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Abstract

Alcohol oxidase (AO) is the key enzyme of methanol metabolism in methylotrophic yeast species. It catalyses the first step of
methanol catabolism, namely its oxidation to formaldehyde with concomitant production of hydrogen peroxide. In its mature active
form, AO is a molecule of high molecular mass (600 kDa) that consists of eight identical subunits, each of which carry one non-
covalently bound flavin adenine nucleotide (FAD) molecule as the prosthetic group. In vivo, the protein is compartmentalized into
special cell organelles, termed peroxisomes.

AO is an abundant protein and its synthesis is strictly regulated by repression/derepression and induction mechanisms that occur
at the transcriptional level. Various aspects of its sorting and assembly/activation render AO a unique protein.

Recent developments of AO synthesis, sorting and assembly/activation are highlighted in this paper.
� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Several yeast species, belonging to the genera Pichia

and Candida, are able to utilize methanol as sole source
of carbon and energy. Growth of these organisms on
methanol requires the function of specific organelles,
called peroxisomes, that contain the key enzymes of
methanol metabolism. The first enzyme of methanol
utilization is alcohol oxidase (AO; EC 1.1.3.13) that be-
longs to the family of glucose-methanol-choline (GMC)
oxidoreductases [1]. The generalized name AO is
adopted from the fact that in vitro the enzyme also
oxidizes other short aliphatic alcohols [2]. AO protein
and the regulation of the gene encoding AO (AOX)
have been studied for decades for several reasons.
1567-1356/$22.00 � 2005 Federation of European Microbiological Societies
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Firstly, the promoter that controls AOX expression is
known to be one of the strongest promoters in nature
and, at the same time, one of most tightly controlled
yeast promoters. These features render methylotrophic
yeast species highly attractive hosts for heterologous
gene expression [3–6]. Secondly, AO protein itself is
of high industrial interest. It constitutes, for instance,
the main component of an alcohol sensor [7–9] because
of various favourable properties such as: (i) a high
affinity for primary alcohols (lM range); (ii) the high
stability of its active form; and (iii) its easy availability,
as AO protein may comprise up to 30% of total cellu-
lar protein [10–12].
2. The AOX gene

Several genes encoding AO protein have been cloned
to date from various organisms (Table 1), in particular
. Published by Elsevier B.V. All rights reserved.
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Table 1
Genes encoding AO protein

Organism Gene designation Remarks References

Methylotrophic yeast
Hansenula polymorpha

(Pichia angusta)
MOX [85]

Pichia pastoris AOX1, AOX2 [24]
Pichia methanolica AUG1 (MOD1), AUG2 (MOD2) [23,86]
Pichia pinus AOX1 Genbank, GI:37694459;

unpublished
Candida boidinii AOD1 [87]

Filamentous fungi
Penicillium chrysogenum AOX, induced under conditions of

penicillin production
[88]

Cladosporium fulvum AOX1, induced by carbon starvation
and during later stages of infection;
deletion results in reduced
pathogenicity

[89]

Helminthosporium (Cochliobolus)
victoriae

– Hv-p68; RNA-binding protein [90]

Aspergillus nidulans – Hypothetical protein with high
homology to AO from
methylotrophic yeast

Genbank, GI:40747510;
unpublished
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from yeasts and filamentous fungi. Although AO pro-
teins from filamentous fungi show a high degree of
homology (65–70% identity) to those of methylotrophic
yeast species, their function is not related to methanol
metabolism as in yeasts. Various acronyms are used to
indicate genes encoding AO (Table 1). For simplicity
all genes identified thus far are designated AOX

throughout this review.
3. AOX gene expression

The Hansenula polymorpha AOX gene [13–15] con-
tains a large promoter region of approximately 1.5 kb
that is tightly regulated. Three regulatory sequences
have been identified within the AOX promoter, namely
two upstream activation sequences, UAS1 and UAS2,
as well as one upstream repressing sequence, URS1.
These sequences were observed to bind regulatory pro-
teins, named MBF1, MBF2 and MBF3 (MOX Binding
Factor), respectively. However, these proteins have not
been analysed further [13].

Expression of AOX is subject to strong carbon
catabolite repression [16,17]. Under such conditions,
the AOX promoter sequence (PAOX) is organized in
nucleosome structures [14], thus being unavailable for
the transcription machinery. Prior to initiation of
AO synthesis at derepressing or inducing conditions
(for instance in the presence of glycerol or methanol),
the gene needs to be liberated from nucleosomes via
the function of the chromatin remodelling complex.
Recently, we showed that HpSwi1p and HpSnf2p, pro-
teins that are homologous to subunits of the SWI/
SNF chromatin remodelling complex from Saccharo-

myces cerevisiae, may be involved in this process
[18]. The ultimate level of AOX expression strongly de-
pends on the cultivation conditions [16]. Also, differ-
ences exist in the regulation of AOX expression in
different yeast species. In H. polymorpha, which has
one AOX gene, low levels of AO can be observed at
glucose-limiting conditions (e.g., glucose-containing
batch cultures at the early stationary growth phase
or in carbon-limited chemostats). The AO protein lev-
els are enhanced when cells are grown in the presence
of dihydroxyacetone or glycerol [16]. By contrast, in
Pichia pastoris cells grown in presence of glycerol, no
mRNA of AOX has been detected [19]. For very high
AO protein levels, expression of the gene requires
induction by methanol and can then increase to up
to 30% of total cellular protein [11,12]. At these condi-
tions, cells are loaded with peroxisomes (Fig. 1). Sim-
ilar high AO levels are observed in glucose-limited
chemostat cultures supplemented with choline as sole
nitrogen source [20]. Interestingly, maximal induction
of AO expression is also obtained in carbon-limited
mixed substrate chemostat cultures supplemented with
glucose and methanol. Both carbon sources are then
completely utilized leading to increased biomass pro-
duction, compared to single carbon source chemostat
cultures [21].

In P. pastoris and P. methanolica, which contain two
genes coding for AO (Table 1), differential expression of
both genes is observed, a phenomenon that is strictly
dependent on cultivation conditions [19,22,23]. This dif-
ferential expression of both genes is related to the pres-
ence of different regulatory sequences [24].



Fig. 1. Ultrathin sections of H. polymorpha cells grown in a methanol-limited chemostat (D = 0.1 h�1). (A) Presents an overview to demonstrate the
abundance of peroxisomes in these cells. (B) AO activity staining after incubation of cells with methanol and CeCl3. The enzyme activity is restricted
to the peroxisomal matrix. (C) Shows a detail of a cryosection, stained with uranyl acetate, through a cell to demonstrate the completely crystalline
matrix of the peroxisomes present in these cells. Most probably, the cuboid shape of the organelles is related to the presence of the crystalloid content.
The bar represents 0.5 lm.
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Recently, components involved in the regulation of
AOX catabolite repression have been identified. These
include a hexose transporter [25], a glucokinase and a
hexokinase [26–28]. In the corresponding mutant
strains, AO protein is produced at repressing cultivation
conditions, e.g. during growth of cells on glucose. Com-
parably, P. methanolica and H. polymorpha cells mu-
tated in acetyl CoA synthetase show the activity of
AO in the presence of ethanol [29,30].

Several other mutants have been reported that pro-
duce AO in the presence of glucose [30–36], however
the corresponding genes have not been identified.
4. Regulation of AO activity

4.1. Presence of modified FAD

Fine tuning of specific AO enzyme activity may be
regulated via modifications of the co-factor FAD.
One of these mechanisms involves the autoconversion
of the naturally occurring FAD moiety to the modified
form (mFAD or a-FAD) that was observed to specifi-
cally occur in AO [37]. mFAD was shown to represent
a stereochemical FAD analogue, in which the C2 car-
bon of the ribityl chain has changed from the R to
the S position [38,39]. The modification of FAD
slightly decreases the Vmax of AO but significantly de-
creases its Km for methanol. Both effects are of signif-
icant physiological relevance in cultures that contain
low amounts of methanol. Indeed, the content of
mFAD in purified AO varies from 5% to 95% depend-
ing on the growth conditions of the cells and increasing
at the stationary phase and at low concentrations of
methanol [37,40]. In P. methanolica, mFAD was ob-
served mainly in one isoform of AO (Mod1p) [40], a
phenomenon which might largely contribute to the ob-
served tenfold higher affinity of this AO isoform for
methanol relative to the other isoform (Mod2p) [41].
Interestingly, AO was also shown to contain oxygen-
stable flavin semiquinone moiety in amounts varying
from 4 to 5 molecules per AO octamer, depending on
the yeast species, that is not involved in enzyme catal-
ysis [42]. The role of this flavin species was not
elucidated.

4.2. Carbon catabolite inactivation

When methylotrophic yeast cells, grown on metha-
nol, are shifted to conditions in which AO induction
is repressed (i.e., on glucose or ethanol [43,44], the
peroxisomes that harbour AO are subject to rapid
proteolytic degradation. The mechanisms of the initia-
tion of this process are not known. However, van der
Klei et al. [45] have shown that tagging of peroxi-
somes for degradation is directed against components
of the peroxisomal membrane and not to its matrix
components. Besides degradative inactivation, modifi-
cation inactivation of AO activity also is observed,
e.g., upon exposure of methanol-induced peroxisome-
deficient (pex) mutants to excess ethanol conditions
[45]. This, however, as suggested by Murray and Duff
[46], may be related to the formation of acetaldehyde
from ethanol that inhibits AO activity. Comparable
AO inactivation events occur during the peroxisome
fission process [47] or when methanol-grown cells are
exposed to methanol-excess conditions [45]. This latter
AO inactivation effect may, however, be related to the
high quantities of mFAD in AO prior to the shift,
which has very high affinity for the methanol
substrate.

4.3. Degradative AO inactivation

The degradative inactivation of AO upon a shift of
the cells to glucose or ethanol – a process termed mac-
ropexophagy – is beyond the scope of this paper and
it is reviewed elsewhere [48,49].
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5. AO structure

As indicated before, AO belongs to the family of
glucose-methanol-choline (GMC) oxidoreductases. In
1998, Kiess et al. [1] have aligned eleven proteins
belonging to this family, including AO from C. boidini
and H. polymorpha. Three major domains have been
identified, namely an FAD-binding domain, a flavin
attachment loop and a substrate-binding domain, as
well as two minor domains, namely an FAD-covering
loop and an extended FAD-binding domain. Next to
these, AO and cholesterol oxidase contain specific in-
serted regions. In case of AO, two inserts are identi-
fied in the substrate-binding domain that are
probably involved in AO-octamer formation [1]. The
FAD-binding domain is the most conserved region
and comprises four sequence regions distributed over
the whole primary sequence. The first region is a
common ADP-binding motif (bab) present in most
FAD-binding proteins containing the characteristic
nucleotide-binding site GXGXXG (amino acids 13–
18 of AO, namely GGGSTG).

Despite numerous attempts to resolve the structure of
AO, no three-dimensional model is available to date
[50–52]. However, Botevá et al. [53] created a model of
AO (Fig. 2) that is based on the known structure of glu-
cose oxidase (GOX) from Aspergillus niger [54] that
shares the highest homology to H. polymorpha AO
(25% identity) among the known structures of the
GMC oxidoreductases family. The structure suggests
that the FAD molecule is buried in the protein matrix.
This is in agreement with the finding that the FAD fluo-
rescence of AO is twofold less intensive than that of
FAD in solution [53]. Although GOX and AO share a
Fig. 2. Ribbon representation of the 3D model of H. polymorpha AO mono
ball-and stick model represents FAD.
strong conservation in the FAD-binding fold, KCN-
induced release of FAD from the proteins in vitro had
different effects. In case of GOX, release of FAD did
not change the conformation of the protein and its en-
zyme activity was fully recovered upon addition of ex-
cess FAD, suggesting that FAD had re-associated to
the protein. By contrast, the conformation of AO had
drastically changed following FAD release and the dis-
sociation of FAD from AO appeared to be irreversible
[55].

In vivo, AO forms crystalloids in the peroxisomal
matrix (Fig. 1C). Based on electron-microscopic analy-
sis, the structural organization of AO crystalloids
in vivo and of 2D crystalloids grown in vitro have been
resolved [56,57]. The models predict an open structure
of the AO crystal that allows diffusion throughout the
intercrystal space of other peroxisomal proteins, e.g.,
dihydroxyacetone synthase (DHAS). However, DHAS
is not a structural part of the crystalloid. The proper-
ties of another abundant peroxisomal enzyme, catalase,
prevent this protein to diffuse into the crystalloid. In-
stead, catalase is located at the periphery of the orga-
nelle, at the edges of the crystalloid [58]. Hence,
catalase is also not a structural part of the AO crystal
as was suggested before by Osumi et al. [59]. The mod-
el of Vonck and van Bruggen [57] proposes that the
unit cell of 2D AO crystalloids is composed of six
AO octamers, organized in three orientations, and
two large holes to accommodate other proteins. The
formation of crystalloids in peroxisomes is believed to
occur spontaneously, facilitated by high focal AO con-
centrations. In H. polymorpha mutants defective in ma-
trix protein import, cytosolic AO crystalloids are
formed [60,61].
mer (see [53]). a-helices are presented in purple, b-strands- in red. The
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6. The biosynthetic pathway of H. polymorpha AO

The process of AO import and assembly is not depen-
dent on methanol-inducing conditions, because import
and activation also occur in glucose-grown H. polymor-

pha cells in which the AOX gene is artificially expressed
[62].

The details of the AO biosynthetic pathway are pre-
sented below.

6.1. FAD binding

Based on the analysis of a H. polymorpha riboflavin-
deficient mutant (rif1) that was impaired in FAD
biosynthesis, Evers et al. [63,64] have suggested FAD
binding and subsequent AO maturation to take place
in the peroxisomal lumen. At riboflavin-limiting condi-
tions, rif1 cells contained active peroxisomal AO in
conjunction with a significant portion of the protein in
the cytosol that lacked FAD [63,64]. These authors
explained this partial impairment of AO import into
peroxisomes as the result of the saturation of a putative
peroxisomal FAD-binding factor. However, later data
challenged this model and indicated that FAD binding
occurs in the cytosol and is in fact essential to facilitate
recognition of AO monomers by the PTS1 receptor
Pex5p. The first direct proof for this assumption was
obtained from the analysis of mutant AO protein that
carried an amino acid substitution in the FAD-binding
site (AO G15A) [65]. This mutant-AO indeed lacked
FAD and was mislocalized to the cytosol, thereby sup-
porting the idea that FAD binding in the cytosol was
a prerequisite to allow AO import.

The first clues on the principles of AO assembly/
activation came from studies of van Dijk et al. [66]
who isolated a collection of H. polymorpha mutants
defective in AO assembly. One strain from this collec-
tion, ass3-110, accumulated cytosolic, monomeric AO
that lacked FAD and appeared to be mutated in the
gene encoding pyruvate carboxylase (PYC). In yeast,
Pyc protein is a cytosolic anapleurotic enzyme that
replenishes the tricarboxylic acid cycle with oxaloace-
tate generated from pyruvate. Ozimek et al. [67]
showed that HpPyc1p, but not its enzyme activity, is
also essential for AO assembly, most likely as a helper
protein in mediating FAD binding to AO precursor
monomers. Interestingly, HpPyc1p was also capable
to mediate AO activation in bakers� yeast strains in
which the endogenous PYC genes were deleted (P. Ozi-
mek et al., in preparation).

Mutational analysis of the HpPYC1 gene resulted in
the identification of a region in HpPyc1p that is specif-
ically involved in its AO assembly function. This region
shows relatively low homology to Pyc proteins from
S. cerevisiae and is located in between the biotin carbox-
ylation and transcarboxylation domains that are both
involved in the enzyme activity of pyruvate carboxylases
(P. Ozimek et al., in preparation).

6.2. AO protein import into peroxisomes

Sorting of AO to peroxisomes is dependent on the
function of the PTS1 receptor, Pex5p [65,68,69]. Pex5p
interacts with the Peroxisome Targeting Signal 1
(PTS1), a conserved tripeptide (consensus sequence –
SKL) located at the extreme C-terminus of most perox-
isomal matrix proteins [70,71]. Recognition and binding
of the PTS1 motifs is mediated by a series of TPR do-
mains (tetratricopeptide repeat), that are located in the
C-terminal half of Pex5p [72]. However, Waterham
et al. [69] showed that the PTS1 of P. pastoris AO was
redundant for import. Similar results were obtained
for H. polymorpha AO [65]. The latter authors proposed
the existence of an alternative PTS that is being exposed
upon initial AO folding due to the FAD binding event in
the cytosol. Recognition of this novel PTS by HpPex5p
is independent of its C-terminal half [65] but requires the
function of the Pex5p N-terminus.

Several other proteins are known that require Pex5p
for import into peroxisomes but lack a typical PTS1.
These, among others, include acyl CoA oxidases from
Y. lipolytica and S. cerevisiae [73,74] that are both fla-
vo-enzymes. However, the mechanisms of their import
show distinct differences. Using a two-hybrid approach,
residues in ScPex5p have been identified that cluster in a
small region that is involved in recognition of S. cerevi-
siae acyl CoA oxidase [74]. This region is, however, not
conserved in either Y. lipolytica or H. polymorpha

Pex5p. Acyl CoA oxidase from Y. lipolytica is a
hetero-pentameric protein that is imported into peroxi-
somes in the hetero-oligomeric form. Two of the sub-
units, namely Aox2p and Aox3p, are essential for
oligomerisation but not for FAD-binding to each sub-
unit, which occurs prior to oligomerization. Apparently,
the PTS of Ylacyl CoA oxidase is, similar to that of
H. polymorpha AO,formed and exposed upon the for-
mation of a tertiary/quaternary structure of the protein
due to FAD binding. It is therefore tempting to specu-
late that these targeting signals are not stretches of
amino acids (as in the PTS1 and PTS2) but comprise a
more complex three-dimensional structure.

6.3. Assembly of AO

Our current knowledge on oligomeric protein import
into peroxisomes suggests that most of the peroxisomal
matrix proteins assemble in the cytosol to mature to
enzymatically active proteins prior to import [75,76].
Most likely, AO is an exception to this rule. Indications
for this came from work of Faber et al. [77] who used a
temperature-sensitive mutant (pex1-6ts) of H. polymor-

pha, which is impaired in peroxisome biogenesis at



Fig. 3. A schematic overview of the current knowledge of the
biosynthetic pathway of AO. AO synthesis takes place on free
ribosomes. After synthesis, the FAD co-factor is bound to form the
apomonomer. FAD binding requires the function of the cytosolic
protein pyruvate carboxylase protein (Pyc1p). Subsequently, FAD-
containing AO apomonomer is handed over to the PTS1 receptor
protein Pex5p, which delivers the protein to the lumen of the target
organelle. Upon entrance of the Pex5p–AO complex in the peroxi-
somal matrix, Pex5p is dissociated from the AO molecule, followed by
assembly/activation of AO into the mature protein. After functioning,
both Pyc1p and Pex5p are being recycled to allow another round of
AO biosynthesis.
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43 �C but not at 37 �C. During growth of these cells at
the restrictive temperature (43 �C), octameric AO accu-
mulated in the cytosol. Upon a shift of these cells to the
permissive temperature (37 �C), the cytosolic AO octa-
mers were not imported in the newly formed peroxi-
somes. By contrast, dimeric DHAS was normally
sorted to these new peroxisomes, formed at the permis-
sive conditions. Also, in vitro binding experiments
showed that octameric AO did not bind to HpPex5p,
whereas dimeric DHAS normally associated with this
receptor protein [77].

Details of the kinetics of AO and DHAS import and
assembly in the methylotrophic yeast C. boidinii were
monitored by Stewart et al. [78] via pulse-chase experi-
ments. These studies confirmed that AO entered peroxi-
somes in its monomeric form. Prior to stable
octamerisation an unstable intermediate form of oligo-
meric AO was detected. Whether such intermediates
comprise a homo-oligomer of AO that contains less
than eight subunits, or a complex of AO with a Pex5p
or another peroxisomal protein remained unsolved.

A physiological rationale for the oligomerisation of
AO in peroxisomes instead of in the cytosol came from
the work of van der Klei et al. [79], showing that
H. polymorpha mutants that contain enzymatically ac-
tive AO in the cytosol are impaired in growth on meth-
anol as a sole source of carbon and energy.

Obviously, the intriguing issue is how the cells pre-
vent the cytosolic oligomerisation of AO. The most
likely mechanism for this is the presence of cytosolic
helper proteins that remain bound to AO from the mo-
ment it is capable of maturation, that is after FAD bind-
ing, until the monomers enter the peroxisomal lumen.
The best candidate for such a factor would be Pex5p
that, according to the extended shuttle model, enters
the peroxisome together with the cargo (AO monomer)
[80,81].

A schematic overview of the current knowledge of the
AO biosynthetic pathway is presented in Fig. 3.

6.4. Peroxisomal proteases

Because of its complex biosynthetic pathway
[65,67,78], which involves AO protein assembly/activa-
tion in the organellar lumen, the quality controls for
AO assembly are expected to function in this lumen
too. Indeed, Stewart et al. [78,82] identified a specific
protease that was able to degrade in vitro synthesized
AO monomers. This protein appeared to represent a
component of the matrix of purified C. boidinii peroxi-
somes and was identified as a chymotrypsin-like prote-
ase of approximately 20 kDa, that formed oligomers
of 80–90 kDa [82].

Recently, Kikuchi et al. [83] discovered a homolog of
mitochondrial Lon protease in peroxisomes of rat liver.
The substrate specificity of this protein was not studied
but since other Lon proteases possess chaperone activ-
ity, the peroxisomal homolog was proposed to be in-
volved in peroxisome biogenesis.

However, very recently Koek and van der Klei
(unpublished results) isolated the H. polymorpha Lon
homologue and showed that it can also degrade
in vitro synthesized, monomeric AO proteins. These
data are consistent with the view that in H. polymorpha

peroxisomes and AO quality control mechanism may in-
deed exist.
7. Concluding remarks

Much effort has been put into the understanding of
the regulation of the synthesis and complex assembly
pathway of AO, ever since the protein was first
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described [84]. Despite these efforts many aspects are
still not clear. Resolving the 3D structure of AO would
certainly benefit future developments of the field. How-
ever, considering the fact that AO undergoes conforma-
tional changes upon FAD-attachment and subsequent
oligomerization, it may be important to study the early
steps of AO assembly, e.g., in mutants that are defective
in this process. Presumably, the changes of AO confor-
mation are related to the well-documented alterations in
susceptibility of the AO to proteolytic digestion (AO
monomers are very sensitive, whereas octamers are resis-
tant towards proteolytic digestion). Therefore, mild pro-
teolytic treatment of cell extracts could be the method of
choice to monitor the AO biosynthetic pathway.

Another interesting question that remains involves
the details of the AO–Pex5p interaction. The intrinsic
problem, however, is that mutations/truncations of
Pex5p could interfere with the other functions of this
protein (e.g., binding to proteins of the peroxisomal im-
port machinery) and, on the other hand, that mutations
in AO might readily interfere with FAD-binding. These
two aspects render a mutant screen on this topic diffi-
cult. In this case, two-hybrid analysis seems to be the
most favourable method to search for the sites of inter-
actions between AO and Pex5p.

Also, the literature provides numerous data on the
existence of mutants that are defective in either AOX

expression regulation or AO assembly, but that have
not yet been functionally complemented. This may lead
to the identification of new genes that are involved in the
biosynthesis of AO, what in turn would help to fill in the
gaps in current knowledge of the field.
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