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Abstract The yeast Pichia pastoris is a suitable produc-
tion system for recombinant proteins due to its strong
methanol-inducible 40X7 promoter. A key parameter of
the production process is the specific methanol uptake rate.
To control the methanol uptake and simultaneously
maintain a constant methanol concentration during the
production phase, two strategies were developed to
generate purposeful oxygen limitation and to feed-forward
control the specific methanol uptake rate into the optimum
range. First, the cell density at induction was adjusted by
prolonged preinduction glycerol feeding. Alternatively, the
airflow rate was restricted and increased in parallel with the
biomass. While the product accumulation started 20 h
earlier with the first approach, the specific production rate
of a single-chain antibody fragment was three times higher
in the latter case. After 70 h of production, both schemes
yielded product concentrations in the gram-per-liter range.
Moreover, they release the requirement for dosage of pure
oxygen and thereby can facilitate the scale-up of the
production process. The different production profiles
indicate that the impact of specific methanol uptake rate
on protein production by recombinant P. pastoris depends
on the control mode.

Introduction

The methylotrophic yeast Pichia pastoris is an ideal
expression system for many proteins (Lin Cereghino et al.
2002), because it combines advantages from eukaryotes,
such as correct protein processing and efficient secretion,

N. K. Khatri - F. Hoffmann (<)

Department of Biochemistry/Biotechnology,
Institute for Biotechnology,
Martin-Luther-University Halle-Wittenberg,
Kurt-Mothes-Strafle 3,

06120 Halle, Germany

e-mail: fhoffmann@biochemtech.uni-halle.de
Tel.: +49-345-5524934

Fax: +49-345-5527013

with those of unicellular microorganisms, such as ease of
handling and growth on simple media to high cell densities.
Although a variety of promoters have been successfully
used for recombinant protein production (Goodrick et al.
2001; Hohenblum et al. 2003; Resina et al. 2005; Watermah
et al. 1997), the strong AOX] promoter remains the most
popular one. It is induced by change to methanol as carbon
source.

Methanol metabolism requires high amounts of oxygen
(Yurimoto et al. 2002). As low oxygen levels are generally
recognized to interfere with the production of recombinant
proteins (Bushell et al. 2003; Lee et al. 2003; Lin Cereghino
and Cregg 2000), the oxygen demand is reduced using low
cell densities, low cultivation temperature, or strains with
slow methanol utilization (Chiruvolu et al. 1997; Cos et al.
2005; Curvers et al. 2001; Jahic et al. 2003). Most often, the
methanol uptake is restricted by limiting methanol supply,
either by preprogrammed feeding rates (Stratton et al. 1998)
or controlled by the metabolic capacity of the cells,
maintaining a constant dissolved oxygen saturation (DOstat
principle) (Charoenrat et al. 2005; Jahic et al. 2003). The
rate of methanol feeding has been identified as a major
parameter to optimize protein production with recombinant
P. pastoris, and small changes can have profound effects
(Sinha et al. 2003).

The impact of the methanol supply rate can be described
in terms of specific methanol uptake rate, specific growth
rate, or dilution rate in chemostat cultures. These
parameters are proportional and are also numerically
similar, as the observed biomass yield coefficient is about
1 g g'. Comparing studies with a variety of systems,
including limited feeding, chemostat and novel approaches,
optimum production was often found with specific meth-
anol uptake rates around 0.02-0.03 g g ' h™' (Table 1).

Limiting methanol feeding, however, is not suited for
those recombinant proteins that get degraded or modified
under these conditions (Jahic et al. 2003; Zhou and Zhang
2002). With a single-chain antibody fragment (scFv),
maintaining a constant methanol concentration is required
to avoid cleavage of its Hise tag; the methanol-sufficient
condition led to oxygen limitation after induction despite



Table 1 Optimum process parameter for recombinant protein

production

Mode Optimum parameter References

Limited Jhse=0.025—0.02 h™" Sinha et al. 2003

feeding

Limited fse=0.02 ™! Trinh et al. 2003

feeding

Fixed rvieon, gmeon<0.026 g g ' h™'  Cunha et al. 2004

CFWing

adjusted

Cyclic gmeon=0.02 g g ' h7! Bushell et al. 2003

fed-batch

Chemostat ~ D=0.01-0.03 h™" d’Anjou and Daugulis
2001

Chemostat ~ D=0.02 h™' Zhou and Zhang 2002

Constant gmeont (Emeon)=0.026 g g ' Zhang et al. 2000

CMeOH h!

CFW,,4 cell density (cell fresh weight) at the time of induction,
cumeon methanol concentration, D dilution rate, q,..0p specific
methanol uptake rate, 7y,.0n volumetric methanol feeding rate,
Ise; growth rate set by the methanol feeding rate

full aeration (Trentmann et al. 2004). Successful produc-
tion under oxygen limitation has also been described for a
number of other proteins (Charoenrat et al. 2005; Hellwig
et al. 2001). Under oxygen limitation, the methanol con-
sumption is determined by the oxygen transfer rate into the
reactor. Therefore, with full aeration, the specific methanol
uptake rate is high immediately after induction but can
decline to the level of maintenance requirements when the
cell density increases (Khatri and Hoffmann 2006).

In this study, the oxygen available per cell was reduced
compared with the previous studies to generate a purpose-
ful oxygen limitation and to feed-forward control the
specific methanol uptake rate into the optimum range for
efficient recombinant protein production. Two approaches
are compared: first, the cell density is adjusted before
induction by a prolonged glycerol feeding phase; second,
the airflow rate is restricted and increased exponentially
with time to adjust the specific uptake rate at low cell
densities.

Materials and methods
Strain

An scFv against the fimbriae of enterotoxigenic Escher-
ichia coli F4 (formerly called K88) was obtained by
phage display screening of a library constructed from
spleen cDNA of F4-challenged mice. From the phage-
mid vector of a high-affinity binder, the scFv sequence
called BA11 was amplified, joined with sequences en-
coding the o-mating-factor secretion signal from Sac-
charomyces cerevisiae and a Hisg tag, and integrated in
the genome of P pastoris GS115 to give GSI115:BA11
(Trentmann et al. 2004).
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Media

Media were prepared according to the recommendation
of the Invitrogen manual: YPD [1% (w/v) yeast extract,
2% (w/v) peptone, 2% (w/v) dextrose] and BMGY [1%
(w/v) yeast extract, 2% (w/v) peptone, 100 mM potas-
sium phosphate pH 6, 1.34% (w/v) yeast nitrogen base
with ammonium sulfate without amino acids, 4x107°%
biotin, 1% gv/v) glycerol]. To the basal salt medium
(26.7 mL L phosphoric acid, 14.9 g L' MgSO,. 7HZO
093 gL! CaSO4 2H,0, 182 g L K>SO4, 4.13 gL'
KOH, 40 g L' glycerol), 4 mL L' sterile-filtered trace
element solutlon PTMI1 (6 gL' CuSO4 5H,0,0.08 gL
Nal, 3 g L MnSO,4.H,0, 0. 2 g Lt NazMoO4 2H,0,
0.02 g L H;BO5, 0.5 g L' CoCl2, 20 g L' ZnCl,,
65 g L' FeS04.7H,0, 0.2 g L' biotin, 5 mL concen-
trated H,SO4) was added after autoclavmg (Zhang et al.
2002). The pH value was adjusted to 6 with 25% ammo-
nium hydroxide solution.

Precultures

YPD (10 mL) was inoculated with a single colony of
GS115:BA11 from an agar plate and incubated 24 h at
30°C and shaking at 160 rpm. Two times 200 mL BMGY
in 1,000-mL baffled shake flasks were inoculated with 1%
(v/v) of the first preculture and incubated 24 h as above.
The reactor was inoculated with 5% (v/v) of the second
preculture.

Bioreactor setup

Cultivations were carried out in a Biostat C 10 (BBI B.
Braun Biotech International, Melsungen, Germany) at
30°C and pH 6, which was maintained by automatic
addition of 25% ammonium hydroxide solution. The initial
culture volume was 6 L. Antifoam was added automatically
on demand. The dissolved oxygen (DO) concentration was
maintained above 40% saturation by increasing the stirrer
speed from 300 to 1,200 rpm, and afterward, the airflow
rate from 2 to 16 L min '; when the oxygen transfer
capacity was reached after induction, the DO decreased.
Alternatively, for cultivations with restricted aeration, a
predetermined profile was set for the airflow rate after
induction: The airflow rate was increased exponentially
with a time constant of 0.03 h, stamng w1th 5L min ", until
the maximum airflow rate of 16 L min~' was reached and
maintained, unless otherwise stated in the “Results”
section. The stirrer speed was kept at its maximum value
after induction also in these processes.

After the batch phase, a glycerol feeding was activated
with a rate 7giycerol given by Eq. 1.

Hset
Vglycerol =
Yx/s

X - eXP [pger - (1 = 11)] M
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The parameter values used were j1=0.07 h™' (set growth
rate), Yys=1 g g ' (biomass yield coefficient on glycerol),
and X=38.5 g L ! (expected cell density at the time of
feeding start 7). Hence, the initial rate was 2.7 g L™ h™'.
For the induction of recombinant gene expression, the
glycerol feeding was stopped, and the methanol concen-
tration was increased to 0.1, 0.3, 0.5, 1, 2, and 3%(v/v) with
complete consumption of methanol between the steps; the
concentration afterward was controlled to 3% by the
Alkosens system (Frings, Bonn, Germany) as described
(Trentmann et al. 2004). The substrate reservoirs were placed
on balances to keep track of the substrate consumption.

Analysis and calculations

The product concentration was determined by ELISA assay
in microtiter plates coated with F4 fimbriae using mono-
clonal anti-Hise antibodies for detection as described
(Trentmann et al. 2004). Product was purified and lyophi-
lized as described (Trentmann et al. 2004). Known product
quantities reconstituted in PBS (10 mM phosphate buffer
pH 7.4, 150 mM NaCl) served as standard for product
quantification.

For cell density determination, 1.5 mL of culture was
centrifuged in preweighed Eppendorf tubes; fresh weight
was determined after removal of supernatant. One gram
fresh weight corresponds to 0.3 g dry weight. Additionally,
the cell fresh weight was estimated from the amount B of
base consumed for the maintenance of the pH value and
initial culture volume ¥, and mass of added glycerol
Mgiycerol and methanol myeon as described (Khatri and
Hoffmann 2006; Eq. 2).

_ B Yy

Vo + Myglycerol + Mmethanol

+Xo (2)

The methanol uptake rate was calculated as the slope of
the methanol consumption over time. The specific meth-
anol uptake rate gyeon 1S the ratio of methanol uptake rate
to biomass, i.e., cell fresh weight multiplied by culture
volume taken from online estimates. For the calculation of
the specific production rate gp, the product concentration
was multiplied by the supernatant volume V(1—X/p) with a
biomass density of p=1,000 g L™ and represented by a
first- or second-order linear regression as appropriate. The
slope of the regression curve was divided by biomass to
give the specific production rate.

Results
Production of a scFv with recombinant P. pastoris

An scFv was produced with recombinant P. pastoris using
the methanol-inducible AOX! promoter. After the batch
phase on glycerol, additional glycerol was fed at limiting
rate for 4 h. For the induction of recombinant protein

production, the glycerol feeding was stopped, and the
methanol concentration was increased stepwise; this pro-
cedure serves to adapt the cells and to calibrate the
methanol sensor. Despite full aeration, the dissolved
oxygen (DO) saturation decreased to limiting levels after
induction (Trentmann et al. 2004). To ensure efficient
production under oxygen limitation, a high methanol
concentration was important. With a methanol concentration
of 3% (v/v), a final product concentration of 350 mg L™ was
obtained (Khatri and Hoffmann 2006).

The volumetric methanol uptake rate was constant, as it
was determined by the oxygen transfer capacity of the
reactor. Therefore, with increasing cell densities, the specific
methanol uptake rate gneon decreased from more than
0.05 g g ' h! after the adaptation phase to 0.02 g g ' h™'
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Fig. 1 Cultivation of P. pastoris with extended glycerol feeding
phase. After batch and 16-h fed-batch phase on glycerol, recombinant
protein production was induced by methanol. a The glycerol flow rate
(thick lines) was determined gravimetrically. The methanol concen-
tration (thin lines) was measured and controlled by a methanol sensor
in the culture broth. b The DO saturation (thin line) was measured by
a Clark electrode (Ingold). The airflow rate (thick line) was
controlled to its maximum value during the production phase.
¢ The cell fresh weight (CFW) was determined gravimetrically
(symbols); additionally, CFW was estimated from online data
(Eq. 2, lines). Time is given relative to the time of induction f,4
(indicated by vertical lines). Solid and dashed lines, open and solid
symbols present two independent cultivations
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Fig. 2 Production of scFv under deliberate oxygen-limited control of
the specific methanol uptake rate. The concentration of the recom-
binant scFv in the culture supernatant was determined by quantitative
ELISA (circles). Specific production rates gp (friangles) were
determined as described in “Materials and methods.” a Production
after extended glycerol feeding phase in the cultivations of Fig. 2.
b Production with restricted air supply in the cultivations of Fig. 4.
Lines are drawn to interpret the trend. Time is given relative to the
time of induction #,4. Open and solid symbols present two indepen-
dent cultivations
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Fig. 3 Actual specific methanol uptake rates. Specific methanol
uptake rates are compared for cultivations with short glycerol
feeding and full aeration throughout the production phase (thick
lines; Khatri and Hoffmann 2006), with prolonged glycerol feeding
(thin solid lines; Fig. 2), and with restricted air supply (thin dashes
lines; Fig. 4). Time is given relative to the time of induction #,,q
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(Fig. 1). The product accumulated only after a lag phase; the
start of product accumulation coincided with a gyeon Of
0.02-0.03 g g ' h™ ! (Khatri and Hoffmann 2006). Therefore,
in this study, the methanol uptake rate was lowered to this
range early after induction. Two approaches to control the
specific uptake rate were examined.

Prolonged glycerol feeding

First, the specific methanol uptake rate was controlled by the
amount of biomass present at the time of induction. The
glycerol feeding phase before induction was extended to
16 h (Fig. 2a), which resulted in a cell density of 245 g L 'at
the time of induction (Fig. 2c). After induction, the DO
saturation fell to limiting levels within 5 h despite full
aeration (Fig. 2b). The specific methanol uptake rate showed
a declining trend due to a continued increase of the cell
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Fig. 4 Cultivation of P. pastoris with restricted air supply. After
batch and 4-h fed-batch phase on glycerol, recombinant protein
production was induced by methanol. a The glycerol flow rate (thick
lines) and methanol concentration (thin lines) were measured as in
Fig. 2. b DO saturation (thin line) was measured as in Fig. 2. The
airflow rate (thick line) was controlled to a predetermined profile as
described in “Materials and methods.” ¢ CFW was determined
gravimetrically (symbols) and estimated from Eq. 2 (/ines). Time is
given relative to the time of induction f,q (indicated by vertical
lines). Solid and dashed lines, open and solid symbols present two
independent cultivations
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density to 345 g L™" but remained close to 0.02 g g ' h™'
during the whole production phase (Fig. 1).

In contrast to cultivations with shorter glycerol feeding,
product accumulation started immediately after the addi-
tion of methanol (Flg 3a) The specific production rate was
constantly 80 mg kg h' throughout the whole productlon
phase (Fig. 3a). After 3 days of production, 2,500 mg L
of scFv per culture supernatant was obtained (Fig. 3a).

Restricted air supply

As an alternative strategy to control the specific methanol
uptake rate during production at low cell densities, the
airflow rate was set to 0.8 vvm upon induction and was
1ncreased with an exponential profile proportional to exp
(0.03 h™'(+£nq)) (Fig. 4b). The DO consequently was below
10% during the entire productron phase (Fig. 4b). The cell
density increased from 135 g L™ at induction to 300 g L™
after 70 h of production (Flg 4c). The specific methanol
uptake rates decreased with increasing cell densities from
0.04 g g ' h™! immediately after the adaptation Phase which
took 8 h with restricted air supply, to 0.02 g g
The recombinant scFv accumulated in the culture su-
pernatant only after a lag phase of 20 h after induction
(Fig. 3b). The specific production rate was almost constant
durlng the next 50 h of production, averaging at 250 mg g
h™! (Fig. 3b). This is five to eight times faster than in the
culture with full aeration, in which the scFv accumulated with
an average specific production rate of ¢p=30-50 mg kg ' h™'
(data not shown). Likewise, gp was two to three times
faster as in the cultivations with long glycerol feeding
(Fig. 3a). After 70 h of production under restricted air

h (Fig. 1).

supply, final product concentrations of 3,500 mg L were
reached (Fig. 3b).

Lower limits of the airflow rate

To test whether even lower airflow rates can ameliorate the
production further and to determine the lowest airflow rate
that gives efficient protein production, the airflow rate was
maintained at 0.16 vvm or increased manually starting from
this value (Fig. 5a), resulting in a specific methanol uptake
rate in the range of the maintenance requlrements 001gg"
h™' (Khatri and Hoffmann 2006), or in an increase from 0.01
to 0.03 g g ' h! (Fig. 5¢). Growth and production were
slower than with the previous profile (Fig. 5b,d), but with the
manually controlled profile, the product concentration 50 h
after induction was still three times higher than with full
aeration. The cell density with an airflow rate of 0.16 vvm
was almost constant; nevertheless, 500 mg L ! of scFv was
produced. Thus, even very low airflow rates could sustain
recombinant protein production at the high methanol
concentration used in this study, although less product was
obtained than with the optimum aeration profile (Fig. 4b).

Discussion

An scFv was produced and secreted by recombinant P,
pastoris. In previous work, limiting methanol feeding was
found to result in product modification, whereas the full
length product was obtained maintaining a constant
methanol concentration (Trentmann et al. 2004). While
this results in oxygen limitation despite full aeration—



conditions that are generally regarded as unfavorable
(Bushell et al. 2003; Lee et al. 2003; Lin Cereghino and
Cregg 2000)—efficient production was obtained under this
condition using high methanol concentrations (Khatri and
Hoffmann 2006). The product accumulation started after a
lag phase of 20 h, when the specific uptake rate has de-
clined t0 0.02-0.03 g g ' h™', a range that optimizes protein
production in many variant producing systems (Bushell et
al. 2003; Cunha et al. 2004; d’Anjou and Daugulis 2001;
Sinha et al. 2003; Trinh et al. 2003; Zhang et al. 2000; Zhou
and Zhang 2002). Therefore, in this study, purposeful
oxygen limitation was generated to feed-forward control
the specific methanol uptake rate to lower values im-
mediately after induction. Two approaches were compared,
and both resulted in high product yields. They differed,
however, with respect to the production kinetics.

Three advantages stand out from the practical point of
view: First, scFv titers in the gram-per-liter range were
obtained, as in few other studies (Damasceno et al. 2004;
Freyre et al. 2000), whereas scFv usually reach product
concentrations in the range of 50-250 mg L' (cf,
compilation in Fischer et al. 1999). The specific production
rate was increased to 250 mg kg ' h™', and the final product
concentrations reached 3.5 g L™', which is ten times higher
than with previous approaches (Khatri et al., submitted for
publication; Khatri and Hoffmann 2006). Second, the
methanol uptake can be controlled even with products that
suffer from degradation or modification during limiting
methanol feeding (Jahic et al. 2003; Trentmann et al. 2004;
Zhou and Zhang 2002). Alternatively, methanol uptake can
be restricted by reducing the maximum growth rates as a
function of the cultivation temperature; this strategy
improves recombinant protein production compared to
methanol-limited DOstat control threefold (Jahic et al.
2003). Because the specific growth rate at 12°C is still as
high as 0.04 h™" (Jahic et al. 2003), however, the temperature-
limited fed-batch is not ideal to control the low methanol
uptake rates used in this study. Third, problems related to
insufficient oxygen transfer capacities in large scale that
cannot meet the high oxygen demand during protein
production on methanol (Curvers et al. 2001) can impede
production (Bushell et al. 2003; Lee et al. 2003; Lin
Cereghino and Cregg 2000); the drawback of low oxygen
transfer rate can be circumvented by using deliberate oxygen
limitation to control the production process. Experiences with
controlled oxygen limitation, e.g., in conjunction with a
hypoxia-induced promoter (Gorgens et al. 2005; Klinner et al.
2004) or the production of PHB granula (Vijayasankaran et
al. 2005), gave no indication of general problems of P
pastoris under oxygen-limited conditions. Actually, oxygen
limitation may be superior to methanol limitation with respect
to release of host proteins even if air is provided with
maximum rate (Charoenrat et al. 2005). Thus, oxygen-limited
control of the methanol uptake is a versatile tool to optimize
secreted protein production with recombinant P. pastoris.

An open question remains, that is, the mechanism by
which the specific methanol uptake rate influences recom-
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binant protein production. Limiting methanol supply has
been found to induce the AOXI promoter more strongly
than methanol-sufficient conditions (Cregg 1999). In
addition, lower methanol uptake rate can reduce accumula-
tion of proteases (Sinha et al. 2003). However, as the two
approaches compared here yielded different production
kinetics despite similar gye.on profiles, additional factors
will be involved. Long glycerol feeding did also shorten the
lag phase between induction and first product accumulation
under oxygen-sufficient conditions, however without
influencing the subsequent production rate (Khatri et al.,
submitted for publication). Adaptation during prolonged
carbon limitation may facilitate subsequent product secre-
tion after the switch to methanol. In addition, in another
study, the production rate was higher, the longer the
glycerol feeding phase before induction was; this was,
however, attributed to the lower gypeon (Cunha et al. 2004).

In conclusion, restricted air supply was successfully
used to control the methanol uptake during protein
production with recombinant P. pastoris. This process is
advantageous to scale up as it relieves the requirement for
dosage of pure oxygen and also reduces heat generation.
The simple feed-forward control strategy is easy to
implement.
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