in both cultivation types,
the scFv mRNA showed a strong derepression over
the time in the process with prolonged glycerol
feeding. This derepression of the AOX1 promoter is
well known from the literature, and thus in many
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fermentation processes an initial glycerol-limited
growth phase is applied before methanol induction
([33] and comprehensively reviewed in [34]). Fur-
thermore, in both cases methanol induction caused
a only transient increase of scFv gene expression,
and this induction was stronger under conditions of
prolonged glycerol feeding compared to a shorter
glycerol-feed phase. Therefore, in addition to the
better conditions in view of the folding/secretion
apparatus, the mRNA data of the scFv product also
suggest a lower product synthesis with short glyc-
erol feeding.

It is remarkable that, without external limita-
tion, the cell density did not influence the methanol
uptake profiles. Internal limitation determines the
specific methanol uptake rate; it is likely that the
consumption of methanol by alcohol oxidase limits
the methanol uptake [35]. The induction of alcohol
oxidase depends on the methanol concentration,
which is limited in part by the toxic effect of
methanol, but also by the high oxygen consump-
tion. Therefore, the level of alcohol oxidase is auto-
catalytically controlled and reaches a volumetric
maximum rather than being dependent on the cell
density. Furthermore, the expression of alcohol ox-
idase also is effected by the growth status of the
cells. Our investigations of AOX1 mRNA showed
that the maximum level of AOX1 mRNA was simi-
lar in the cultivations with short- and long-term
glycerol feeding after methanol pulsing. However,
the maximum level is reached much faster in the
cultivation with short-term glycerol feeding and
the AOX1 mRNA level stays higher for a long time.
This is in agreement with the lower specific
methanol uptake rates after prolonged glycerol
feeding.

In conclusion, a prolonged glycerol-feeding
phase followed by a short production phase under
methanol and oxygen sufficiency, and also under
methanol or oxygen limitation, maximized the effi-
ciency of secreted recombinant protein production.
A clear benefit of the longer glycerol-feeding phase
was a 75% reduction in the consumption of pure
oxygen and methanol, as well as a higher specific
production rate of functional scFv product. The
same amount of product was obtained in the same
total process time, with only 320 g/L of cells com-
pared to 500 g/L with the short glycerol-feeding
phase, which is a clear advantage for downstream
processing. Additional benefits of long glycerol-
feeding process may be related to a better adapta-
tion of the folding/secretion apparatus. Indication
for this is a higher expression of KAR2 and a high-
er level of PDI at the time of induction. Additional-
ly, the higher level of the scFv mRNA at the time of
induction, possibly accumulating by derepression,

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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may have contributed to the faster product accu-
mulation. This is an initial study with a single se-
creted protein with P pastoris. To better under-
stand, the positive benefits of long glycerol feeding
on protein expression and secretion, further inves-
tigations are necessary.
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