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Abstract

The methylotrophic yeast Komagataella phaffii is considered a highly successful expression
host for the large-scale production of recombinant proteins. The presence of the strong, yet
tightly regulated, promoter Paox: is one of the main reasons for this success. Typically,
methanol is used to induce Paox: activity. It also serves, at least in the wild type strain, as a
source of carbon and energy. However, there are problems with the use of methanol on an
industrial scale, which have prompted researchers to explore ways to minimize the amount
of methanol used. Two popular strategies are a) the use of Mut (“Methanol utilization”)
strains, which are compromised in their production of alcohol oxidase (AOX) and thus their
ability to consume methanol and b) addition of secondary carbon sources to support growth
and to reduce methanol requirement. The need to systematically study the influence of the
different Mut phenotypes and of different secondary carbon sources on recombinant protein
expression has been acknowledged in the literature. In this work, we tried to determine the
optimal Mut phenotype and suitable secondary carbon sources by studying the production of
a model recombinant protein, B-galactosidase. We observed significantly higher specific
expression rates in a Mut* (high AOX) strain compared to Mut® (little AOX) and Mut™ (no AOX)
strains, suggesting that the Mut* should be the strain of choice for production of (at least non-
secreted) recombinant proteins. Moreover, this observation led us to hypothesize that a
downstream metabolite of methanol is involved in induction of Paox:. It was found that the
metabolites formate and formaldehyde do act as potent inducers of Paox:. Since these
compounds have several advantages over methanol in industrial protein production
processes, this observation has important practical implications for large-scale production of
recombinant proteins. The second goal of this work was to identify the best secondary carbon
source. Comparable recombinant protein production was observed when either glycerol (a
repressing carbon source) or sorbitol (a non-repressing carbon source) was used as the
secondary carbon source along with methanol in continuous culture. This demonstrates that
it is irrelevant whether a non-repressing or a repressing carbon source is used to support
growth. Again, this result has significant practical implications, as it allows the secondary

carbon source to be chosen solely on the basis of industrially relevant parameters.
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Methanol utilisation pathway in K. phaffii. 1. Alcohol oxidase, 2.
Catalase, 3. Formaldehyde dehydrogenase, 4. Formate dehydrogenase,
5. dihydroxyacetone synthase, 6. Dihydroxyacetone kinase, 7. Fructose
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Residual concentration of carbon substrates (glucose and methanol)
during growth of H. polymorpha in a chemostat on various feed
concentrations of methanol + glucose. Composition of methanol-
glucose (C1-C6) mixtures is given in weight percent. Total concentration
of substrate (C1 + C6) in the feed was always 5.0 g I

Steady-state specific activity of B-galactosidase as a function of dilution
rate. A chemostat was fed with lactose (1 mM) + glucose (2 mM), lactose
(1 mM) + glucose-6-phosphate (2 mM), and lactose (1 mM) + glycerol (4
mM), the specific activity of B-galactosidase remained same at all
dilution rates up to 0.5 h!

During single-substrate growth on methanol, the specific productivity of
alcohol oxidase increases monotonically. However, during mixed-
substrate growth on methanol and glucose, the specific productivity of
alcohol oxidase passes through a maximum at a dilution of 0.2 h'1, which
is close to the washout dilution rate during growth on pure methanol
The Mut strain has the highest steady state intracellular methanol
concentration: When Mut”, Mut® and Mut* cells are exposed to the same
concentration of methanol, the steady state specific activity of AOX, and
hence the specific methanol consumption rate, is zero in Mut", small in
Mut® and large in Mut*. If methanol is transported by diffusion, it follows
that the steady state intracellular methanol concentration will be
highest in Mut’, lower in Mut® and lowest in Mut* strain.

The specific B-galactosidase activity in Mut* strains is 5-10 times than
that observed in Mut® and Mut strains. Strains Mut* (pSAOH5-T1), Mut®
(pSAOHS5-T1) and Mut” (pSAOHS5-T1) were grown on a mixture of sorbitol
(10 g I'Y) and alanine (10 g I'!) without methanol (uninduced) or with
methanol (5 g I"!) (induced). Culture samples were collected in the
exponential phase when the ODeoo was between 1-2, and the specific B-
galactosidase activities were measured using the Miller assay (Materials
and Methods). The standard error was calculated from biological
replicates of a single transformant.

Methanol is transported by diffusion. Strain MC100-3 was grown on
either sorbitol (10 g I'!)/alanine (10 g I'!) (Uninduced) or sorbitol (10 g I
1)/alanine (10 g I'!) plus methanol (5 g I') (Induced) supplemented
minimal medium. Cells were harvested in exponential phase (ODgoo =
0.5-1) and washed. At t = 0, radiolabelled methanol was added to the
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both the cultures. Samples were collected and immediately filtered
through a membrane filter (pore size 0.45 micron). Intracellular counts
were measured after washing the filters and dissolving them in a
scintillation cocktail (Materials and Methods). The dotted line
represents the extracellular concentration of methanol.

Different protein production rates of Mut strains are due to their AOX1
activities. Cultures were grown on either sorbitol/alanine (10 g I'! each)
(Uninduced) or sorbitol/alanine (10 g I* each)/methanol (5 g I?)
(Induced) based minimal medium. Samples were collected in the
exponential phase (ODsoo = 1-2) and [B-galactosidase activities were
measured using Miller assays (Materials and Methods). Standard errors
were calculated from biological replicates of a single transformant.
Comparison of formate and methanol as inducers of protein
expression in the three Mut phenotypes. Strains Mut* (pSAOH5-T1),
Mut® (pSAOH5-T1) and Mut™ (pSAOH5-T1) were grown on a mixture of
sorbitol (10 g I'!) and alanine (10 g I'!) with either potassium formate (5
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measured using Miller assays (Materials and Methods).

Comparison of the induction potential of methanol, formate and
formaldehyde. The capacity of methanol and formate to co-induce was
also tested. Cultures were grown in minimal medium supplemented
with sorbitol and alanine (10 g I'* each), along with either methanol (1
mM), formate (1 mM) or formaldehyde (1 mM). Samples were collected
in the exponential phase (ODesoo = 1-2) and B-galactosidase activities
were measured using Miller assay (Materials and Methods).

Residual glycerol concentration (4) and dry cell weight (e), plotted as a
function of dilution rate for cultures on glycerol (100 c-mM) as the sole
carbon source.

Influence of dilution rate on specific enzyme activities. Specific -
galactosidase (indicated as ®) and AOX activities (indicated as A) as a
function of dilution rate in K. phaffii strain Mut* (pSAOH5-T1) grown in
chemostat mode on glycerol (100 c-mM) as the sole carbon source.
B-galactosidase production rate () (calculated using the specific
activities) as a function of dilution rate in K. phaffii cultures grown on
glycerol (100 c-mM) as the sole carbon source.

CO; production rate (®) as a function of dilution rate in K. phaffii cultures
grown on glycerol (100 c-mM) as the sole carbon source.

Residual methanol concentration (¢) and dry cell weight (®) for cultures
grown on methanol (100 c-mM) as a sole carbon source as a function of
dilution rate.
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Specific 3-galactosidase (®) and AOX activities (A) of K. phaffii strain
Mut* (pSAOH5-T1) grown in a chemostat mode on methanol (100 c-mM)
as the sole carbon source, plotted as a function of dilution rate.
-galactosidase production rate (®) as a function of dilution rate in K.
phaffii cultures grown on methanol (100 c-mM) as the sole carbon
source.

Residual substrate concentration and dry cell weight (®) for cultures on
glycerol and methanol mixed substrate feed as a function of dilution
rate. Substrate concentrations (glycerol ¢ and methanol 0) were
determined by taking a sample directly from the reactor vessel during
steady state. Carbon recoveries (O) are also shown.

Residual substrate concentration and dry cell weight (®) for cultures on
sorbitol plus methanol mix substrate feed as a function of dilution rate.
Substrate concentrations (sorbitol ¢, methanol ¢) were determined by
taking a sample directly from the reactor vessel during steady state.
Carbon recoveries (O) are also shown.

Specific B-galactosidase activities of K. phaffii strain Mut* (pSAOH5-T1)
grown in chemostat mode on a mixture of glycerol (50 c-mM) and
methanol (50 c-mM) (e) or a mixture of sorbitol (50 c-mM) and
methanol (50 c-mM) (0) as carbon sources, plotted as a function of
dilution rate.

Specific alcohol oxidase activities of K. phaffii strain Mut* (pSAOH5-T1)
grown in chemostat mode on a mixture of glycerol (50 c-mM) and
methanol (50 c-mM) (A) or a mixture of sorbitol (50 c-mM) and
methanol (50 c-mM) (A) as carbon sources, plotted as a function of
dilution rate.

B-galactosidase production rate as a function of dilution rate in K. phaffii
cultures grown on a mixture of glycerol (50 c-mM) and methanol (50 c-
mM) (®) or a mixture of sorbitol (50 c-mM) and methanol (50 c-mM) (o)
as carbon sources.

CO; production rate as a function of dilution rate in K. phaffii cultures
grown on a mixture of glycerol (50 c-mM) and methanol (50 c-mM) (e)
or a mixture of sorbitol (50 c-mM) and methanol (50 c-mM) (o) as
carbon sources.

The specific B-galactosidase degradation rate in Mut* and Mut" strains.
Mut* and Mut" cultures were grown on minimal medium supplemented
with sorbitol (10 g I'?), alanine (10 g I'!) and methanol (5 g I'?) until fully
induced. At time (t) = 0 hours, these fully induced cultures were
transferred to an inducer free (methanol minus) sorbitol (10 g I'!) and
alanine (10 g I') containing minimal medium. Cell growth was
monitored by measuring ODeoo of the cultures. Biomass (gdw I) values
were calculated using the expression 1 ODgoo = 0.37 g I'L. Culture samples
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were collected to perform B-galactosidase assays as described in
Materials and Methods. In the above figure, specific B-galactosidase
activities of Mut* (A ) and Mut™ (A) strains along with biomass values of
Mut* (e) and Mut (0) strains have been plotted against time.

Growth curve of Mut* strain on minimal media supplemented with
sorbitol, alanine or a mixture of sorbitol + alanine: Growth rates of
Mut* strain on various non-repressing carbon sources were determined.
Among the non-repressing carbon sources, sorbitol and alanine
supported the highest specific growth rates of 0.04 h™* and 0.05 h?,
respectively. However, a combination of sorbitol + alanine supported
the highest growth rate of 0.1 h', and therefore, was chosen a non-
repressing carbon source in this study.

Physical map of plasmid pSAOH-5 (Tschopp et al., 1987a). The unique
restriction site (Pmel) in the AOX promoter sequence that was used to
linearize the plasmid before transformation is indicated.

Physical map of plasmid pSAOH5-T1. To ensure stable chromosomal
integration, the ARS fragment was removed from pSAOH-5. Also,
transcription terminator sequence was added at the 3’ end of the lacZ
gene. The unique restriction site (Pmel) in the AOX promoter sequence
that was used to linearize the plasmid before transformation is
indicated.

Schematic representation of a single-copy integration of pPSAOH5-T1 in
chromosome 4 of K. phaffii genome. The plasmid is flanked by two
copies of Paox: at the 5" and 3’ ends. Primer binding sites (P1, P2 and P3)
are indicated.

Schematic representation of multiple-copy integration of pSAOH5-T1
in chromosome 4 of K. phaffii genome. Homologous recombination can
lead to multiple integration events in various orientations (A, B and C).
Primer binding sites (P1, P2 and P3) are indicated.

Band pattern observed with clone Mut (pSAOH5-T1) using various
primer combinations. A 1.4 kbp band was observed with primer
combination P1 and P2, while no band was observed with other primer
combinations (as described in Table S2.1). The other two strains were
also confirmed in the same way (gel pictures for these not shown here).
Physical map of plasmid pSC-X1. A shuttle vector containing gene AOX1
under its endogenous promoter Paoxz, was constructed to express AOX1
gene in strain Mut™ (pSAOH5-T1). The presence of an ARS allows
autonomous replication of the plasmid in K. phaffii strains.

Physical map of plasmid pSC-X1AP. AOX1 expression was abolished by
removing the Pstl-Hindlll restriction fragment containing the most of
the AOX1 promoter sequence (compare with Fig. S2.8).
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Physical map of plasmid pSC-X1AG. A frame-shift mutation was
introduced in the AOX1 gene by removing the Sall restriction site from
plasmid pSC-X1 (compare with Fig. S2.8).

Knock-out cassette for disrupting AOX1 gene in Mut* (pSAOH5-T1). A.
Schematic representation of the knock-out cassette that was used to
disrupt the AOX1 gene of Mut+ (pSAOH5-T1). The AOX1 gene was
replaced by the Sh ble gene, which imparted resistance against zeocin
to the transformed cells. B. Schematic representation of the knock-out
cassette after integration into chromosome 4 at the AOX1 locus.

Chemostat set up. Culture volume inside the reactor was kept constant
by maintaining the overall weight of the reactor vessel using a mass
balance.

Effect of number of washing steps on accurate determination of cell
dry weight. Washing of the cell pellet is required to remove medium
components that can lead to significant overestimation of cell dry
weight. It was decided to wash the cell pellets twice with distilled water
before drying them to constant weight.
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