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Overexpression of alcohol oxidase in Pichia pastoris
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The protein import capacity of peroxisomes i methylotrophic yeasts was studied wsing Pic/ua pastoris contaming ong or two cxtra copies of the

gene encoding the peroxisomal protem alcohol oxidase The alcohol oxidase overproduced 1n this strain was only partially imported and assembled

mnto the acttve, octameric form of the protem The excess remained 1n the cytosol as protein aggregates composed of monomers These results are
discussed n view of the possible application of peroxisomes as storage compartments for heterologous proteins
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I. INTRODUCTION

Peroxisomes aie single-membrane bounded organel-
les containing a matrix of proteins, generally including
catalasc and one or more hydrogen peroxide-producing
oxidases They are versatile organelles that can vary
number, size and protemn content [1,2] In yeast, prolite:-
ation of peroxisomes 15 dependent on growth condi-
tions; some of the enzymes involved 1n the metabolism
of particular C- and N-sources mn the medium accumu-
late in the organelle Therefore, the composition of pei-
oxisomes can be casily manmpulated i yeast [3-6].
Stiong proliferation of peroxisomes occurs for example
when methylotrophic yeasts are shifted from glucose to
methanol as the sole source of carbon and eneigy
Under certain conditions, these peroxisomes can
occupy up to 80% of the cytosolic volume [7] These
peroxisomes have a crystalline matiix composed of al-
cohol oxidase octamers, which 1s the active form of this
protein [8,9] Also present in the peroxisomes, although
not as abundant as alcohol oxidase, are 2 other key
enzymes of methanol metabolism, namely catalase and
dihydroxyacetone synthase [10]

The import capacity of peroxisomes prescnt in met-
hanol-cultured yeast may offer the possibility to store
heterologously expresscd proteins, equipped with the
appropriate targetting signals, into peroxisomes {11},
Peroxisomal localization could have the advantage that
the proteins are kept separate from proteolytic activities
in the cytosol This system may have a potential valuc
for storage of heterologously expressed proteins which

Abhreviation Hp-AQX, the alcohol oxidase gene from Hansenula po-
hmorpha
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are susceptible to proteolysis. In a first attempt to ana-
lyze the import capacity of peroxisomes present m meth-
anol-cultured cells, we ovecrexpressed alcohol oxidase
and analyzed to what extent the enzyme was imported.

2 MATERIALS AND METHODS

2 1 Plasnud constiuction, yeast transformation and genetic analysis

A 2 5-kb fragment contaimng the coding sequence of the alcohol
oxidase gene from Hansenula polymorpha ( Hp-A0X) [12), flanked by
10 bp 5" and 250 bp 3" untranslated sequences, was mserted into the
BamH]1 site of vector pAOBam This 18 an expression vector derived
from pAQ804 [13] by mnsertion of a4 BamHI linker (AATTGGATCC)
into the umque LcoRI site In the final construet, the Hp-AOX gene
was located between the promoter and terminator of the A0X! gene
ot Piciua pastoris

A transformation system of the related methylotrophic yeast Pichia
pastor s [14] was used for overexpression of alcohol oxidase Transfor-
mation of Piclia pastorts GS115 (fus4) was performed as described by
Cregg et al [14], and was based on complementation of histidme
aunotrophy To foice homologous integration into the defective /us4
gene, the plasmid DNA was linearizedwith Seul, which cuts approxi-
mately i the middle of the HIS<4 gene presentin pAOBam (Fig 1A)
Transformants were screened for proper integration of the plasmd by
Southern blotting The blot was screened with random-primed {a-
YPJdCTP-labelled [15]) plasmid pYM4, which 1s pBR322 containing
the HIS4 gene of P pastorws [14}

2 2 Preparation of cell extracts, measurement of actvity and octameri-
sation

A culture of transformed cells, grown on Difco’s Yeast Nitrogen
Base without amino acids and with 0 5% glycerol to an Oy, of 2-3,
was 10-fold diluted with medium contaimng 1% methanol as the sole
carbon source After 16 h. cells were harvested (ODg=2-2 §) and
extracts were prepared [8] Alcohol oxidase activity was assayed as
described [16] Monomeric and octameric alcohol oxidase were sepa-
rated by suciose gradient centrifugation (8} and visuahsed by Western
blotung [17] The antibodies used were either a polyclonal antibody
ratsed aganst denatured alcohol oxidase of Hansenula polymorpha or
amonoclondl antibody (OAO11) The polyclonal antibody recognmzed
both alcohol oxidase of £ pastorrs and H polymorpha, while the
monoclonal antibody was speaific for dlcohol oxidase from H poly-
morpha (M de Hoop, unpublished results)
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23 dmmuno-electronmucroscopy

1he mntracellular localization of alcoho! oxidase and dihydroyace-
tone synthase was determined by immunogold labelling on thin sec-
tions of Lowicryl-embedded cells [10]

3 RESULTS

3 1. Multi-copy integranions in Pichia pastoris GS115

To generate a strain that overproduces alcohol oxi-
dase when cultured on methanol, P pastoris GS115 was
equipped with additional copies of the alcohol oxidase
gene from the related yeast H polymorpha The alcohol
oxidase gene was placed between the promoter and the
terminator of the P pastoris alcohol oxidase gene The
recombinant plasmid was targeted into the defective
his4 gene of the host stramn GS115. To favour ho-
mologous recombination, the plasmid was linearized 1n
the HIS4 gene prior to transformation (Fig 1A). DNA
from hustidine prototrophic transformants was digested
with Bg/lI and analyzed by Southern blotting using
pYM4 as a probe. This plasmud contained the HIS4
gene and the E coli gene encoding S-lactamase [14]
Host DNA yielded one band of 3 kb representing the
defective /us4 gene (Fig 1A and Fig, 2, lane 1) Single-
copy wntegrations 1n the /us4 locus resulted in the re-
placement of the 3-kb band by a numbe1 of new bands
(Fig 1B and Fig. 2, lane 2). Knowing the positions of
the Bglll sites, we could identify a band of 2 4 kb as the
fragment containing the f-lactamase gene The bands of
4.0 and 4 5 kb hybridize because they contain HIS4
sequences plus different parts of the plasrud An addi-
tional band of 55 kb and an intensified 2.4 kb band
mdicated a double-copy ntegration of the plasmid n
the defective /54 geae {(Fig. 2, lane 3)
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Fig 1 Gene targeting of the H polymorpha alcohol oxidase gene into
the /usd locus of P pastorts Panel (A) depicts the transformation
vector (pAOBam) contaimng the Hp-AOX gene (arrow) between the
promoter (P) and termndtor (T) of the P paseoris AOX ! gene, Homo-
logous recombination of the plasmd, incanized in the H1S sequence,
with the /us locus (dashed) of the P pastorns genome (stippled) 1s
ndicated Pancl (B) shows the gene configuration dfter integration in
the /nd locus The positions (arrows) and lenght o Bg/! fragments
(B) are mdicdated
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Fig 2 Southern danalysis of Pichia pastoris GS115 cells containing no

(1), one (2) or two copies (3) of the Hp-AOX gene integrated in the

Ins4 gene The BgllI fragments hybridizing with plasmid pYM4 are
shown

32 Overexpression of alcohol oxidase

Providing £ pastoris with additional copics of the
Hp-AOX gene resulted 1n higher alcohol oxidase expres-
sion levels upon growth on methanol Whereas the n-
crease 1n activity with the first additional copy was 73%,
that with a second copy was considerably smaller (Table
I) To examine the locahzation of the alcohol oxidase,
we performed immunogold labeling on Lowicryl-em-
bedded cell material Fig 3A shows the localization of
endogenous alcohol oxidase n P pastoris GS115 In
these methanol-grown cells, the protein was exclusively
located 1n the peroxisomes; no alcohol oxidase could be
found outside the peroxisomes This 1s in contiast with
GSI115 cells contaming copies of the 40X genc of H
polymorpha. In these cells, alcohol oxidase-tmmunore-
active material was also found outside the peroxi-
somes, often 1n rregular, electron-dense structures not
surrounded by a membiane (Fig. 3B.C and D)

Extracts of wild-type GS115 and GS115 containing
a double-copy ntegration of the Hp-AOX gene, cul-
tured on methanol, were analyzed by sucrose gradient
centrifugation In GS115, only octameric alcohol oxi-
dase could be detected (Fig 4A) The strain, equipped

Table 1

Alcohol oxidase activities 1n Prchia pastorts GS115 contdimng addi-
tional copies ot Fp-A0X

Yeast stram Hp AOX copies AQ detivity*
GSts 0 085+010
GS115 sc** | 1472012
Gsl15 de** 2 1.89 £ 006

*Activity in zmol HyO, produced per mg protemn per min at 379C, **s¢
meins single copy, de means double copy of the Hp-A0X gene
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Fig 3 Immuno-electronmicioscopy of Piciua pastonis GS115 (A,

15 400x) and a transformant contaming two copies of the Hp-A0X

gene (B 31000 x, C, 16 800x, and D. 12 600x) The locahzation of

alcohol oxidase on thin sections of methanol-induced transformants

1s marked by 10-nm gokd particles Organelles are indicated as [ollows,

m = mutochondrion, n = nucleus, p = peroxisome and v = vacuole
a = cytosolic aggregate of alcohol oxidase

with two copies of the Hp-AOX gene, contained octa-
meric alcohol oxidase as well as alcohol oxidase-immu-
noreactive matetial scdimenting at a rate roughly simi-
lar to that of bovine seitum albumin run n a parallel

1 2 3 4 5 6
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Fig 4 Qligomenization of alcohol oxidase in Pic/ia pastoris GS115
cquipped with two copies of the Hp-AOX gene Western blots of
sucrose gradient fractions (lane 1 bottom, lane 6 top) of cell lysates
die shown A Western blotof a cell Iysate (200 ug) of non-tiansformed
Piclia pasroris GS11S probed with polyclonal antibody agaimst al-
cohol oxidase B Western blot contaming cell lysate (100 ug) of trans-
formant GS115 ovetexpressing alcohol oxidase probed with poly-
clonal antibody dagainst alcohol onidase C. wlentical to (B) but probed
with monoclondl antibodies which preferentially recogmzed dlcohol
omidise from Hansenula pohmorpha ‘o' indicdtes position of octa-
merie molecules while 'm* represents position of manomerie dleohol

oxidase Only the relevant patts of the blots daie shown
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Fig 5 Western blots of methanol-induced cell lysates from Pichia

pastoris (lane 1, 25 ug) or Hansenula polymorpha (lanc 2, 25 ug)

probed with polyclonal antibodies made agamst denatured alcohol

oxidase from Hansenula polymorpha (A) or the monoclonal antibody

OAO1! which preferentially recogmzed Hansenula polymorpha alco-
hol oxidase (B)

gradient (data not shown) suggesting that 1t represented
monomeric alcohol oxidase (Fig. 4B) The amount of
the monomeric alcohol oxidase was estimated to be
20-30% of the total alcohol oxidase. Disciimmation of
the import system against heterologous alcohol oxidase
did not occur This can be concluded from a Western
blot analysis using a monoclonal antibody which 1s spe-
cific for alcohol oxidase from Hansenula and does not
react with alcohol oxidase from Pichua (Fig 5). Clearly
the alcohol oxidase of Hawnsenuln assembled into oc-
tamers (Fig 4C) as did the endogenous alcohol oxidase
from P. pastoris (F1g. 4A). Moreovel, we have found
earher that peroxisomes of P pastoris are able to re-
cognize and accumulate alcohol oxidase from H po-
lymorpha When the Hp-AOX gene was expressed 1n a
Pichia strain in which both endogenous alcohol oxidase
genes were disrupted, all alcohol oxidase was localized
exclusively mside peroxisomes and was tn the active
octametic form (M de Hoop, unpublished results). Fig
4C shows that the alcohol oxidase of Hansenula was
able to assemble nto octamers mn P pastoils Since
octamers ale normally present inside peroxisomes only
[8,16], we conclude that the octameric alcohol oxidasc
from Hansenula 1s localized mside the organelle The
overexpression of alcohol oxidase had no effect on im-
port of other matrix protems, ¢.g dihydroxyacetone
synthase After immunogold-labelling with antibodies
agamst dihydroxyacctone synthase, gold particles were
exclusively confined to the peroxisomal matrx (data
not shown)

4 DISCUSSION

Methylotrophic yeasts are an attractive host for the
expression of heterologous proteins for several reasons
Firstly, methanol 1s a cheap C-source Secondly, methyl-
otrophic yeasts can be grown to high cell densitics (130
g dry cell weight/l) in continuous culture [18]. Thirdly,
the promoter of the lighly expressed and tightly regu-
lated alcohol oxidase gene can be used to drive synthesis
of a foreign proten. Finally, integrating expression vee-
tors yielding stable transformants have been designed
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[13]. The peroxisomes present in methanol-cultured
yeast might add yet another advantage to this expres-
sion system, because the organelles may be used for
storage of heterologously expressed proteins known to
be susceptible to proteolytic cleavage.

The results presented here show that alcohol oxidase
expressed from several gene copies in P pastoris is not
fully imported and assembled into peroxisomes Obvi-
ously, the balance between aicohol oxidase synthesis and
its post-translational import 1s disturbed n these cells,
suggesting that saturation of either the import capacity
of the peroxisomal space or of the peroxisomal 1mpoit
machinery had occurred Both situations should result
in a cytosolic accumulation of all peroxisomal matnx
proteins. A similar situation exists in peroxisome-defi-
cient cells, where peroxisomal matrx enzymes are lo-
cated mn the cytosol. In these cells cytosohc crystals
composed of active alcohol oxidase are observed [19].
Such alcohol oxidase crystalloids were never observed
1n the cytosol of strains described n this study and also
dihydroxyacetone synthase was still only detectable 1n
the matrix and was not observed 1n the cytosol. There-
fore, we believe that the rate of alcohol oxidase import
versus synthesis 1s hmiting, rather than the capacity of
peroxisomes for protemn storage The fact that pero-
xisomes can occupy 80% of cell volume 1n methanol-
limited continuous cultures [20] demonstrates that pero-
x1somes should have a larger storage capacity than seen
in the multi-copy gene experiments described here Even
under the conditions where peroxisomes do not prolife-
rate such as glycerol [16] or glucose [21], single organel-
les appear to have the ability to nternalize the hygh
amounts of alcohol oxidase synthesized in transfor-
mants containing multi-copy plasmuds Because 1n our
experiments alcohol oxidase 1s being expressed from
multiple copies of the strong alcohol oxidase promoter,
1t is reasonable to assume that the rate of alcohol oxi-
dase synthesis 15 exceptionally high mn these strains
Why would a rapid rate of synthesis cause saturation of
the import system and result 1n aggregation in the ¢yto-
s0l? Too high an expression 1ate might oversaturate the
capacity of cytosolic unfoldases [22] in their task of
holding alcohol oxidase monomeis in an import-com-
petent conformation. This might result in the formation
of alcohol oxidase aggregates as observed in our studies
Once aggregated. the alcohol oxidase is probably no
longer suitable for import

Concerning the prospects to compartmentalize het-
crologous proteins in peroxisomes. one has to take into
account that peroxisomes have a large storage capacity,
but that the efficiency of import may be inversely re-
lated to rate of synthesis of peroxisomal proteins Fui-
thermore, 1t 1s also lkely that different hetciologous
proteins are imported at different rates and therefore,
it may be necessary to adjust expression rates for op-
timal compartmentalization of cach protein To im-
piove impoit of heterologous protcins into pero-
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xisomes, either the cxpression of endogenous peroxi-
somal protemns has to be reduced, or the import ma-
chinery must be further increased by e.g. overexpression
of chaperones, ke members of the HSP70 family

[22,23]
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