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APENDICE A

Métodos de Cultivo de Levaduras

Q) Composicion de los Medios de Cuitivo,

YPD liquido: extracto de levaduras al 0.65 %

peptona 2%
glucosa 1%

YPD sélido: extracto de levaduras al 0.65 %
peptona 2%
glucosa 1%
bacte agar 2%

MM: medio mineral, cada litro contiene:
(NHpS0, 259
MgSQ,*7H,0 02g
NaH,PO,*H,O 15¢g
Na,HPO, 0.35g

Trazas minerales (solucién de Vishniae) 0.5 mL;
solucidon madre:

EDTA 10g
ZnSO,*7H.O 449
MnCl,*4H.,0O 101 g
CoCl,*6H,0 0.32¢g
CuSO,+5H,0 0.315¢g
FeCl,*6H,0 20mg
(NH) M0;0,,44H,0 0.22 g
Call, 1.42 g
FeSO,*7H,0O 1g

extracto de levaduras  0.25 g
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vitaminas 1 mL solucidén madre 1000X
Acido Pantoténico (Ca) 400 mg (Metck)

Acido Fdllco 2mg (Sigma)
Myo Inositol 200 mg Sligma)
Nicotinamida 400 mg Sigma)
Acido p-Aminobenzdico 200 mg Sigma)
Riboflavina 200 mg {Sigma)
Tiaming 400 mg (Sigma)
Piridoxina 400 mg (Brocacef)

YNX liquido: medio mineral adicionado con uno de los siguientes
substratos come fuentes de carbono y/o nitrdgeno:
YND: glucosa 0.5 % (p/v)/ (NHD.SO,0.25 % (p/v)
YNM: metanc) 0.6 % (v/v)f (NH .50, 0.25 % (pfv)
YNE: etanol 0.5 % (v/v)/ (NHD,50,0.25 % (0/Vv)
YNMe: glucosa 0.5 % (p/v)/ metilamina 0.25 % (©/v)
YNG: glicerol 0.5 %(v/v)/ (NHD.SO,0.25 % (p/v)

Para los medios YNX sdlidos se adiciond bacto agar al 2 %.

Para los cultivos de Hansenula palymorpha leu 1-1, se adiciond L-
leucina (Merck)a una concentracion final de 30 ma/L.

Para el andlisis de complementacion se utilizaron los siguientes
medios: EM; exiractc de maita é % y agaral 2 %, YND o YNM
con y sin uracilo o leucina (medios selectivos).

Medio de Cultivo Quimiostatico.

Cada litro contiene:

(NH)SO, S0g
MgSO,*7H,0 4g
NaH,PO,=H,0 20g
Na,HPO, H 035g

extracto de levaduras 10g
frazas minerales 10mL

vitamings: 10 mL solucion madre 1000X:
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Biotina 1mg

Tiaming 30 mg

Amartiguador

de fosfatos 10 mM 10mL
glucaosa 0.25 % (©p/V). solucidn madre 25 %
Metanol 0.3 % (v/v), solucion madre 50 %

b) Condiciones de Esterilizacion de Ios Medios de Culiivo.
medios para cultivos Iiquideos: Tatm de presidn duranteis min..
en una olla de presion (Presto).

medios parg cultivo quimiostatico: 1atm de presion duragnte 45
min. en un autoclave (van Rietschoten en Houwen).

Para preparar las soluciones madre el metangl y etanol, dsi como
las vitaminas se esterilizaron por fillracion, y las soluciones madre de
giucosq, glicerdl y metilkaming, por autociave.

c) Determinacidn del Crecimiento Exponencial.

Una poblacion de células genélicamente idénticas, dispersadas
homogéneamente en un medio liquido aproplado para su crecimiento,
toman nutrientes y los procesan mediante procesos de transporte y
reacciones enzimaticas con la produccion de calor, productos de
deshecho, compuestos de alta energiq, produccion de unidades micro-
y macromaleculares para la formacion de estructuras celulares. Esto
permlte ala célula crecer, dividirse y multiplicarse®,

La tasa o velocidad de este proceso se calcula al medir el camio
de la densidad de poblacidn con respecto al tiempo:
v=dx/dt
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Sl se divide la velocidad Instantdnea por la densidad de poblacidn
instantaneaq, se cbtiene la velocidad de crecimiento especifico de ese
momento:

Mg =(1/Xx)/(dx/3ar)
Sl el medlo mantiene constantes las propiedades quimicas y fisicas, la
velocidad de crecimiento especifico no varia con el tiempo, entonces
se Incrementan los constituyentes de la biomasa con la misma
velocidad. Estas condiciones de crecimiento de |la poblacidn se
denomina “crecimiento balanceado y exponencial”.

Mgy X = dx/df
intfegrando, se obtiene la conocida expresidn para &l incremento de
poblacion durante el crecimiento exponencial.
X, =X,0e™"

Tomando los logarittas de ambos iados se linedliza ia ecuacian:

logx; =log X, + m,f
St se grafican {os logaritmos de 1os valores obtenidos de 1a densidad de
poblacitn contra el tiempo, se obtiene una serie de puntos por los
cuales se puede trazar una lineqa recta cuya pendiente, después de
dividirse por el log,. os un estimado de la velocidad de crecimiento
especifico.

La relacion entre el crecimiento especifico y kK1 concentracion de un
nutriente esencial que limita la velocidad de crecimiento esta dada por
G ecuacion:
m, =YQS

en donde Y representa el factor de “produccion”, es decir la relacidn
entre la bliomasa formada y el nutriente limitante consumido, § s una
funclén de la concentracion del nutrlente en el medio y Q representan
factores definidos por el estado fisioldgico de la poblacion. Es decir que
cudlquier camblo en la velocidad de crecimiente estard influenciada
por alteraclongs en cualqulera de estos factores.
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d) Control de Calldad de los Cultivos.

Para detectar posibles contaminaciones en los cultivos realizados,
se tomaron dlicuotas de cada uno de ellos y se colocaron en laminilias

para observar al microscoplo de luz. La deteccion de cualquier fipo de
contaminante causd el cese y eliminacién del cultivo,



APENDICE B

Técnicas de Inclusion en Resina Epdxica para Microscopia Electronica
de Transmision.

. Se examind la muestra al microscopia de luz para verificar si no habia
contaminacién,
. La muestra se colocd en un tubo eppendort, se centrifugd, decantd y
se lavd con agua carrlente,
. Se fij®6 con KMnO4 al 1.5 % durante 20 a 40 min. a temperatura
ambiente.
. Se centriftugd, se lavd con cgua corriente, © hasta que el
sobrenadante fue incoloro,
. Se contrastd con acetato de uranilo al 1 % por una hora o duranie
toda la noche,
. Se deshidraid en etanol: Metodo rapido de deshidratacion en homo
de microondas.
1- 50 % v/v por 5 min.
2- 70 % v/v por § min.
3- 96 % v/v por & min.
4- 100 % v/v por § min.
5- 100 % v/v por 10 min.
Se aclard en éxido de propileno por 15 min.
Se preincluyd en mezclas 1.1 y 3.1 de epon:oxido de propllenc por 20
min, cada uno en homo de microondas © ung hora a temperatura
ambiente.
Se incluyd en resina epdxica pura por 20 min. (dos veces) en horno
de microondds (0 una hora a temperatura ambiente).
Las musstras incluidas en cdpsuias de pldstico se colocaron en ung
estufa durante toda la noche a 60°C para su polimerizacidn.

10.
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11, Se hicieron cortes finos con una cuchilla de diamante en un

ultramicrotomo LKB.

12. Los cortes s montaron en rejilias de cobre, se observaron y

fotografiaron al microscopio slectronico Phillipos EM 300,

Obtancion de Esferoplastos y Técnica da Inclusion para Microscopia

Electronica.

Q) Obtencidon de esferoplastos.

—
1

¢ @

Un volumen de células equivalente a 20 DO por mL se centrifugd y
lavd con agua y posteriormente con amortiguador sorbitol 3 M:

sorbitol IM
amortiguador de fosfatos SOmMmM pH 7.5
MgCl, 1TmM

ECTA 1 mM

Se resuspendid y se incubd por 10 min, a temperatura ambiente en
amortiguador A

sorbitol IM
p-mercaptoetandl 0.2M
Se centiifugo, se lavd con amaortiguador de sorbitol 3 M.
Se resuspendid y se incubd durante 30 a 60 min, a 37°C en
ameortiguador B pre calentado,
amortiguador A
zymoliasa T mg/mL
Se gbservd al microscopio de luz [a formacion de esferoplastos.
El proceso se defuvo al colocar la muesira en hielo.
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D)

Técnica de Inclusion para Microscopla Elactronica {para
Esferoplastos).

Los esferoplastos se fijaron con una gota de glutaraldehido al 50 % en
solucidon C: cacodilato de sodio <l 0.1TM pH &,

La muestra se centrifugd por 5-10 min., se decantd el sobrenadante y
se lavd con amortiguador sorbitol 3 M.

Se centrifugd, resuspendid y se incubd en glutaraldehido al 6 % en
solucidn D: cacodilato de sodio pH 7.2 a 4°C, por una hora.

Se [avd con solucidn D.

Se postfijo con mezcla 1:1 de tetradxido de osmio:dicromato de
potasio por una hora a temperatura ambiente.

Se lavd con agua destiiada.

Se contrastd en bloque con acetata de uranllo durante toda la
noche,

Se deshidrald e incluyd por el método ya descrito.
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APENDICE C

Los resulfados obtenidos en este trabajo de tesls doctoral, se
incluyeron en un articulo que ha side aceptado para su publicacion en
la revista Toxicon.
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ABSTRACT.

Previously we demonstrated that peroxisomicine Al (T-514), a plant toxin
isolated from Karwinskia species, has a deteriorating effect on the integrity
of peroxisomes of metﬁyloﬂophic yeasts. Here we describe two strains of
Hansenula polymorpha, affected m the normal utilization of methanol as
sole source of carbon and enmergy due to peroxisomicine Al treatment. The
two straims isolated (L17 and RV31l) grew poorly on methanol, apparently
due to malfunctioning of their peroxisomes. Morcover, the cells displayed a
high peroxisome turnover rate. We argue that the peroxisomicine Al
induced phenotype of both strains is due t0 a genomic mutation. Strain L17
was functionally complemented after transformation with a & polymorpha
genomic library. The complementing 2.8 kb DNA fragment did not contain a
well-defined ORF and led us to speculate that it may contain regulatory
sequences that, when present i multiple copies in the cell, result in a
change of expression of specific genes, thus causing restoration of normal

methylotrophic growth,



1. INTRODUCTION

T-514 is a plant toxin, isolated from plants of the genus Karwinskia (Fig.
1){DREYER er al., 1975, WAKSMAN er al., 1989). In mammmals it causes severe
damage to the lung, kidney and liver, where it induces the formation of
large intracellular fat deposits and necrosis (BERMUDEZ et al., 1986).
‘Toxicological studies demonstrated a selective toxicity of T-514 on various
human tumor cell lines ir vitre (PINEYRO er al., 1994). Preliminary
morphological observations suggested that one of the initial effects upon
experimental intoxication of rats and monkeys included a significant
decrease of the number of peroxisomes present in their hepatocytes
(SEPULVEDA, unpublished results). The importance of functional
peroxisomes for man is probably best exemplified by the discovery of a
group of fatal inherited human disecases (peroxisome deficiency syndromes,
e.g. Zellweger syndrome (WANDERS e¢ al., 1988, LAZAROW er al., 1989, BOSCH
et al., 1992).

As a first approach to unravel the mechanism of action of T-514, SEPULVEDA
et al. (1992) initiated a serics of experiments designed to evaluate the
effect of this compound on peroxisomes of methylotrophic yeasts. It was
shown that administration of sub-lethal concentrations of T-514 to cultures
of Hansenula polymorpha or Candida boidinii caused an irreversible and
selective damage of the peroxisomal membrane resulting in malfunctioning
of the organelle and leakage of a portion of the major matrix proteins in

the cytosol (SEPULVEDA et al., 1992). Based om this specific effect of T-514
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on peroxisomes, the drug is now designated peroxisomicine Al.

During the past few years a series of peroxisome-deficient yeast mutants
(pex mutants; BOSCH er @l., 1992) has been isolated from various yeasts. In
case of H. polymorpha peroxisome-deficiency is invariably associated with
the impairment of the cells to grow on methanol as sole source of carbon
and energy (methanol-utilization defective: Mut phenotype) (CREEG et al,
1990, VEENHUIS et al., 1992, TITORENKO et al., 1993). The possibility to
isolate yeast cells which are defective in peroxisome function due to
treatment of cells with peroxisomicine Al could be of considerable value in
research on toxin/peroxisome interactions and, related to this, probably
also on peroxisome function. H. polymorpha is a feasible model organism
for such studies Dbecause of the extensive knowledge on the
biochemistry/physiology and ultrastructure of the organism (VEENHUIS ¢¢
al., 1992), combined with its easy accessibility to classical and advanced

molecular genetics (FABER er al., 1994).

In the present contribution we dcscribe the isolation and iniual
characterization of two strains of H. polymorpha, defective in normal
growth on methanol due to the cxposure of WT cells to sub-lethal
concentrations of peroxisomicine Al, The possible impact of these studies
on the use of methylotrophic yeasts as model organisms in toxicology is

discussed,



2. MATERIAL AND METHODS

2.1, Microorganisms and growth conditions

Wild type (WT) Hansenula polymorpha CBS 4732, H. polymorpha leul-l
(GLEESON et al., 1979), H. polymorpha RV31 (this work) and H. polymorpha
leul-1 L17 (this work) were grown in bawch cultures in mineral media at
37°C (VEENHUIS ¢t al., 1979, VAN DER KLEI ¢ al., 1991). As carbon sources
either 0.5 % glucose, 0.5 % glycerol, 0.5 % ethanol or 0.5 % methanol were
used and as nitrogen source either 0.25 % ammonium sulphate or 0.25 %
methylamine. Leucine was added to a final concentration of 30 mg L.
Growth was monitored by measuring the optical density of the cultures at
660 nm in a Vitatron colorimeter {Agsg). In addition, the strains were
grown in carbon-limited continuous cultures at 37°C in mineral medium
(VAN DER KLEI et al., 1991) supplemented with either 0.25 % glucose or 0.25

% glucose/0.3 % methanol at a dilution rate (D) of 0.1 h'.

2.2. Peroxisomicine treatment of intact cells

The strains were pregrown to the mid-exponential growth phase (Ageo = 1.5
- 1.8) in batch cultures supplemented with 0.5 % glucose and subsequently
shifted into fresh 0.5 % methanol-containing media at an Ageo of 0.1. After
2 hours of induction the cells were conceatrated (by centrifugation) in

fresh methanol-media to an Agey of approximately 1.0 and peroxisomicine

Al was administrated at a concentration of 5 pg ml', Samples were taken

at 1 or 2 h after addition of peroxisomicine Al and apalyzed for cell



viability, the capacity to grow on methanol and their subcellular
morphology, using untreated cells as control. Growth was initially tested on
2% Bacto agar plates containing 0.67 % YNB (yeast nitrogen base without
amino acids) and 0.5 % glucose (YND) or 0.5 % methanol (YNM). For viability
tests peroxisomicine Al treated cells were spread on YND plates. To
identify methanol-utilization-defective (Mut) strains, cells were spread aon

YND plates at a dilution that produced approximately 500 colonies per
| plate; after 3 days of incubaton at 37°C the YND plates were replica-plated
onto YNM plates; after another 3 days of incubation at 37°C, colonies which

failed to grow on methanol were isolated and further analyzed.

2.3. Preparation of crude extracts and biochemical methods

Crude extracts were prepared as described before (VAN DUJKEN er al., 1976).
Alcohol oxidase (AOQ; EC1.1.3.13) was assayed as described by VERDUYN er
al, (1984) and catalase (EC 1.11.1.6) by the method of LUCK (1963). Protein
concentrations were determined accarding to BRADFORD (1976) using
bovine serum albumin as standard. Residual growth substrates 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 gas chromatography (LAANBROEK et al., 1982), and
glucose by the glucose oxidase-peroxidase method (Boehringer, Mannheim,
FRG).

2.4. Cloning and sequence analysis

To enable cloning of the L17 gene by functional complementation, mutant
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L17 was transformed by ec¢lectroporation with a H. polymorpha genomic
library in vector pHRP2. Transformants were screened for the ability to
grow at normal rate on methanol-containing plates. From one positive
transformant, a plasmid pHRP2 with an insert of 2.8 kb could be isolated
and retransformation to the LI7 mutant showed that indeed this plasmid
could functionally complement the LI7 mutant. Double-stranded DNA
sequencing of the complementing insert was performed using an ABI 313A
Iautomatic sequencer (Applied Biosystems Inc.) using the Taq Dye Deoxy

Terminator Cycle Sequence Kit.

2.5. Electran microscopy

Whole cells were fixed with 1.5 % (wfv) KMnpQOs for 20 muin at room
temperature. The samples were posistained in 1 % (w/v) uranylacetate,
dehydrated in a graded ethanol series and embedded in Epon 812.

Ultrathin sections were cut with a diamond knife and ¢xamined in a Philips
EM 300.

2.6. Immunocytochemistry

For immunocytochemisuy, imtact cells were fixed in 3 % (v/v)
glutaraldehyde in 0.1 M sodiumcacodylate buffer, pH 7.2, for 30 min at 0°C
dehydrated in a graded ethanol series and embedded in Lowicryl K4M.
Immunolabelling was performed on ultrathin sections according to the
method described by SLOT and GEUZE (1984) using specific antibodies
against alcohol oxidase, catalase and dihydroxyacetone synthase. For

labeling of the primary antibodies either 10 nm protein A-gold or 15 nm
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gold labeled goat-anti-rabbit antibodies were used.

2.7. Miscellaneous

H. polymorpha NCYCA495 (adell met6), H polymorpha RV31l, a 5-fluoro-
urotic-acid (5-FOA) resistant muctant derived from this strain (A
~polymorpha RV31 ura3’) and H. polymorpha L17 were used for genetic
analysis. Mating, compiementation analysis, sporulation and random spore
analysis were performed as described previously (CREGG er al., 1990;
TITORENKO et af., 1993; GLEESON and SOUDBERY, 1988).

3. RESULTS,

3.1. Peroxisomicine Al specifically affects peroxisome integrity of £
polymorpha cells.

Previous experiments suggested that the peroxisomicine Al induced
damage of peroxisomes in methanol-grown cells -may be irreversible
(SEPULVEDA ¢¢ al., 1992). For this reason we now studied the effect of the
toxin in H. polymorpha WT cells which are known to contain generally only
a single peroxisome, namely in cells pregrown in batch cultures to the mid-
exponential growth phase on glucose and subsequently incubated in
methanol-containing media for two hours (VEENHUIS er al., 1979). We
anticipated that damage of this single organelle might have severe
consequences for the capacity of the cells to grow on methanol since the

metabolism of this compound is strictly dependent on the presence of
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intact organelles (VAN DER KLEI et al., 1991). However, the growth
experiments revealed that the viability of these freshly methanol-induced
cells after peroxisomicine Al treatment was similar as observed before in
that concentrations >10 ug ml"' were lethal whereas lower concentrations
were sub-lethal in a dose/response related manner (for details see

SEPULVEDA et al., 1992).

Electron microscopical data revealed that treatment of cells, incubated in
methanol for 2 h, with 5 pug ml™ peroxisomicine Al for 1-2 h specifically
affected peroxisomes. As expected, the cells contained generally a single
organelle, which frequently displayed ruptures of its surrounding
membrane; other subcellular membranes, e.g. the cell membrane and
surrounding membranes of nuclei, mitochondria or vacuoles were virtually
unaffected (Fig. 2A). Similar results were obtained with the H polymorpha
leu [-1 auxotrophic strain (data not shown). We conclude from this that
peroxisamicine Al, when administratcd at sub-lethal doses, does affect the

integrity of the peroxisomes in H. polymorpha but not their development.

3.2, Isolation and biochemical characterization of methanol- utilization-

defective (Mur’) strains from peroxisomicine A! treated cells.

To further investigate the reversibility of the peroxisomicine Al-induced
damage of peroxisomes, cells were incubated in the presence of 5 pug ml’’

peroxisomicine Al for 1-2 hours and subsequently analyzed for growth on

glucose and methanol by means of the replica-plating technique described
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in Material and Methods. These experiments resulted in the isolation of
strains which were impaired to grow on methanol on solid agar plates,
although at very low frequencies. Morphological analyses of cells, induced
for 24 h on methanol, of the various strains obtained revealed that the cells
were invariably affected in peroxisome size and/or number, ranging from
cells containing large organelles of abnormal shape (pss phenotype;
~ (TITORENKO er al., 1992) tw cells with few relatively small organelles (Fig.
2D},

Two strains, designated RV31 and L17(lex!-1), were selected for further
analysis on the basis of their growth propertiecs and peroxisome
morphology. YND-grown colonies of both strains, replicated on YNM plates,
failed to grow in a period of 5 days, after which growth started albeit very
slow as compared to WT controls (Fig. 3). Subsequent studies in liquid
cultures showed that the strains were able to grow on various carbon and
nitrogen sources tested, including those that require peroxisome-borne
enzyme activilies for growth (Table 1; not shown for strain L17). However,
the final optical demsity of the cultures always remained below the values
observed for WT controls. Of all compounds tested, growth on methanol
was most severely affected (Fig. 4). As is evident from this Figure, the rate
of methanol utilization by RV31 cells is reduced compared to WT controls,
although methanol is fully used vwp in both cultures. This is in agreement
with the finding that AQO activity is normally induced, although at a
reduced levels compared to WT cells; in contrast, catalase activities were
not affected (Table 2). However, comparison of the amounts of methanol

used and the optical density of the culture, e.g. at a residual concentration
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of approximately 0.25 % methanol (Fig. 4; Asso RV31 =% 2, Agso WT =2 3),
clearly show that the conversion of the carbom source into biomass is much

less efficient in the RV31 strain.

A reduced yield was also evident in glucose-limited chemostat cultures of
_both strains, to which methanol was added as a second growth substrate.
The data obtained showed that the final yield of cultures of L17, measured
as Ageo at steady state conditions, was slightly reduced compared to WT
controls (L17 Agso = 0.6, WT Agso = 7.0). In both the L17 and the WT
cultures no residual glucose or methanol could be detected in the culture
medium when the cultures had reached steady state conditions. Similar
results were obtained with strain RV31. Also in chemostat-grown cells the
specific AQ activity remained significantly below the values normally
found in WT cultures (AQ activity L17 = 2.2 Units (mg. protein)'l, WT =8.0;
VAN DER KLEI et al. 1991),

3.3, Ultrastructural analysis.

The morphological adaptations of L17 and RV31 cells, following a shift of
cells from glucose to methanol-containing media, was examined by electron
microscopy. The data, summarized in Fig. 5° show that in the initial 4 hours
after the shift peroxisomes developed (Fig. 5A). Typically, the organelles
showed ruptured peroxisomal membranes in ultrathin sections of KMnO, -
fixed cells, while other organelles showed no obvious morphological

deviations. Before this time no visible differences had ocurred in the cells.
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As described previously, within the first 2 h after the change over the
methanol, one small peroxisome per cell, surrounded by a single continuous
membrane were found (VEENHUIS e al., 1979). Immunocytochemical

experiments on sections of these cells, using a-AO, a-CAT or o-DHAS,

revealed that bulk of the labeling was concentrated on peroxisomal
profiles; however, also a low but specific labeling was observed in the
_ cytosol (Fig. 5CD; not shown for DHAS). After approximately 8 h of
incubation the ipitially formed organelles had reached their mature size
and multiplied by fission. At this stage of cultivation also the first
degrading peroxisomes were observed. Our data strongly suggested that in
particular the larger, mature organelles were subject to degradation
resulting in cells which generally contained only few, relatively small
peroxisomes in conjunction with one or few organelles in various stages of
degradation (Fig. 5B). After entering the stationairy growth phase (> 24 h of
incubation) the «cells of the culture gradually degenerated and
subsequently died. Also in chemostat cultures of L17 and RV31l on
glucose/methanol mixtures a high turnover rate of individual peroxisomes
was observed (not shown). As a consequence, such cells contai_ned a
relatively low volume density of peroxisomes. This low volume density was

in good agreement with the observed specific AO activities (see above).

3.4. Genetic analysis

In order to study whether the L17 and RV3l1 strains were in fact mutants
affected in the same gene, genetic analysis was performed. Since mating of
RV31 and L17!leul-1 with the auxotrophic H polymorpha adeil met6
strain failed, we generated a 5-fluoro-orotic-acid (5-FOA) resistant mutant
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from RV31 (BOEKE er al., 1984). The resulting H. polymorpha RV3l ural
strain was crossed with L17. In order to establish whether the eventual
mutations in RV31 wrai and L17 leul-I causing the mut” phenothype
were recessive or dominant, both mutants were crossed with their
corresponding mutual isogenic strains carrying complementary markers,
namely wura3d” and leul-I, respectively. After crossings, all diploids
. normally grew on methanol at WT rates. Random spore analysis revealed
that strains L17 and RV3l behave as recessive mutants which cannot

complement each other.

The H. polymorpha L17 leul-1 strain was used for transformation with a H.
polymorpha genomic library (GLEESON er al., 1988). Transformafion was
carried out by the routine procedure, described before (FABER, er al., 1994).
Transformants were selected on YND plates, lacking leucine. After 3-4 days
the transformants were replica-plated onto YNM-plates and selected for
the restoration of growth on methanol as a sole source of carbon and
energy at WT rates. One positive transformant was selected; plasmid DNA
was isolated from this strain and amplified in E. coli. Restriction analysis of
purified plasmid DNA from E. coli revealed a 2.8 kb H. polymorpha genomic
fragment  which, after retransformation in H polymorpha L17,
complemented the original growth defect of the strain on methanol.
Electron microscopical analysis of the transformed H polymorpha L17
strain revealed that the cells contained normal peroxisomes and did not
display the typical peroxisome membrane ruptures and organelle turnover

events of the LI7 host strain during methylotrophic growth. The
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complementing fragment was isolated as a Nhel-Sphl fragment and cloned
into the Smal site of pBluescript Il SK* using blunt-end cloning. Sequeacing
of the 2.8 kb fragment revealed no apparent open reading frames (ORFs);
also, the sequence obtained did not show any significant homologies with

known sequences in the databases.

4. Discussion.

We have isolated (wo strains of the methylowophic yeast Hansenula
polymorpha affected in the normal wuse of methanol as sole source of
carbon and energy, which were obtained after treatment of whole cells
with the plant toxin peroxisomicine Al. As shown before (SEPULVEDA er al.,
1992). Peroxisomicine Al affects the integrity of the peroxisomal
membrane when administrated at sub-lethal doses to methanol-grown
cells of H. polymorpha, Qur present result suggests that damage of the
peroxisomal membrane of f. polymorpha by peroxisomicine Al is a highly
reproducible event and furthermore confirmed the suggestion that
peroxisomes may indeed represent the initial target organelle of the toxin-
514, which is therefore now designated peroxisomicine Al. Likely, the first
target of the toxin is one (or more) specific peroxin(s), essential for
peroxisome integrity. Possible target molecules are HpPex3p (BAERENDS et
al., 1996), an integral membrane protein essential for the membrane
biosynthesis and integrity, or HpPex6p, a AAA ATPase essential for
peroxisome biogenesis and associated with the peroxisomal membrane

(KIEL et ai., submitted).
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The two strains isolated (RV31 and L17) are clearly affected in peroxisome
function. This was convincingly demonstrated by the findings that i) the
enzymes essential for methanol catabolism were present and ii) the
biomass in batch cultures of both strains was significantly decreased
compared to WT controls while methanol was fully consumed by the cells.
‘However, methanol can normally be used as additional energy source in
glucose-limited cultures and then results in an increase in biomass which is
largely comparable to identically grown WT cultures, indicating that the
cytosolic dissimilation pathway 1s apparently efficiently operative. Qur data
therefore led us to conclude that growth of strains RV31 and L17 inm batch
cultures on methanol as the sole carbon and energy source suffers from
specific energetic disadvantages in particular in the catabolism of
methanol. We speculate that these disadvantages are related to peroxisome
dysfunction rather than to other defaults in methanol intermediary
metabolism and are most likely related to hydrogen peroxide metabolism,
As shown before (VAN DER KLEI er al., 1991), decomposition of hydrogen
peroxide in methanol-grown H. polymorpha other than by peroxisomal
catalase is energetically disadvantageous and leads to reductions in
biomass. In L17 and RV3l cells hydrogen peroxide leakage from damaged
organelles can easily be envisaged thus explaming the negative growth

effects.

At present we can only speculate omn the nature of the mechanism which

accounts for the functional complementation of strain .17 with the isolated
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2.8 kb genomic fragment, Clearly, this fragment does not coatain a well-
defined open reading frame (ORF) and as a consequence it does not contain
a complete gene encoding for a specific protein. A likely explanation for its
complementing effect is that the DNA fragment contains regulatory
sequences which either interfere with a specific supressor gene or, less
likely, that it encodes for omnly part of the mutated protein and
complements by a recombination event. If the fragment acts as a promaoter
it may bind to transcription factors resulting im a change in the expression

of certain genes and thus im faster growth on methanol.

It is also not beyond doubt whether peroxisomicine Al can act as a

mutagenic agent. After peroxisomicine-treatment of WT cells only few

constitutive Mut colonies were picked up and these low frequencies could
readily be interpreted as representing spontaneous mutations, However,
the genomes of the H polymorpha strains used are very stable and
spontanecus mutations are extremely scarce under normal laboratory
conditions. Moreover, at least onc example is known in which a comparable
drug (the cytostaticum adriamycin (KEYANI and KEYANI, 1980) has a strong
effect on peroxisome proliferation in yeast apparently due to a mutation of
the proliferation machinery. Therefore, a mutagenic effect on the yeast by
the toxin might be possible. In both strains isolated, it resulted in an
irreversible slow growth on methanol after removal of the toxin. A possible
explanation for this is that the mutation caused overexpression {(or
suppression) of a specific gene which resulted in restoration of normal
growth of the strain on methanol. The yeast multidrug resistant phenotype
due to overexpression of certain gemes has been firmly documented (BALZI
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and GOFFEAU, 1995); the Saccharomyces cerevisiae PDRI, PDR3, PDR7 and
PDRY genes encode traascription regulators that control the expression of
the gene PDRJ5 which encodes a membrane protein of the ATP-binding-
cassette protein family, functioning as a drug extrusion pump (SWARTZMAN
et al., 1996). The paossibility to use H. polymorpha as a model organism for

toxicology, related to peroxisome function, is currently explored.
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Table 1. Optical densities of H. polymorpha wild type (WT) cells and RV31

cells, grown iIn batch cultures

nitrogen sources.

supplemented with various carbon and

Strain Growth coanditdons Optical density (Asgeo)
WT glucose/ammaonium sulphate 5.5+0.1

RV31 glucose/ammonium sulphate 5.220.2%

WT ethanol/ammonium sulphate 5.010.2

RV31 ethanol/ammonium sulphate 3.4+0.03*

WwT glycerol/ammonium sulphate 8.6+0.1

RV31 glycerol/ammonium sulphate 6.2+0.02*

wT glucose/methylamine 4.3£0.1

RV3l1 glucase/methylamine 3.4+0.02*

Data are presented as final optical density of cultures in the stationairy

growth phase. Each value is shown as mean of three determinations * S.E,

*Significant difference from WT by Student’s t-test (p<0.05).
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Table 2. Activities of alcahol oxidase and catalase in Hansenula polymorpha

RV31 cells after a shift of cells from glucose into methanol-containing

media.
Time (h) alcohol oxidase? catalase

RV31 cells WT cells RV31 cells WT cells
0 0 0 0 2.930.8'  3.1+0.2
4 0.7+0.2 0.7+£0.3 93+2.1 98+1.8
8 1.2+0.1 2.5¢0.3 144+1.5 148%1.8
12 2.3%0.5 4.2+1.2 177x1.6 173x2.0
24 2.5+0.2 4.7¢1.5 196+2.5 190%3.1

*Alcohol oxidase is expressed as Units. mg protein’', catalase as AEjqo. min’'.
mg protein’'.

TEach value is shown as mean of three determinations *+ S.E.
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LEGENDS FOR FIGURES.

Electron micrographs are taken of KMnO,-fixed cells unless otherwise
stated. Abbreviations: N, nucleus; M, mitochondrion; P, peroxisome; V,

vacuole. The bar represents (0.5 pm.

Fig. 1. Structure of toxin 514 (peroxisomicine Al).

Fig. 2. Ultrathin section of KMnO,-fixed cells of H. polymorpha, grown in
batch culture on 0.5 % methanol for 4 h (Fig. 2A) and 12 h (Fig. 2B). After
subsequent iocubatiooan with 5 ug wml' peroxisomicine Al, the typical
damage of the peroxisomal membrane is observed (Fig. 2C; arrow). Fig. 2D
shows the relatively large peroxisomes of irregular shape observed in

other incubated strains after peroxisomicine Al treatment.

Fig. 3. Replica-plating technique showing methanol-utilization defective
colonies isolated after treatment of Hansenula polymorpha WT cells with
peroxisomicine Al. The plates were incubated for 5 days at 37°C. Upper
panel: WT controls A: glucose, B: methanol: lower panel RV31 cells (€

glucose, D: methanol).

Fig. 4. Growth (A) and metanol utilization (A) of A polymorpha wild type
and RV31 cells (O growth; ® methanol concentration) after a shift of cells
from glucose into fresh cultures, supplemented with 0.5 % methanol,

Growth is expressed as optical density at 660 nm (A¢so), methanol
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concentrations as percentages in the culture medium. Each value is the

mean of three determinations.

Fig. 5. Ultrathin section of strain RV31. grown in batch culture on 05 %
methanol for 4 h, showing development of a peroxisome with a ruptured
peroxisomal membrane (Fig. 3A. arrow). Compare also Fig. 2A/C for datails.
' Fig. 5B shows the initial stage of peroxisome degradation, mamely uptake of
the organclle (*) in the vacuole. Fig. 5C.D: immunocytochemical experiments
on ultrathin sections of methanol-induced RV3l cells, labeled with specific
polyclonal antibodies against alcohol oxidase (Fig. 5C) and catalase (Fig. 5D).
In both experiments most of the labeling is observed on peroxisomal
profiles while a minor labeling is evident on the cytoplasm (Lowicryl

sections; «-AQO or a-CAT and goat-a-rabbit/gold, uranyl acetate).
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