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Abstract. We have studied methanol-utilization in a
peroxisome-deficient (PER) mutant of Hansenula poly-
morpha. In spite of the fact that in carbon-limited
chemostat cultures under induced conditions the enzymes
involved in methanol metabolism were present at wild-
type (WT) levels, this mutant is unable to grow on meth-
anol as a sole carbon and energy source. Addition of
methanol to glucose-limited (Sz = 12.5 mM) chemostat
cultures of the PER mutant only resulted in an increase
in yield when small amounts were used (up to 22.5 mM).
At increasing amounts however, a gradual decrease in
cell density was observed which, at 80 mM methanol in
the feed, had dropped below the original value of the
glucose-limited culture. This reduction in yield was not
observed when increasing amounts of formate instead
of methanol were used as supplements for the glucose-
limited mutant culture and also not in WT cells, used as
control in these experiments. The effect of addition of
methanol to a glucose-limited PER culture was also stud-
ied in the transient state during adaptation of the cells to
methanol. The enzyme patterns obtained suggested that
the ultimate decrease in yield observed at enhanced meth-
anol concentrations was due to an inefficient methanol-
metabolism as a consequence of the absence of
peroxisomes. The absence of intact peroxisomes results
in two major problems namely i) in H,O,-metabolism,
which most probably is no longer mediated by catalase
and ii) the inability of the cell to control the fluxes of
formaldehyde, generated from methanol. The energetic
consequences of this metabolism, compared to the WT
situation with intact peroxisomes, are discussed.
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Peroxisome function — Peroxisome-deficient mutant —
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Microbodies (peroxisomes, glyoxysomes) represent a
class of subcellular organelles, which are present in almost
all eukaryotic cells (Fahimi and Sies 1987). The signifi-
cance of these organelles in cellular metabolism was not
considered very important during the first years following
their discovery (Rodin 1954). However, later studies
stressed the importance of the organelles and revealed
that they may be involved in a variety of metabolic func-
tions (Fahimi and Sies 1987; Borst 1989). The vital im-
portance of microbodies in cellular metabolism is now
fully acknowledged; the absence of the organelles in
mammalian cells invariably leads to severe abnormalities
and often is lethal [e.g. the hereditary disease Zellweger
syndrome and related disorders (Goldfischer et al. 1973;
Wanders et al. 1988)]. However, the advantage for an
organism to-compartmentalize certain metabolic func-
tions in microbodies is still a matter of speculation. Yeasts
turned out to be appropriate model organisms to study
microbody biogenesis and function, because their pro-
liferation and enzyme composition can readily be ma-
nipulated by varying growth substrates (Zwart 1983;
Fukui and Tanaka 1979; Veenhuis and Harder 1988,
1989). For instance, in Hansenula polymorpha, the initial
metabolism of methanol and special nitrogen sources
such as alkylated amines or D-amino acids is catalyzed
by microbody-based enzymes. When these compounds
are utilized microbody proliferation is invariably ob-
served. One possible approach to elucidate microbody
function involves physiological studies using mutants,
defective in the assembly of these organelles. Such mu-
tants have recently been isolated from the yeasts Sac-
charomyces cerevisiae (PAS-mutants, Erdmann et al.
1989) and H. polymorpha (PER-mutants, Cregg et al.
1990). The isolation procedure for these mutants was
based on the same strategy, namely electron micro-
scopical screening of mutants which were defective in the
utilization of carbon sources, which in wild type (WT)
cells are metabolized by microbody-born enzymes. Ge-
netic analysis of the PER mutants confirmed that the
absence of intact peroxisomes and the impairment to
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utilize methanol as a sole carbon and energy source can
be due to a mutation in a single gene (Cregg et al. 1990).

Surprisingly, not all functions which are peroxisome-
born in WT ceils, are impaired in the PER-mutants. For
instance, these cells are still able to grow in complex
media in the presence of D-amino acids and alkylated
amines, although the growth rate is slightly reduced com-
pared to WT cells (Sulter et al. 1990). In fact, in the PER
mutants all peroxisomal enzymes studied so far, including
those involved in methanol metabolism, were found to
be inducible and appeared to be present and active in the
cytosol of these mutants (Sulter et al. 1990; van der Klei
et al. 1991). High expression of alcohol oxidase (compa-
rable to WT levels) was observed in glucose-limited
chemostat cultures in the presence of choline as a sole
nitrogen source (Zwart et al. 1983). In these cells alcohol
oxidase was present in a large cytosolic crystalloid, which
also harboured bulk of the dihydroxyacetone synthase
protein (van der Klei et al. 1991). Since also low catalase
activities were demonstrated inside these crystalloids, the
major difference between intact organclles in WT cells
and the crystalloids is the absence of the bounding
peroxisomal membrane in the PER-mutant.

Now that conditions could be created in which the key
enzymes in methanol-metabolism are associated in the
mutant as in WT cells, the question arose whether such
cells could be adapted to the utilization of methanol.
This intriquing question was approached by a gradual
replacement of glucose by methanol in chemostat cultures
growing carbon- and energy-limited on glucose/choline.
We also studied the effect of addition of increasing
amounts of methanol to glucose-limited cultures of the
PER-mutant. The results presented in this paper indicate
that irrespective of the growth conditions the PER mu-
tant of H. polymorpha cannot be adapted to utilize meth-
anol as a sole source of carbon and energy. Depending
on the amounts of methanol added, this compound can,
however, be used as an additional energy source during
glucose-limited growth. The impact of the absence of the
peroxisome on the efficiency of methanol-metabolism in
the PER-mutant, compared to the WT strain, is dis-
cussed.

Materials and methods

Micro-organisms and growth conditions

Wild-type (WT) Hansenula polymorpha CBS 4732 and the per-
oxisome-deficient (PER) mutant 125-2F were grown in continuous
cultures at a dilution rate (D) of 0.1 h™1, as described by van Dijken
et al. (1976), using glucose as limiting carbon source (0.25% w/v)
and ammonium sulphate (0.2% w/v) or choline (0.25% w/v) as the
sole nitrogen source. Methanol or formate were added to the feed
of such cultures, when they had reached the steady state, at concen-
trations ranging from 5—80 mM. Growth was monitored by
measuring the optical density at 660 nm in a Vitatron colorimeter.
Samples were taken from the transient state at different time points
after addition of methanol or from steady-state cultures; the latter
were assumed to be achieved after at least 5 volume displacements.

Preparation of crude extracts and enzyme assays

Crude extracts were prepared by shaking cell suspensions [approxi-
mately 50% (wet weight/w)] in 50 mM potassium phosphate buffer

pH 7.0 with acid washed glass beads (diameter 0.1 mm) on a Vortex
shaker 6 times 1 min, with 1 min time intervals on ice. Glass beads
and cell debris were removed by centrifugation in an Eppendorf
microfuge, maximal speed for 10 min at room temperature. Alcohol
oxidase (AQ) was assayed in crude extracts as described by Verduyn
et al. (1984); in addition methanol dependent oxygen consumption
by whole cells (Q3:* was determined using a biological oxygen
monitor (BOM) as described by van Dijken et al. (1976). Catalase
was assayed according to Liick (1963), formaldehyde dehydrogenase
and formate dehydrogenase as described by van Dijken et al. (1976).
The formaldehyde dehydrogenase assay was started by addition of
crude extract instead of formaldehyde. Glutathion reductase was
assayed as described by Goldberg and Spooner (1983). Formalde-
hyde reductase was measured by determining the decrease of ab-
sorbance at 340 nm in an assay mixture containing 20 mM formal-
dehyde, 0.2 mM NADH in 0.1 M potassium phosphate buffer
pH 7.0. Dihydroxyacetone synthase was assayed in crude extracts
prepared in 50 mM potassium phosphate buffer pH 6.8 containing
0.5mM EDTA, 5mM MgCl, and 0.5mM DTT, which were
dialyzed for 2 b against the same buffer prior to the assay. DHAS
activity was determined using the discontinuous method with
dinitrophenylhydrazine as described by Bystrykh et al. (1990).

All enzyme assays were performed at 37°C. Activities are ex-
pressed as pmol - min~* - mg~?* protein, except for catalase which
is expressed as 4A 40 - min~ ! - mg ™! protein. Oxygen consumpiion
ratels by whole cells are expressed as umol O, consumed - min~* -
Aggo-

Analytical methods

Residual substrate and metabolic intermediates in the culture fluid
were determined after removal of intact cells by centrifugation in
an Eppendorf microfuge, maximal speed, 5 min. Methanol was
determined by the enzymatic method described by Verduyn et al.
(1984) or by gas chromatography (Laanbroek et al. 1982),
formaldehyde according to the method of Nash (1953), formate as
described by Lang and Lang (1972) and glucose by the glucose
oxidase/peroxidase method (Boehringer, Mannheim, FRG). Protein
concentrations were determined by the method of Bradford (1976)
using bovine serum albumin as standard.

Electron microscopy

Spheroplasts, prepared according to Douma et al. (1985), were
fixed in 6% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer
pH 7.2 for 60 min at 0°C, followed by postfixation in a mixture of
0.5% (w/v) OsO4 and 2.5% (w/v) K,Cr,05 in the cacodylate buffer
for 90 min at 0°C. After dehydration in a graded ethanol series the
samples were embedded in Epon 812; ultrathin sections were cut
with a diamond knife and examined in a Philips EM 300 or CM10.

Results
Cell morphology

Cells of the peroxisome-deficient (PER) mutant of H.
polymorpha contain large cytosolic alcohol oxidase crys-
talloids during growth in a carbon-limited chemostat on
glucose/choline (van der Klei et al. 1991). Such structures
were absent in parallel cultures growing on glucose/am-
monium sulphate, but rapidly appeared when methanol
was added to the feed of such cultures. Already at low
amounts of methanol (10 mM), crystalloids were ob-
served in almost all individual cells within a period of



Fig. 1. PER cells grown in glucose-limited continuous culture, 10 h
after addition of 10 mM methanol to the feed. The picture shows the
presence of a large intracellular inclusion consisting of crystallized
alcohol oxidase (AO) protein (glutaraldehyde/OsO,4-fixed proto-
plast; *, cytosolic AO crystalloid, M, mitochondrion, N, nucleus)

10 h (Fig. 1). Immunocytochemically these structures
contained alcohol oxidase (AO) and dihydroxyacetone
synthase (DHAS), identical to those described for
glucose/choline-grown cells (van der Klei et al. 1991;
results not shown).

Growth and enzyme patterns
in glucose-limited chemostat cultures

Steady-state experiments. In an initial series of exper-
iments, we investigated whether cells of the PER mutant
of H. polymorpha, precultured on glucose/choline so that
they contained large cytosolic AO crystalloids (van der
Kleietal. 1991), could be adapted to growth on methanol
alone. No growth was observed when such cells were
transferred to batch cultures containing methanol as the
sole carbon source. In glucose-limited continuous cul-
tures only the addition of small amounts of methanol
{less than 0.1% (v/v) final concentration] to the feed led
to a slight increase in cell densities. A drastic inactivation
of AO was observed upon further addition of methanol
(data not shown). All attempts to gradually replace glu-
cose by methanol, by a stepwise dilution of the feed
containing a glucose/methanol mixture with medium
containing methanol alone, failed. Under these con-
ditions the densities of the cultures decreased conco-
mittant with the decrease in glucose concentrations in
the feed and finally the cultures were washed out when
glucose concentrations reached zero. One possible expla-
nation for these results could be related to the original
high AO activities, present in the culture prior to the
addition of methanol: inactivation of this enzyme under
methanol excess conditions is a well-known phenomenon
(Bruinenberg et al. 1982).
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Fig. 2. Effect of increasing concentrations of methanol (0 —80 mM)
in the feed of glucose-limited continuous cultures (Sg = 12.5 mM)
(D=0.1h"Y) of Hansenula polymorpha wild type (WT) and
peroxisome-deficient (PER) mutant cells on the cell yield in steady
state cultures (H B WT; B——-H PER)

For this reason we studied the effect of addition of
different amounts of methanol to the feed of a continuous
culture (D =0.1 h™!) of the PER mutant on glucose/
ammonium sulphate. Under these conditions the ex-
pression of AO in wild-type (WT) cells is relatively low
(Egli et al. 1980). The results are summarized in Fig. 2.
The WT strain, grown as control, showed the expected
linear increase in biomass with increasing amounts of
methanol (Egli et al. 1982). However, the PER mutant
showed a different response. Only at small amounts of
methanol an increase in cell density was observed; this
decreased gradually upon increasing amounts of meth-
anol and, at 80 mM methanol, resulted in cell densities
which were below the original density of the culture prior
to the addition of methanol (Fig. 2). In both cultures
the residual glucose and methanol concentrations were
determined. Glucose invariably was undetectable under
all conditions; methanol was only detected in the culture
fluid of the PER mutant at enhanced methanol concen-
trations; in cultures supplemented with 80 mM methanol
in the feed approximately 20 mM of this compound was
present in the culture fluid at steady-state conditions.

In order to clarify whether the observed decrease in
biomass of the PER strain was specific for methanol (e. g.
a toxic effect caused by H,0O,-accumulation), we studied
the addition of formate, an intermediate of methanol
dissimilation, on the yield of the PER-culture. As shown
before (Babel et al. 1983) formate can be used as an
additional energy source by glucose-limited cultures of
WT cells. A similar response was found for the PER
strain. Addition of formate to the feed of a glucose-
limited continuous culture of the PER mutant was paral-
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Table 1. Alcohol oxidase activities in steady-state cells from glucose-
limited continuous cultures before and after addition of different
methanol concentrations

Methanol Wild-type PER mutant
concentration
(mM) Crude QBa* Crude Q5"
extract extract
0 0.6 -~ 0.5 —
22.5 5.0 — 4.6 —
80 7.7 0.15 5.0 0.13

AO activities, determined in crude extracts, are expressed as
U - mg~! protein. Methanol-dependent oxygen consumption rates
were measured using whole cells and are expressed as umol - O,
consumed - min "' - Agdy (— = not determined)

leled with a gradual increase in cell density, a pattern
comparable to WT cells. The initial Aggy of the PER
culture, which amounted to 2.9 in the absence of formate
increased to 3.4 at 40 mM formate and 3.6 at 80 mM
formate. One possible explanation for the presence of
residual methanol concentrations in the culture fluid of
the PER culture, when grown in a glucose-limited
chemostat in the presence of 80 mM methanol, may in-
volve a selective inactivation of AO under these con-
ditions. As shown before, the activity of the enzyme is
sensitive to H,O, (Kato et al. 1976), but is also inhibited
by excess methanol (Bruinenberg et al. 1982). For this
reason specific AO activities were determined in cells from
the various growth conditions. The results, summarized
in Table 1, show that in both the WT and the PER mutant
strain AO synthesis was derepressed in glucose-limited
cultures. Addition of methanol to the feed caused an
additional increase in AQ activity, which was dependent
on the amount of methanol added, both in WT and
PER cultures. We furthermore determined the methanol-
dependent oxygen consumption rates (Q3%) since AO
may (partly) be inactive under in vivo conditions
(Veenhuis and Harder 1989) and the activities found be
due to reactivation of the enzyme upon the preparation
of crude extracts. However, both WT and PER cells dis-
played comparable oxygen consumption rates upon ad-
dition of methanol to intact cell suspensions (Table 1)
indicating that also in vivo high activities of AO were
present in cells of both strains.

Transient state experiments

The results, obtained with the chemostat cultures did not
permit an answer to two major questions, namely why 1)
methanol was not fully consumed in the PER cultures
which displayed high AO activities and ii) increasing
amounts of methanol, supplemented to the PER cultured
during growth in a glucose-limited chemostat, led to a
reduction in biomass of the culture. To clarify these
points, we decided to study the response of both the
WT and the PER cultures in the transient state during
adaptation of cells to methanol. For this purpose meth-
anol was added at a final concentration of 75 mM to

the feed of glucose-limited steady-state cultures (D =
0.1 h™"). The effect on the cell densities of both cultures
is shown in Fig. 3A. The WT strain showed the expected
response: the optical density (Ageo) of the culture in-
creased gradually during the first 32 h after the addition
of methanol from 3.4 to 6.4 and remained constant there-
after. In the PER culture a minor increase in cell density
was observed during the initial 16 h (from 2.9 to 3.4),
which was followed by a gradual decrease to 3.1 40 h
after the start of methanol addition. A “steady-state” was
reached after 50 h. However, in the PER culture a further
decrease in biomass was observed after prolonged culti-
vation (over 100 h) to a value of 2.7, which is below
the initial value of the glucose-limited culture prior to
methanol addition.

The residual amounts of methanol and intermediary
metabolites (formaldehyde and formate) were deter-
mined in the culture fluid. In WT cultures low residual
amounts of methanol were only observed during the first
4 h after addition (Fig. 3 B); the highest value (3 mM) was
detected after 2 h. However, in the PER culture methanol
was present in all samples, although at low concentrations
(Fig. 3B); as in WT cells, the highest concentration
(5.8 mM) was observed during the initial hours after ad-
dition of methanol to the feed. The subsequent gradual
decrease continued after the culture had reached a
“steady-state” (after 50 h) to finally 1 mM (after 75 h).
Formaldehyde, the first product of methanol oxidation
was also detected in all samples of the PER culture. This
showed a fluctuating pattern in the initial period and
remained present at low levels thereafter (Fig. 3C). In
WT cultures formaldehyde, like methanol, was only de-
tectable during the first 4 h after methanol addition
(Fig. 3C). The patterns of the residual amounts of for-
mate, the second intermediate of the dissimilation path-
way, are depicted in Fig. 3D. After the shift the formate
concentrations initially fluctuated in both cultures during
the adaptation of cells to the new environment; however,
at steady-state conditions very low amounts were found
(Fig. 3D).

The enzyme patterns of the different enzymes involved
in methanol metabolism are depicted in Fig. 4. As ex-
pected, AO activity, which was present at low levels in
both the PER and WT strain during glucose-limited
growth, gradually increased until levels were reached of
approximately 5.5 U - mg ™! protein after 40 h (Fig. 4 A).
For catalase, formaldehyde and formate dehydrogenase
(Fig. 4B—D) significant differences were observed dur-
ing the initial adaptation period of both strains; especially
catalase activity drastically incrased during the initial
6 h following addition of methanol to the PER-cultures.
However, all three enzymes displayed comparable activi-
ties when the cultures had reached steady-state conditions
(Fig. 4B—D).

Dihydroxyacetone synthase (DHAS), the key enzyme
of methanol assimilation, was absent in the glucose-
grown cells, but was rapidly induced by methanol and
reached values of 0.27 and 0.21 U - mg ™~ !protein in the
WT and PER strain, respectively, after 32 h.

Two other enzymes, which may be involved in
methylotrophic growth of H. polymorpha were measured,
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Fig. 3. Cell yiclds (A) and concentrations of methanol (B), formaldehyde (C) and formate (D) in the transient state of glucose-limited
continuous cultures (D = 0.1 h™*) following addition of methanol (75 mM) to the feed (t =0 h) in H. polymorpha WT and PER cultures

(H—MW WT; B———H PER)

namely formaldehyde reductase and glutathione re-
ductase. Formaldehyde reductase reduces formaldehyde
to methanol and was suggested to play an important role
in the control of cytosolic formaldehyde concentrations
under conditions when these are significantly increased
compared to the levels normally found (Sibirny et al.
1988). In WT cells the activity of formaldehyde reductase
strongly fluctuated (between valuesof 1.5and 6 U - mg ™!
protein) in the initial period after the addition of meth-
anol, but was restored to the level, originally present in
the glucose-grown cells, during steady state conditions. In
contrast, in the PER cultures the activity rapidly dropped
and remained at very low levels thereafter (Fig. 5A).
Consequently, formaldehyde reductase does probably
not play a significant role in the regulation of enhanced
formaldehyde concentrations in the PER mutant.
Glutathione reductase, which catalyzes the NADPH-de-
pendent reduction of glutathione disulphide (GSSG) into
glutathione (GSH), initially was strongly induced by
methanol in both cultures (Fig. 5B), but subsequently

decreased to contant levels. However, under “steady-
state” conditions the activities of this enzyme, detected
in PER cells, remained approximately 3-fold higher than
those in WT cells.

Discussion

In this study we have shown that a peroxisome-deficient
(PER) mutant of H. polymorpha can not be adapted to
utilize methanol as a sole carbon and energy source,
despite the fact that all peroxisomal enzymes involved in
methanol-metabolism (namely AO, DHAS and catalase)
are active and present at levels comparable to WT cells.
A possible explanation of these results is based on the
view that in WT cells peroxisomes are important for
an appropriate partitioning of formaldehyde fluxes over
dissimilatory and assimilatory pathways (Harder et al.
1987). In peroxisome-deficient cells formaldehyde can
not be balanced by this mechanism, because formalde-
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Fig. 4. Enzyme patterns of alcohol oxidase (A), catalase (B), formaldehyde dehydrogenase (C) and formate dehydrogenase (D) in the transient

state of glucose-limited WT and PER cultures as described in Fig. 3. Activities are expressed as pmol - min~
N WT; B -—H PER)

catalase which is expressed as AA 4 - min - mg~ 'protein (M

hyde, now generated in the cytosol, will rapidly react with
glutathione (GSH) into S-hydroxymethyl-glutathione
(GS-CH,OH), which is the actual substrate for
formaldehyde dehydrogenase (Schiitte et al. 1976; Allais
etal. 1983). However, in this form it is no longer accessible
for assimilation by DHAS (Bystrykh et al. 1990). Conse-
quently, little if any free formaldehyde will be available
for assimilation, which may explain why methanol can
not be used as a sole carbon source by PER mutants.
On the other hand, at first sight there is no plausible

1. mg~! protein except for

explanation as to why methanol can not be used effec-
tively as an additional energy source by the PER -mutants.
At the enzyme levels, no repression/inactivation of meth-
anol dissimilatory enzymes was observed at the methanol
concentrations used in these experiments. Thus,
formaldehyde essentially should be available for dis-
similatory purposes. However, this was only observed at
low methanol supply rates. The decrease in cell densities
observed at enhanced methanol availability indicates that
its metabolism now may require energy and/or causes
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toxic defects. The observation that such inhibitory effects
did not occur when, instead of methanol, formate was
used as an additional energy source led us to the con-
clusion that they must be related to the metabolism of
either one or both of the intermediates generated in the
first step of methanol oxidation, namely formaldehyde
and/or hydrogen peroxide.

In fact, a change in H,O,-metabolism may provide a
fundamental clue to the observed inefficiency of meth-
anol dissimilation in the PER mutant. In WT cells,
catalase is involved in the decomposition of H,O, at
the site of its production from methanol, namely inside
peroxisomes. In the PER mutants, however, catalase is
predominantly present in soluble form all over the
cytosol; as a consequence the significance of the enzyme
in H,0;-decomposition may be of minor importance due
to the relatively poor affinity of catalase for this substrate
compared to other H,O,-metabolizing systems as for
instance cytochrome C peroxidase (CCP) or glutathion
peroxidase. This assumption is not only hypothetical as
is evident from the work of Verduyn et al. (1988), who
showed that addition of H,0, to a glucose-limited
chemostat culture of WT H. polymorpha led to a decrease
in yield.

Glutathione peroxidase was never detected in H.
polymorpha (Verduyn et al. 1988; L. Bystrykh, unpub-
lished results); however, GSH may also be oxidized non-
enzymatically by the H,O, generated in the cytosol of
PER-mutants (Meister and Anderson 1983; Ross et al.
1985). Especially, at enhanced rates of methanol oxi-
dation, chemical oxidation of GSH by H,O, may signifi-
cantly reduce the amount of free GSH available for con-
densation with formaldehyde generated at the same time.
Limiting pools of free GSH would in turn lead to an

inefficient metabolism of the formaldehyde available
under these conditions. Enhanced oxidation of GSH,
which is also suggested by the high activities of
glutathione reductase in the PER cells, may in fact explain
our observations made on methanol utilization by these
cells.

Although it is hard to explain as to why methanol is
not fully consumed, despite the presence of high AO
activities, this may partly be due to enhanced intracellular
levels of free formaldehyde. In aqueous solutions free
formaldehyde is not stable, but converted into its hy-
drated form, methylene glycol (99.9% is present in this
form in aqueous solutions; Bieber and Triimpler 1947).
Methylene glycol is not a substrate for either formalde-
hyde dehydrogenase or DHAS, but may be oxidized by
AO into formate (Sahm 1975; van Dijken 1976). There-
fore, accumulation of intracellular pools of methylene
glycol may result in competition for the active sites of AO
and thus, at least partly, explain why not all methanol is
oxidized by the PER cells (Kato et al. 1976). However,
as indicated in Fig. 3B, methanol concentrations are still
decreasing at 75 h after addition of methanol. Conse-
quently, it is likely that after prolonged cultivation times
all methanol will be consumed. At low methanol concen-
trations in the feed no residual substrate was detected in
the cultures; under these conditions the amount of GSH
(normally present in excess) will not be limiting due to
the relatively small amounts of H,O, produced. There-
fore, as long as GSH is not limiting, the dissimilation
pathway will not be hampered. The net energy yield,
namely 1 NADH/molecule methanol oxidized (2 NADH
from oxidation of methanol into CO, minus the re-
duction equivalent required for H,O,-decomposition via
CCP (1 NADH) or oxidation/reduction of glutathione (1
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Fig. 6. Hypothetic scheme of methanol metabolism in the PER
mutant during growth of cells in glucose-limited continuous cul-
tures, supplemented with methanol as second substrate in the feed.
1. alcohol oxidase (catalyzes both the oxidation of methanol and
methylene glycol, the hydrated form of formaldehyde), 2. form-
aldehyde dehydrogenase, 3. formate dehydrogenase, 4. glutathione

NADPH) explains the increase in cell densities observed
under these conditions. However, under GSH-limiting
conditions (at enhanced methanol supply rates) the net
energy yield may be negative. Oxidation of methanol
to formaldehyde, which is subsequently hydrated and
oxidized by AO to formate, results in the generation of
2 H,0, (decomposed at the expense of two reduction
equivalents), whereas only one NADH is formed from
the oxidation of formate into CO,. Therefore, the final
balance between the normal dissimilation pathway and
the pathway via methylene glycol may determine a net
energy yield, which can be negative at enhanced methanol
supply rates. A schematic representation of the methanol
metabolism in the PER-mutant is given in Fig. 6.

In summary, our results suggest that the main func-
tions of peroxisomes in methanol metabolism are closely
related and include i) decomposition (by catalase) of
H,0, at the site where it is produced, thus preventing
decomposition of hydrogen peroxide by energy consum-
ing processes (compare Fig. 6), thus enabling ii) proper
partitioning of formaldehyde fluxed over the dis-
similatory and assimilatory pathways.
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