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Abstract

An important number of heterologous proteins have been produced in the methylotrophi€igh@sipastorisusing the
alcohol oxidase promoter. Two factors that drastically influence protein production and cultivation process development in this
system are gene dosage and methanol assimilation capacity of the host strain (Mut phenotype). Using a battery of four strains
which secrete &hizopus oryzakpase (ROL), the combined effects of gene dosage and Mut phenotype on recombinant protein
production inPichia pastoriswas studied in fed-batch cultures. Regarding the effect of phenotype, the specific productivity and
the Yp/x were 1.29- and 2.34-fold higher for MUROL single copy strain than for MGROL single copy strain. On the contrary,
the productivity of Mut ROL single copy strain was 1.34-fold higher than MBRIOL single copy strain. An increase ROL
gene dosage seems to negatively affect cell’'s performance in bioreactor cultures, particularlystraig. Overall, the Mat
strain may be still advantageous to use because it allows for easier process control strategies.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction erologous protein expression due to, among other fa-
vorable properties, the existence of a strong and tightly

The methylotrophic yea®lichia pastorishas been  regulated promoter from the alcohol oxidase 1 gene,

widely reported as a suitable expression system for het- Paox1 (Lin Cereghino and Cregg, 2000

Alcohol oxidase is the first enzyme of the methanol
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oxidase enzyme, the alcohol oxidase 1 geh®XJ), There are different strategies for generation of mul-
whichisresponsible for greater than 90% of the enzyme ticopy strains inP. pastoris(Romanos et al., 1998
in the cell, and the alcohol oxidase 2 geA®©K2?) for The availability of small vectors if. pastoriswhich

less than 10%. There are three typeP.giastorishost offer drug resistance is an appropriate methodology for
strains available that vary with regard to their ability this purpose. Recombinant strains showing drug hyper-
to utilize methanol: the wild type or methanol utiliza- resistance frequently correspond to strains containing
tion plus phenotype (M), and those resulting from  multiple plasmid copies, and therefore multiple copies
deletions in theAOX1gene (methanol utilization slow  of the heterologous gene (for example, the vectors con-
(Mut®)) or both AOX genes (methanol utilization mi-  taining the bacterial kanamycin resistance gene, which
nus (Mut™)). Concerning the MUt phenotype, thé. offer resistance to the drug G418). Also, vectors con-
pastorisstrains most widely used are GS1hts¢) and taining the Zeocin resistance gene as a dominant se-
the wild type strain X-33, which is isogenic to GS115 lection marker offer the added advantage of direct
except for reversion of the auxotrophy for histidine. screening of the transformants on Zeocin-containing

Heterologous protein expression under control of plates.

Paox1 allows for the design of defined controlled high- Another factor that should be considered for ex-
cell density cultivation strategies for heterologous pro- pression optimization is the Mut phenotype. For in-
tein production, described in two main phases. A first tracellular expression, it is preferable to use Mut
phase to generate biomass utilizing carbon sources thatcells because of increased specific yield of heterolo-
lead to a high substrate-biomass yield, such as glycerol; gous protein (lower levels of alcohol oxidase protein)
and a second phase, in the presence of methanol, for(Sreekrishna et al., 1997For secretion, either one of
induction of foreign protein expression. Optimization Mut* or Mut® strains can be used. Ideally, for any given
of cultivation processes usually involve an intermedi- product, it is better to test expression in both back-
ate cultivation phase, where both carbon sources aregrounds Sreekrishna and Kropp, 1996An advan-
present. Although many reports defining a successful tage of Mut strains is that the culture is not as sen-
operational scheme for cultivation 8f pastorishave sitive to residual methanol in the cultivation media rel-
been described, the productivity yields reached are ative to Mut strains, and hence the process of scale-
variable, particularly with regard to the specific foreign up can be easietSfratton et al., 1998 The specific
protein expressedRpdiguez-Jingnez et al., 1997; growth-rate is a critical parameter in the optimization
Katakura et al., 1998; Zhang et al., 2000; D’Anjou and of product formationZhang et al., 2000; Sinha et al.,
Daugulis, 2001 2003.

Besides growth conditions and cultivation process  In a previous study, we have reported the optimiza-
operating parameters, yields for heterologous protein tion of production in high-cell density cultures of a
production also depend on factors than influence genelipase fromRhizopus oryzaépase (ROL) (GenBank
expression (and secretion), and host strain physiology accession number AF229435) expressed P pas-
(Sreekrishna et al., 1997In addition, the design of  toris X-33 strain (Mut) under control oPaox3, using
an optimal production system strongly depends on the selected fed-batch cultivation schemigbr(ning et al.,
characteristics of the foreign protein such as cell toxi- 2007). Several operational parameters strongly influ-
city, stability, and protease sensitivity. enced the final yield, e.g. the methanol concentration in

The presence of multiple integrated copies of a de- the growth medium. The optimization of these param-
sired expression cassette has been reported to be arters allowed for higher ROL productivities. ROL is an
important factor in increasing foreign protein produc- enzyme with a wide range of applications in the pro-
tion in P. pastoris(Clare et al., 1991a,b; Werten et al., duction of enantiomeric pure fine chemicauyama
1999; Vassileva et al., 20DIHowever, for Expression  and Tokiwa, 1997; Demir et al., 1998; Virto et al.,
of extracellular proteins, maximizing gene copy num- 1999.
ber sometimes results in a decreased final productivity A further step in the optimization of extracellular
yield, and therefore an optimal rather than a maximal ROL protein expression if. pastoriswas achieved
gene dosage is often beS§llare et al., 1991a; Hohen- by increasing the heterologo®OL gene copy num-
blum et al., 2004 ber in the host cellQerrano et al., 2001 The ROL
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multicopy Mut® strain developed in this study showed Selection of pPIGA-ROL-transformants was car-
higher lipolytic activity (in low-cell density cultures), ried out in YPD agar medium (1% (w/v) yeast ex-
compared with theROL single copy strain, and was tract, 2% (w/v) peptone, 0.2% (w/v) glucose, 2% (w/v)
suitable for cultivation in a defined synthetic medium. agar) plates with 10@g mi~* of Zeocin (Invitrogen).
However, the multicopy strain showed a lower specific Selection ofROL multicopy transformants was car-
growth-rate on methanol, suggesting that these strainsried out using replica YPD medium agar plates con-
may constitute a useful biological model for study- taining 500, 1000 or 15009 ml~1 of Zeocin as de-
ing foreign protein secretion bottlenecksRnpastoris scribed inRomanos et al. (1998%election of reverted
such as cellular stress-related effedtoljenblum et His* strains was done on Minimal Dextrose (MD)
al., 2004. medium agar plates containing 1.34% (w/v) YNB, 2%
It is well known that two key parameters in the (w/v) dextrose and 2% (w/v) agar. Selected transfor-
production of heterologous protein i pastorisare mants were further checked for their Mut phenotype
the phenotype and the gene dosage, however, to ourby growing them in Minimal Methanol (MM) medium
knowledge, the combined effect of these parameters agar plates containing 1.34% (w/v) YNB, 0.5% (w/v)
on productivity with the same heterologous protein has methanol, and 2% (w/v) agar.
not been previously reported. The main objective of
this work is to compare the effect of gene dosage on
the production of extracellular ROL i pastorisfed-
batch cultures under two different host Mut phenotypes ~ Genomic DNA extraction was performed according
(Mut* and Mu#). to Miles et al. (1998) DNA was digested overnight
with the restriction enzymeg&coRl and Notl. The
DNA probe containing theROL gene was gener-

2.2. Southern-blot hybridization and
guantification of ROL copy number

2. Materials and methods ated by PCR, using the commercialA®X1 and
3'AOX1 primers from Invitrogen. Plasmid pPé@.-
2.1. Strains, plasmids, transformation of P. ROL was used as template DNA. The PCR prod-
pastoris and selection of ROL multicopy uct was purified with the QlAquick PCR Purifica-
transformants tion Kit (Qiagen Inc., USA) and labeled with the

BioPrime® DNA labeling system (Life Technologies,
The wild typeP. pastorisX-33-derived strain (i.e. USA) designed to produce biotinylated (biotin-14-
Mut*) expressing eR. oryzaelipase extracellularly ~ dCTP) DNA probes. Southern hybridization was car-
(Minning et al., 200} was used as tHieOLsingle copy ried out following protocols for MSI nylon mem-

strain. A P. pastorisstrain GS115 H{is4, Invitrogen, branes [ittp://www.msifilters.copand the Chemilu-
USA)-derived strain having multiple copies of tROL minescent Detection System for biotin-labeled probes
gene and its histidine auxotrophy reverted has been de-(Tropix Inc., MA, USA).

scribed elsewher&gerrano et al., 20Q1therefore, this Vector copy number was quantified by dot-blot hy-

strain (named as X-33/508/ROL) was isogenic to X-  bridization using purified genomic DNA as described
33 (Mut" His*™) except for thdROLgene dosagé. pas- in Romanos et al. (1998A positively charged nylon
toris KM71 (arg4 his4 aox::SARG4 AOX2Cregg membrane (Hybond-N+, Amersham Biosciences) was
and Madden, 1987 Mut® His~, was used for genera- used to immobilize chromosomal DNA frof pas-
tion of ROL multicopy strains. Plasmid pP§&-ROL toris strains. A PCR-amplified DNA fragment (700 bp)
(Minning et al., 1998 was linearized in the’BOX1 containing a region of thé>. pastoris URA3gene
region by restriction enzyme digestion wiad and (GenBank accession number AF321098) was used as
used to transfornf. pastoriskM71 competent cells  an internal control for the amount of chromosomal
by electroporation as described 8yegg and Russell  DNA. BoththeROLandURA3horseradish peroxidase-
(1998) Reversion of the histidine auxotrophy in labeled probes for membrane hybridization were pre-
the KM71-derived strains was done by transforming pared by using the ECL Direct Labeling and Detection
them with pPIC9 vector (Invitrogen) linearized with  System (Amersham Biosciences) following manufac-
Sal. turer’s instructions.
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2.3. Culture maintenance H3POy (85%) 26.7 ml, CaS@0.93¢g, KSO; 18.2¢,
MgSQy-7H,0O 14.99g, KOH 4.13g, glycerol 40g,

P. pastorisstrains were grown on YPD agar medium and 4.35ml of PTM1 solution. The PTM1 solution
plates containing 1% (w/v) yeast extract, 2% (w/v) pep- contained per liter: CuS£6H,0 6.0g, Nal 0.08 g,
tone, 2% (w/v) dextrose, 2% (w/v) agar and stored at MNnSOy-H,O 3.0g, NaMo0O4-2H,O 0.2g, KBO3
4°C. Long-term stocks were prepared as recommended0.02 g, CoG1 0.5g, ZnC$ 20.0g, FeS@ 7H,0 65.0 g,
by Invitrogen and deep frozen ai80°C. biotin 0.3g, and HSO, concentrated 5ml. The an-
tifoam agent (Mazu DF 7960—a polyoxyalkylene gly-
col, Mazer Chemicals, PPG Industries Inc., USA) was
added when necessary at a maximal final concentration

Pre-inoculums for shake-flask and bioreactor cul- of 10 ppm.
tures were grown for 24 h in baffled shake-flasks at  Cells were cultured in a 5-I Braun Biostat ED biore-
30°C, 250 rpm in buffered glycerol-complex medium actor (Braun Biotech, Melsungen, Germany). The cul-
(BMGY) containing 1% (w/v) yeast extract, 2% tivation conditions were: stirring rate 800 rpm, temper-
(w/v) peptone, 100 mM potassium phosphate, pH 6.0, ature 30°C, pH controlled at 5.5 by adding Nj@H
4 x 107%% (w/v) biotin, 1% (w/v) glycerol in 50 ml of 30% (v/v), dissolved oxygen controlled above 30%
final volume. Cells were centrifuged at 400@ and with an air flow rate between 1.5 and 20 | mi For
resuspended in the required fresh medium to inocu- fed-batch feeding, 12 ml of PTM1 were added to 11 of
late shake-flask cultivations. Alternatively, the 50 ml glycerol (50% (v/v)) and 11 of pure methanol, respec-
culture was used to inoculate a 500 ml (final working tively.
volume) of BMGY ina 1-ltop-bench bioreactor (Braun The carbon sources, glycerol and methanol, were
Biotech, Melsungen, Germany). The culture was grown either added in the transition and production phases by
overnight at 30C and subsequently was centrifuged at an automatic microburette MicroBU-2031 from Cri-
4000x g. Harvested cells were resuspended in biore- son Instruments (Alella, Barcelona, Spain). The ini-
actor culture medium and used to inoculate a 5-1 Biostat tial working volume in the batch phase was 3.51. The
ED bioreactor (Braun Biotech, Melsungen, Germany). basal salt medium was autoclaved in situ except for the
Dissolved oxygen was maintained at 30% with the vari- PTML1 solution, which was sterile-filtered and subse-

2.4. Inoculum preparation

ation of aeration flow between 1.5 and 20 IminThe
pH was kept at 5.5 by using 2 M KOH and cultivation
temperature and stirring were controlled at’80and
800 rpm, respectively.

2.5. Shake-flask cultures

Shake-flask cultures were conducted in 250 ml of
buffered minimal methanet histidine (BMM (H))
with 100 mM potassium phosphate, pH 6.0, 1.34%
(w/v) YNB, 4 x 10-°% (w/v) biotin, and 0.5% (w/v)
of methanol plus 0.04% (w/v) of histidine when nec-
essary. Cultures were incubated for 48 h atGGnd

quently added after the medium had cooled to room
temperature.

The cultivation started with a batch phase with
40 gL of glycerol. After that, a transition phase for 5 h
followed. During the first 2 h, the glycerol feeding rate
was 30Qul min—1, it then decreased to 160min—1
in the third hour to 10Qu min~1 in the fourth hour,
and finally to 65.Imin—1 during the final hour. The
methanol feeding was started at the third hour and
was kept constant at 1¢0min—1 till the end of this
phase. Finally, the induction phase was carried out,
the methanol addition rate in the culture was manually
modified attempting to maintain methanol concentra-

250 rpm. The same amount of methanol was added ev-tion between 1 and 2 gt.

ery 24 h to the growing cultures.

2.6. Fed-batch cultivation set up and operational
conditions

The basal salt synthetic medium for fed-batch
cultivations contained per liter of distilled water:

2.7. Biomass analysis

Biomass was expressed as dry cell weight. This was
measured by withdrawing 8-ml samples of the biore-
actor; these were then filtered through pre-weighted
glass microfibre filters (Whatman GF/F, Maidstone,
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UK), which were subsequently washed with two vol-
umes of distilled water and dried at 105 to a constant

weight. Alternatively, biomass was measured by opti-

325

2.10. Ammonium determination

The ammonium concentration was measured us-

cal density at 600 nm, using a conversion factor for dry ing a colorimetric method (LCK302 kit, Dr. Lange,

cell weight. Determinations were performed by tripli-

Dusseldorf, Germany) with a R.S.D. of about 8% in

cate and the relative standard deviation (R.S.D.) was the concentration range used.

about 5%.
2.8. Biomass elemental composition

Cells were harvested by centrifugation (CentrikKon
H-401 ZK401, Kontron Hermle, drich, Switzerland)
for 5min at 4°C and 4500« g. Pellets were collected,
washed with 10 mM Tris—HCI, pH 8.0, and centrifuged
twice. Washed cells were freeze-dried (Virtis Sentry
51, Virtis Company Gardiner, NY, USA) for 24 h, fur-
ther dried at 105C to constant weight and analyzed
for composition of C, H, N, O, and S in an elemen-
tal analyzer (Carlo Erba EA 1108, Carlo Erba In-
struments, Milan, Italy). Ash content was quantified
about 9%.

2.9. Glycerol and methanol determination

Glycerol was determined by HPLC with a HP 1050
liquid chromatograph (Hewlett Packard, Palo Alto, CA,
USA) using an Aminex HPX-87H ion-exchange col-
umn from Bio-Rad. The mobile phase was 15 mM sul-
phuric acid, injection volume was 20 ml. Data was
quantified by the Millenium 2.15.10 Software (Wa-
ters Corporation, Mildford, MA, USA). The estimated
R.S.D. was 3%.

Methanol was analyzed by a HP 5890 gas
chromatograph (Hewlett Packard, Palo Alto, CA,
USA) using a capillary column Tracsil TR-FFAP
25mmx 0.53mmx 1pum (Tracer-Teknokroma, St.
Cugat del Vaks, Barcelona, Spain) and equipped with
an automatic injector (HP 7376) and a FID detector.
Operating conditions were 200 and 28D for injec-

2.11. Lipase activity assay

Samples were centrifuged for 10 min at@ and
4500x g(Mikro 12-24, Hettich, Tuttlingen, Germany).
Lipolytic activity of the supernatant was determined by
a modified method based on a colorimetric commercial
kit assay (LIP kit from Roche Diagnostics, Mannheim,
Germany), as described elsewhete$ et al., 2000

This test was correlated to the lipolytic assay using
pH-stat analysis and olive oil as substrate described in
Minning et al. (2001) One unit of lipase activity was
defined as the amount of enzyme required to release
1 wmol of fatty acid per minute under assay conditions.

2.12. Protease activity assay

Protease activity was determined using the substrate
azocasein. The analysis was carried out as described
elsewherellinning et al., 200).

2.13. Calculation of specific rates

Estimated reaction rates were specific growth-rate
(n) (h~1), specific substrate consumption ratg)(
(gmethanmg&émasgw‘l), and specific lipase production
rate fp) (UA gpamas1 ) The estimation procedure
were performed by using suitable smoothing routines
(Matlab 6.1 Curvefit Toolbox, The Mathworks Inc.,
Natick, USA) and mass balances that permitted to sup-
ply complete data sets with coincident off-line biomass,
substrate, and lipolytic activity data.

Firstly, biomass, substrate, and lipase activity

tor and detector, respectively, oven-temperature profile data were smoothed. After that, the first derivatives

40°C (2 min), 20°C min~! to 200°C, 200°C (5 min)
giving atotal analysistime of about 15 min. Heliumwas
used as carrier gas with a flow rate of 9 mlminThe

of the smoothed curves were obtained. Feed-flow
rate was time-averaged between consecutive off-line
biomass samples. Total volume was estimated taking

selected fuel gas was hydrogen. Internal standard wasinto account feed-flow rate including carbon sources

isopropanol (4 gt1) mixed at 50% (v/v) with samples.
Data was quantified by Millenium 32 Software (Wa-
ters Corporation, Mildford, MA, USA). The estimated
R.S.D. was about 2%.

(methanol and/or glycerol), acid and base solutions, as
well as volume samples.

Finally, mass balances inside the bioreactor for the
fed-batch operation were conducted to obtain the reac-
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tion rates as follows:

1 dv)

H=xv) o 1)
_(ds  F(S—So)\ 1
qs__(dt+v>x )
dp FP\ 1
= (dt * v) X ®)

where X is the biomass concentration (), S the
substrate concentration inside the bioreactor 1S
the inlet substrate concentration (@), P the lipolytic
activity (UAI1), t the time (h),F the feed-flow rate
(I1h—1), andV is the total volume of the culture (1).

3. Results and discussion

3.1. Selection of MG(ROL multicopy strains and
shake-flask cultivations

ROL single and multicopy strains were generated
by transformation of cells of thAOX1 gene deleted
(Mut®) P. pastorisstrain KM71 with the linearized vec-
tor pPIGxA-ROL. When transforming the cells, mul-
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Fig. 1. Southern-blot hybridization analysis. Lane 1, control untrans-
formed GS115 strain; lane ROL single copy strain Mdt, lane 3,
ROL multicopy strain Mut; lane 4,ROL single copy strain Mt

and lane 5SROL multicopy strain Mut.

High ROLgene contentin KM71 transformants was
verified by Southern-blot hybridizatiorFig. 1). Fur-
ther, the number of gene copies of Mand (previ-
ously isolated Serrano et al., 200IMut* multicopy
strains was quantified by dot-blot analysis as described
in the materials and methods section. The Mutilti-
copy clone KMR1500 contained about 23—-24 copies
of ROL, whereas the KM15Q@ clone contained 5-6
copies oROL Hence, clone KMR1503 was selected,

tiple insertion events by repeated recombination at the together with a Mut multicopy control clone for fur-

homologousAOX1 genomic site may occur at a low
frequency. The pPI&A vector confers resistance to
the antibiotic-derived Zeocin. Therefore, selection of
strains containing multiple copies of the vector was

ther cultivation experiments because they contained a
ROLgene dosage of the same order.

Shake-flask cultures of strains X-33/ROL (Mut
ROL single copy, X-33/50@B/ROL (Mut", ROL mul-

achieved by dosage-dependent resistance to the drugtiple copy), KM10Q0/ROL (Mut, single copy), and
That is, at higher Zeocin concentrations, those trans- KMR1500.3/ROL (Mut’, ROL multicopy) in minimal

formants containing multiple copies of the vector were
enriched.

Thus, after the selection of a ROL-producing
KM71 transformant growing on Zeocin (19@ mi~1),
named as KM10@/ROL, all KM71 transformants

were further screened by replica plating onto Zeocin-

medium supplemented with histidine and methanol as
a sole carbon source revealed the following observa-
tions (Fig. 2. First, specific lipolytic activities were
clearly higher in thdROL single copy Mut strain than

in the corresponding Miitsingle copy strain. Second,
although the specific lipolytic activity in the Mumul-

containing plates at concentrations of 500, 1000, and ticopy strain was clearly higher than in its correspond-

1500pngmi~1 of the drug. Only two independent

ing single copy strain, the effect of tROLgene dosage

clones capable of growing on Zeocin at each of these on specific lipolytic activity in Mut strains was not

concentrations were isolated (i.e. a total of six clones).

Among these six clones, two growing at 1500 mg il
of Zeocin (named KMR1503 and KM15004, re-
spectively) showed significant lipolytic activities when
grown in shake-flask cultures.

clear. Third, as previously observed in the Matrains
(Serrano et al., 20Q1despite the fact that the levels of
specific lipolytic activity were higher in the multicopy
strain than in the single copy strain, increaR€al.gene
dosage resulted in a clear negative effect on cell growth
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Fig. 2. Specific lipolytic activity of the ROL single and multicopy strains obtained in shake-flask cultures.

(data not shown), thus suggesting a possible physiolog-
icalburden (i.e. stress or toxicity) due to overexpression
of ROLin the multicopy strain. A possible explanation
for this effect could be the phospholipase activity de-
scribed for mature ROL, which might be toxic for the
cells when this enzyme is accumulated intracellularly
(Beer et al., 1998

Further high cell density cultivation experiments
were performed in bioreactors using a synthetic
medium with both single and multiple copy, Mut
and Muf strain combinations. The KM71-derived
multicopy strains were histidine auxotrophic. There-
fore, they were unsuitable for bioreactor-scale cul-
tivations using defined media. In addition, supple-
mentation of the defined medium with histidine may
lead to substantial changes in the strains metabolism.
Hence, the KMR150@B/ROL strain, which had a
similar ROL gene dosage as the X-33/56(ROL
strain was made prototrophic using the HIS4 vector
pPIC9.

3.2. Fed-batch cultivations

The selected fed-batch strategy was identical for all
cultivations: after a batch phase using glycerol as sin-
gle carbon source (the end of which was indicated by a
sharp increase in the dissolved oxygen (DO) levels), a
transition phase with simultaneous feeding of glycerol
and methanol was performed according to a modified
scheme fronKatakura et al. (1998)After the transi-

tion phase, the induction phase was started by feeding
methanol as the sole carbon source. The feeding rate
was modified through the induction phase according to
the residual methanol consumption rate of the culture.
Thiswas estimated in accordance with the off-line mea-
surements of the methanol concentration. In this way,
methanol concentration was kept within the range of
1-2 g -1 for both phenotypes. Invitrogen’s cultivation
process guidelines for MuP. pastorisstrains recom-
mend the adjustment of the methanol feed rate to main-
tain an excess of methanol in the medium which does
not exceed 3gi. Also, this strategy minimized the
build up of methanol to growth-rate-inhibitory levels,
which could be limiting specific growth rate of Mut
cells (Kobayashi et al., 2000; Zhang et al., 20Q8ow-
ever, methanol concentration for Mugtrains reached
transiently maximum values of methanol concentra-
tion up to 5gt? due to the limitations in the control
strategy.

Cultivation data from fed-batch cultivations using
our battery of four strains is shown Fig. 3. As ex-
pected, all strains behaved identically when grown
on glycerol as the sole carbon source during the ini-
tial batch phase. They,s was around 0.5 (g biomass
g Lglycerol) and theumax was 0.18 ! in all cases.
During the transition phase, glycerol was always at lim-
iting concentrations, i.e. below detection limits (data
not shown). This allowed derepression of methanol as-
similation pathway enzymes, as revealed by the ob-
servation that methanol was being consumed and low
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lipase activity levels were detected in the extracellular
media in this phase.

3.3. Effect of gene dosage
Fed-batch cultivations with the prototrophic (Hjs

Mut® ROL multicopy strain did not progress for more
than 24 h after starting the production phase. During

329

means of ensuring/assessing that histidine was always
in excess at all times during cultivation. Nevertheless,
the maximal lipase activity levels achieved after 90 h
of cultivation (140 UA mt1) were substantially lower
than the corresponding values obtained with R@L
single copy strain (205 UAmf) after the same pe-
riod of time. Biomass levels at that stage were of the
same order in both cultivations (about 389 dry cell

this phase, oxygen demand decreased steadily, indicatweight per liter). Further, the yield of lipolytic activ-

ing a decline in the metabolic activity of cells grow-
ing on methanol. Methanol feeding rates during the
initial stages of the production phase were similar to
those achieved during the corresponding cultivation
phase with the Miitsingle copy strainKig. 3); further,
some extracellular lipase activity (about 5 UATH)
was detected during this period (data not shown). How-
ever, after about 10h, cells began to display a re-

ity per biomass unitYp/x, was 1.3-fold higher in the
Mut® ROLmulticopy strain compared to its single copy
counterpart, thus showing that the cell’'s specific pro-
ductivity increased at higROL gene dosages in Mut
strains {able J). In Fig. 4, the evolution of the spe-
cific growth-rate (1), the methanol feeding rate, and the
residual methanol concentration in the medium during
the fed-batch cultivations with Meitstrains are pre-

duced methanol assimilation capacity, as revealed by sented. The corresponding data for specific methanol

an steady increase in the p@vels.

consumption rategg) and lipase production rate)

These results were in clear contrast to the expressionevolution throughout the course of the fed-batch culti-

levels observed in shake-flask cultivations of both Mut

strains, thus indicating that expression becomes limited
at higher gene dosage under the more efficient induc-

tion conditions found in controlled cultivations. Simi-
lar observations have been previously reportele
etal., 1991p Sinha et al. (2003fpound that if the spe-

cific growth-rate drops to values as close as the main-

vations are presented ig. 5.

In both Muf strains, the specific growth-rate de-
creased to values below 0.02h after the transi-
tion phase was completed. These values are some-
what lower than those reported for the untransformed
KM71 strain (0.04 b, Brierley et al., 199] Since the
biomass generation throughout the production phase

tenance metabolism, production may not be sustained.was virtually nil, the possible impact of gene dosage
This may become critical at higher gene dosage under on the microorganism’s growth cannot be assessed. In

the more efficient induction conditions of the bioreac-
tor culture.

In fact, cultivation of the KM71-derived (M8tROL
multicopy strain without its histidine auxotrophy be-

both Muf cultivations Fig. 5a and b), a maximum for

gs Was reached at early stages of the production phase,
being followed by an exponential decrease along this
phase; a similar behavior was observed forgherl hat

ing reverted in a fed-batch mode in the presence of an is, as the fed-batch phase progressed, the methanol con-

excess of histidine allowed sustained cell growth and

sumption capacity, and therefore the ROL production

lipase production during the methanol feeding phase capacity decreased. Further, at later stages of these cul-

(Fig. 3). The use of the auxotrophic strain provided a

tivations, the apparent was virtually zero. However,

Table 1
Maximal lipase activity, lipase yield, and productivities obtained in fed-batch operation for the difféchid pastorisstrains
Mut® His* MutS His™ Mut* His* Mut* His*
single copy multicopyP single cop¥ multicopy?
Maximal lipase activity (UA mt?) 205 270 150 175
Yeix (UAGptmasd 5775 7500 2470 3578
Productivity (UAF1h™1) 2246 1500 3000 1894
Specific productivity (UA g a1 63 46 49 40

a Calculated for the maximal lipase activity in Mustrain.
b Cultivation supplemented with histidine.
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the gp, max andgp, meanWere about 1.45- and 1.4-fold
higher for the Mut single copy strain cultivation, re-
spectively. Lowerty, values in multicopy strains sug-

0. Cos et al. / Journal of Biotechnology 116 (2005) 321-335

about 20% of the total fed-batch phase time in theMut
ROL multicopy cultivation, the lower maximum spe-
cific growth-rate observed for this strain can not be re-

gest a negative effect of gene dosage on the specificlated to methanol accumulation in the culture medium,

production rate.

In fed-batch cultivations of Mdtstrains, it was not
possible to maintain the residual methanol concentra-
tion within the same limits as in Méifed-batch cul-
tivations (1-2 g1?). Also, this parameter had bigger
oscillations than in the Méfed-batch cultivations due
to the limitations of the control strategy and the higher
methanol assimilation capacity of Mustrains in rela-
tion to Mut® strains Fig. 3c and d).

In the Mut® ROL multicopy strain fed-batch cul-
tivation, the extracellular lypolytic activity reached a
maximum of 175 UAmt?! after approximately 70 h
of induction phase, with a biomass of about 5041
whereas in the cultivation with the MUROL single
copy strain, a maximum of 150 UA m} was reached
after only 24 h of induction phase and a biomass of
about 55 ng. TheYp/x is 1.4-fold higher for the Mut
ROLmulticopy strainin relation toits single copy coun-
terpart Table 1), a value very similar to that found for
MutS strains.

Hence, gene dosage in fed-batch cultivations with
both phenotypes is not correlated with production lev-
els andYp/x values. This is reflected in the volu-
metric productivity (units of lipase per liter of re-
actor per hour) levels calculated for the single copy
strains, which are significantly higher than for the mul-
ticopy strains, regardless their Mut phenotype (about
2250-3000 UAt! h~1for ROLsingle copy strains ver-
sus 1500—-1900 UAT h—1 for ROLmulticopy strains).
Notably, the ratio of volumetric productivities between
single copy:multiple copy strains is very similar for
Mut® and Mut strains (1.5 and 1.6, respectively).

The effect of gene dosage in Mustrains on the
specific growth-rate is more clear than in Maultiva-
tions due to the higher specific growth-rates. Thus, in
the cultivation with théROLsingle copy strainKig. 4c),
the maximum specific growth-rate reached is about
0.04h 1, whereas in th&®OL multicopy strain only a
maximum of 0.02 h! (Fig. 4d). In both cases, the ob-
served maximum growth-rate is clearly below the max-
imum reported for Mt strains in fed-batch cultiva-
tions under similar conditions (for instance, 0.07th
Zhang et al., 2002 Since concentrations higher than
2 gl were only reached transiently in a fraction of

but to theROL gene dosage, i.e. tBOL overexpre-
ssion.

The behavior oft, gs, andgp values in cultivations
with Mut® strains Fig. 5c and d) are more difficult
to analyze because the off-line strategy used to con-
trol the residual methanol concentration in the reac-
tors resulted in oscillations of this parameter, from 0
to 5g 11, with important consequences: In the early
stage of the production phase, sudden decreasgs in
were correlated with sudden increases of the residual
methanol concentrations in the medium (in the case of
the Mut” ROL single copy cultivation), or with pro-
longed periods under methanol-limiting conditions (in
the case of the Mt ROL multicopy strain cultiva-
tion). Further, the transient accumulation of methanol
at other stages of the fed-batch phase of cultivations
with Mut* strains corresponded with an important de-
crease irp values Fig. 5c and d). These observations
are consistent with the fact that transcription levels
from Paoxiare reported to be three to five times higher
at methanol-limiting concentrationd.ih Cereghino
and Cregg, 20000verall, one can still observe that
andgp values tended to decrease during the fed-batch
phase of both single and multicopy Mutrains. How-
ever, such a decrease was not so pronounced as that
observed in cultivations with Méstrains (particularly
for gs values).

gs Values in the initial stages of the production phase
were close to those observed for the corresponding un-
transformed strains in all cases and after reaching a
maximum, these values decreased. Notably, average
methanol feeding rates were clearly lower in both Mut
and Muf ROL multicopy strain cultivations than in
the cultivations with their correspondirigOL single
copy strains. It is possible that accumulation of intra-
cellularROL along cultivation time gradually inhibits
methanol assimilation capacity of the host organism,
becoming critical when methanol assimilation is ge-
netically controlled andROL transcription levels are
higher (i.e. Mut ROL multicopy strain).

Also, a clear negative effect of tfiROLgene dosage
was observed ogy values in both Mut phenotypes. The
estimatedy, mean values were about 1.4 and 1.8 times
higher for Muf and Mut” ROL single copy strains, re-
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spectively, compared with thelROL multicopy coun-
terparts.

3.4. Effect of the Mut phenotype

The effect of Mut phenotype on ROL production can
be assessed when comparing the major parameters cal
culated for fed-batch cultivations with Muand Muf
ROLsingle copy strainsHig. 3a and c,Table J. In the
Mut* strain cultivation, amaximum extracellular lipase
activity of 150 UA mi~1 was achieved after 50 h of cul-
tivation at a biomass of about 55l After this point,
lipase activity decreased. In the Mgtrain cultivation,
equivalent lipase activity levels were also reached after
75 h of cultivation but at a much lower biomass (ca.
35g1). Further, extracellular lipase levels steadily
increased up to about 205 UA ™ after 90 h of culti-
vation, with biomass levels around 389!

Overall, the maximum lipase activity achieved, the
specific productivity (UAgL. . h~1), and theYp/x
obtained with the Mitwere 1.4, 1.3, and 2.3 times
higher, respectively, than with the Mustrain, indi-
cating that the Mutstrain was more efficient for ROL
production. However, in terms of productivity (units
of lipase per liter of reactor per hour), the value for
the Mut” was 1.3-fold higher than for the Mustrain,

i.e. compensating the lower production levels achieved
with the Mut® strain with its shorter cultivation time
and similar biomass levels.

As expected, the methanol feeding rates achieved for
the Mut” ROLsingle copy strain of about 8Qd min—1
were clearly higher than those for the MIROL sin-
gle copy strain Fig. 4), approximately 10Q.Imin—1.

In turn, the meam reached throughout the production

phase with methanol as sole carbon source was 7.2-

fold higher for the Mut strain culture. These differ-

Table 2
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ences are also observed from the analysis of the max-
imum and mean specific methanol consumption rates
(gs) (Table 2. The evolution ofgs during the produc-
tion phase of Mut and Muf cultivations showed quite
different profiles in qualitative terms. Although in both
cultivations, a maximungs value was obtained in the
initial stage of the production phase, in the Matilti-
vation an exponential decay of this parameter was ob-
served after reaching its maximum value. Conversely,
for the Mut* cultivation, thegs value did not experience
an exponential decay after the maximum was reached.
Rather, it seemed to decrease and stabilize to values
around 0.15 Gethanopiomasd

The maximumgq, for the Muf cultivation was

244UA G hL, higher (1.4-fold) than that esti-
mated for the Mk cultivation, 170 UA g2 hL.
This relation was maintained within similar terms
when the mearg, values were compared: 130 and
83 UA g, .1 for the Mut and Mug, respectively,
as the higher specific lipase productivity of the ut
strain compensated its longer cultivation time.

A problem observed in the cultivations with both
Mut* ROL single and multicopy strains is the prod-
uct degradation (revealed by the sharp decrease in ex-
tracellular lipase activity, as well as in SDS-PAGE of
cultivation samples, data not shown) and concomitant
cell lysis when biomass levels of 50gH (dry cell
weight) or higher were reached, as observeldign 3c
and d. Product proteolytic degradation has also been
detected irP. pastorisexpressing human serum albu-
min at the same biomass levels, using the same growth
medium Kobayashi et al., 2000 These authors de-
tected an increase of proteolytic activity when the am-
monium levels in the cultivation medium decreased be-
low 0.3mg 1, thus suggesting that the protease ac-
tivity may be induced by nitrogen starvation. Indeed,

Mean and maximal specific growth-rate)( specific substrate consumption ratg)( and specific lipase production ratg) for the different
Pichia pastorisstrains. Mean specific growth-rates were estimated as time-averaged

Mut® His* single copy Mut His~™ multicopy aMut* His* single copy  2Mut™ His* multicopy
tmax (1) 0.014 Q018 Q051 Q028
pmean(h™1) 0.005 Q004 Q036 Q012
Gs, max (GmethanoDpiemasd? ) 0.05 0071 022 016
s, mean(gmethanolggiémassh_l) 0.024 Q028 Q14 010
G, max (UA gaginasshfl) 170 118 244 150
O, mean(UA gb_iomassl’rl) 83 59 130 71

a Calculated for the maximal lipase activity in Mustrain.
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analysis of the ammonium levels throughout the pro- et al., 2000; Hohenblum et al., 2004 his is further
duction phase of our fed-batch cultivations confirmed supported by this study showing that the methanol as-
that ammonium became limiting above biomass levels similation capacity of the host strain has an important
of about 50 gt*. Furthermore, based on the elemen- impact on ROL expression levels. Althoujhbayashi
tal composition obtained frorR. pastorisMut™ cells et al. (2000)suggested that limitations in the transla-
growing on a methanol batch culture (G ¥$+0.01 tion machinery or limitation of precursors may become
00.62+0.05 No.18+ 0.001 S0.006+ 0.001), and considering critical at high gene dosages, the moderate specific pro-
a biomass/substrate yield of 1.00 (C-molar basis), the ductivities may also indicate limitations in folding and
maximal ratio ammonium sulfate/methanol was cal- secretion. Current studies are in progress to identify
culated as 2.71 g Methanotgammonium sulfate. On  possible bottlenecks in expression and secretion pro-
the basis of this calculation, it was determined that the cesses.
cultivation would become nitrogen-limited at biomass Abiological system has been developed to study the
concentrations above 50-60¢!dry cell weight of effects of gene dosage on the production of a heterolo-
biomass. gous model protein ROL. Also, the strains constructed
and characterized in this study seem to be appropriated
as a model system for studying possible effects on the
4. Conclusions cells physiology brought on by the overproduction of
extracellular heterologous proteinsRnpastoris
The methanol feeding strategy, which also dictates
the specific growth-rate, is a key parameter for maxi-
mizing recombinant protein productioBliioya, 199
However, strategies to control cell growth may in-
crease instrumentation and expertise requirements. In
this context, the use of a Mistrain allowed us to read-
ily maintain residual methanol concentrations close to
a constant level, as well as smoothing the fluctuations
of u, s, andqp, during the fed-batch phase. For Mut
strains, the need for an effective control system to avoid
abrupt fluctuations in the residual methanol concentra-
tion in the medium is clearly shown in this study.
Notably, a clear difference in terms of specific pro-
ductivity andYpx were observed depending onthe phe- References
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