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Summary 

Isolated plasma membranes from the yeast Candida tropicalis grown on two 
different carbon sources (glucose or hexadecane), had similar contents of pro- 
tein (60% of total dry weight), lipid (21--24%) and carbohydrates (16--21%). 
Sodium dodecyl sulphate gel electrophoresis of the membrane proteins revealed 
17 and 19 protein bands, respectively, for glucose and hexadecane grown cells. 
There were marked differences in RF values and relative peak heights between 
the two gels. Sterols and free fatty acids were the major components of the 
plasma membrane lipids. Phospholipid content was less than 2% of total plasma 
membrane lipids. Membrane microviscosity, as determined by fluorescence 
polarization, was very high (16.6 P). Fatty acid determination of membrane 
lipids by gas chromatography showed a significant increase of C16 fatty acids in 
plasma membranes of cells grown on hexadecane. 

Reduced-oxidized difference spectra demonstrated the presence of a b-type 
cytochrome in both Saccharornyces cerevisiae and C. tropicalis plasma mem- 
branes. Its concentration in C. tropicalis plasma membranes was three-fold 
greater in cells grown on hexadecane than in glucose grown cells. 

* Present address: Department  o f  Anatomy,  School  of  Medicine, University of  North Carolina at Chapel 
Hill, Chapel Hill, NC 27514,  U.S.A. 
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Introduct ion 

Studies on Tetrahymena cells have revealed that  membranes alter their 
composit ion and function in relation to cell cycle and various environmental 
changes [1].  Several reports have appeared [2--7] regarding the properties and 
chemical composit ion of yeast  plasma membranes, but  only a few investiga- 
tions have dealt with plasma membrane alterations caused by environmental 
changes. Nurminen et al. [8] examined the lipid composit ion of  plasma mem- 
branes from Saccharomyces cerevisiae, aerobically and anaerobically grown. 
The plasma membrane of  aerobic cells contained more unsaturated fat ty acids 
and more than ten times as much ergosterol as the plasma membranes from 
anaerobic cells. Marriot [6] investigated the plasma membranes from Candida 
albicans in the yeast  and mycelical form. Marked differences were observed 
between these two forms in content  of the phospholipids, free and esterified 
sterols and total  fa t ty  acids. 

The yeast  Candida tropicalis grows on hydrocarbons as the sole carbon 
source. The uptake and oxidation of such water insoluble substrates remains 
poorly understood.  It is probable that  the yeast  plasma membrane, known to 
be involved in many solute transport  functions, is responsible for these pro- 
cesses. It was thus of interest to compare plasma membranes from C. tropicalis 
grown on hexadecane and glucose and, for comparison, from S. cerevisiae, since 
the latter yeast  is most  extensively characterized. The results of  these studies 
are reported here. 

Materials and Methods 

Organisms and cell culture. The following yeast  strains were used for the 
isolation of  plasma membranes:  Candida tropicalis ATCC 32113, grown on 
glucose or hexadecane and, for comparison, Saccharomyces cerevisiae LBG H 
1022 and Saccharomyces cerevisiae DGI 251 {Hefefabriken Hindelbank AG, 
Bern), grown on glucose. 

Batch cultivation was carried out  in an aerated bioreactor at 30°C on a 
carbon-limited medium according to Divjak and Mor [9]. The concentrations 
of  carbon sources were 1% for the hexadecane and 2.3% for the glucose. The 
cells were harvested in the early stationary phase and were washed twice in 
distilled water and once with osmotic stabilizer solution (0.4 M KC1/20 mM tri- 
ethanolamine, pH 7.0). 

Isolation of  plasma membranes. The method  of  plasma membrane vesicle 
preparation from S. cerevisiae has been described by Fuhrmann et al. [10].  For 
the isolation of  plasma membranes from C. tropicalis, a slightly modified 
procedure was used as described in our previous paper [11].  

Analytical methods. Protein was determined according to Lowry et al. [12] 
with bovine serum albumin as standard. 

For the extraction of  lipids the method  described by Kaneko et al. [13] was 
used. About  10--30 mg of lyophilized membranes were treated with 5 ml 
chloroform/methanol  (2 : 1, v/v) for 1 h at room temperature on a rotary 
shaker. The extraction was repeated twice for 2 h with fresh solvent. After 
rotary evaporation of  the solvent, the dry residue of  the combined extracts was 
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reextracted with chloroform for 1 h. Extraction was repeated twice for 30 min. 
The extracts were combined and filtered. After rotary evaporation of the 
chloroform and subsequent drying under N2 at room temperature for 10 min 
the dry weight of the extract was determined. 

Lipid phosphorus was measured by the method of Fiske and SubbaRow 
[14]. 

Chromatographic analysis of neutral lipids was performed on silica gel HR 
plates (Merck, Germany) in a one-dimensional thin-layer chromatography 
system developed by Kosaric and Carroll [15], with petroleum ether/ether/ 
acetic acid (60 : 40 : 1, v/v/v) as solvent. The plates were sprayed with sulfuric 
acid (50%) and heated at 160°C for 10 min. Identification of the neutral lipids 
was achieved by comparison of their RF values to lipid standards (Supelco, Inc., 
PA, U.S.A.). Polar lipids were separated in a one-dimensional system using 
chloroform/methanol/water ( 6 5 : 2 0 : 3 ,  v/v/v) as developing solvent [15]. 
Phospholipids were stained by spraying the chromatograms wiry a specific 
reagent for phosphatides developed by Vaskovski and Kostetsky [ 16]. 

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis of the 
plasma membrane proteins was performed according to the method of 
Fairbanks et al. [17]. The acrylamide/bisacrylamide concentration was 7.06% 
and about 100 pg of protein was applied per gel. Molecular weight markers for 
SDS gel calibration were bovine serum albumin, ovalbumin, chymotrypsino- 
gen A, myoglobulin from horse and cytochrome c (Serva Feinbiochemie, 
Heidelberg, F.R.G.). Methyl green was used as a tracking dye. Gels were stained 
with Coomassie Brilliant Blue or by the periodic acid-Schiff procedure [17] 
and scanned at 550 nm. 

Gas chromatographic determination of fatty acids. The acids were trans- 
esterified from the extracted membrane lipids with 5 ml of 20% methanolic 
H2SO4 at 60°C overnight. The fatty acid methyl esters were extracted with 
pentane and samples were analysed with a Beckman GC 4 gas chromatograph 
fitted with DEGS-PS (10% on Supelcoport; 80/100 mesh) stainless steel 
columns {0.32 × 250 cm). The temperature was programmed from 120 to 
200°C at a rate of 10°C/rain. The nitrogen flow was 20 ml/min. Fatty acids 
were identified by comparing their retention time to fatty acid methyl ester 
standard test mixtures (Supelco, PA, U.S.A.}. 

Amino acids of the membrane proteins were analyzed according to the 
method of Moore and Stein [18]. Hydrolysis was carried out with 6 M HC1 for 
22 h in vacuo at 108°C with lyophilized membranes. Total carbohydrate, 
mannan, glucan and acid- and alkali-soluble glycogen were determined with the 
anthrone reagent, following the fractionation scheme developed by Trevelyan 
and Harrison [ 19]. Mannose was used as reference. 

Microviscosity of the plasma membranes was estimated using the fluores- 
cence polarization technique described by Shinitzky and Barenholz [10] with 
1,6-diphenyl-l,3,5-hexatriene (DPH) as a fluorescent probe 50 ~ul of a 2 mM 
stock solution of DPH in tetrahydrofuran was sonicated at low energy in 25 ml 
of water. About 400 pg of membrane vesicles were incubated in this DPH sus- 
pension at 37°C for 30 min. Subsequently the fluorescence measurements were 
performed on a ELSINCT Microviscosimeter model MV-la at 25 ° C. 

Cytochromes were determined by difference spectroscopy of membrane 
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suspensions at room temperature. All vesicle preparations were suspended in 
100 mM phosphate buffer at pH 7.4 to a concentration of  3--4 mg protein/ml. 
The contents of  the sample cuvette were reduced by a few grains of  sodium 
dithionite. Difference spectra were recorded on a Beckman ACTA C III 
spec t rophotometer  using a scattered transmission accessory 569599 for highly 
scattering samples. For quantitative determination of  cy tochrome b the wave- 
length pair 4 2 3 , 4 0 9  nm and extinction coefficient 164 mM -1 • cm -1 [21] were 
used. 

Results 

Overall composition. In order to obtain reliable comparison of plasma mem- 
branes from various cell types,  every effort  was made to treat parallel samples 
identically. Table I gives the overall composi t ion of  theplasma membranes from 
S. cerevisiae and C. tropicalis, the latter grown on glucose or hexadecane. The 
largest membrane componen t  was protein, which represented about  60% and 
50%, respectively, of the dry weight of plasma membranes from C. tropicalis 
and S. cerevisiae. About  20% of  dry weight was lipids and about  20% was 
carbohydrates  in all three membrane types. 

Differences in the overall composi t ion of plasma membranes from C. 
tropicalis were not  significant in relation to the different carbon sources, 
glucose and hexadecane. 

Membrane proteins. The plasma membrane proteins were qualitatively 
analyzed by SDS polyacrylamide gel electrophoresis. The acrylamide/poly- 
acrylamide concentrat ion was 7.06% and permit ted good resolution of  proteins 
between 10 000 and 200 000 daltons. 

The protein patterns obtained by densitometric scanning of  gels stained with 
Coomassie Blue or by the periodic acid-Schiff procedure are shown in Fig. 1. 
The RF values and the densi tometer  readings for the various protein bands are 
indicated by the solid peaks. In all, 20 protein bands were found for S. 
cerevisiae, 17 bands for glucose grown, and 18 bands for hexadecane grown C. 
tropicalis. The protein profiles of  the three different plasme membranes are 
distinctly dissimilar. However,  some protein bands show similar R F values. Most 

T A B L E  I 

O V E R A L L  C O M P O S I T I O N  O F  P L A S M A M E M B R A N E S  F R O M  S. C E R E V I S I A E  A N D  C. T R O P I C A L I S ,  
G R O W N  O N  G L U C O S E  A N D  H E X A D E C A N E  

R e s u l t s  a re  given i n  p e r c e n t  o f  to ta l  dry w e i g h t  o f  l y o p h i l i z e d  m e m b r a n e  preparat ions  and are ex pres sed  
as m e a n s  ± S .D.  N u m b e r  o f  e x p e r i m e n t s  in  parentheses .  

S. cerevisiae C. tropical is  g r o w n  o n  
H 1 0 2 2  

G l u c o s e  H e x a d e c a n e  

P r o t e i n  4 7 . 2  ± 6 .7  (9)  6 3 , 3  +- 4 .6  (10 )  59 .3  ± 5.9 (8)  
Lipid 24 .3  ± 2 .9  (6)  2 1 . 2  ± 2 .4  ( 1 0 )  2 4 . 5  ± 2 .1  (8)  
C a r b o h y d r a t e  16 .8  (2)  2 1 . 2  (2)  16 .2  (2)  

Tota l  8 8 . 3  1 0 5 . 7  1 0 0 . 0  

P r o t e i n : l i p i d  2 :1  3 : 1  2 . 5 : 1  
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Fig. I .  SOS acrylamide  gel e l ec~ophores i s  o f  plasma membrane  from S. cereui&iee DGI 251 ( a ) a n d  C. 
tropicalis,  grown on  glucose (b) and hexadecane  (c).  The u n b r o k e n  lines represent  the  scans after 
Coomassie  Blue st~inlng o f  proteins,  whereas  the  broken  lines show that periodic  aeid-Schlff  areas. The 
triangles depict  the single protein bands. The width of  the base of  the  triangles represents the  standard 
error of  the average RFValue from 6 - - 1 0  exper iments  and the height  of  the  triangles represents relative 
protein concentrat ion  -+ S,E. Td, tracking dye.  
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of the stained material from glucose grown cells of  both yeast  species exhibited 
molecular weight between 50 000 to 60 000 daltons, whereas the peak with 
highest density for C. tropicalis grown on hexadecane was at about  25 000. The 
plasma membranes of  hexadecane grown cells showed at least one large low 
molecular weight protein band which was absent in the other two protein 
profiles. 

The periodic acid-Schiff-positive, carbohydrate  containing area is represented 
by the dot ted  lines in Fig. 1. A glycoprotein peak is seen at around 150 000--  
200 000 daltons in all three gels. The small peaks at the front  of the gels prob- 
ably represent glycolipids overlapping with the lipid peak in the protein scan. 

Amino acid composition. The amino acid composit ions of  all three plasma 
membrane types were, on the whole, similar (Table II). The amount  of  acidic 
amino acids was twice as much as that of  basic amino acids. Tryptophan was 
absent due to its destruction during acid hydrolysis [ 18]. 

Lipid analysis. Table III shows the phospholipid portions in relation to total 
lipid content  of  the plasma membranes from S. cerevisiae and C. tropicalis. 
These results are based on phosphorus determinations according to Fiske and 
SubbaRow [ 14] after acid hydrolysis of  lipids with perchloric acid. 

The phospholipid content  of  S. cerevisiae plasma membranes was 8--9% of 
total lipid, whereas the phospholipid content  of  both C. tropicalis types was 
less than 2%. More accurate measurements at this low concentration were not  
possible due to lack of  sufficient membrane starting material. This low phos- 
pholipid content  was an unexpected  finding. In order to verify further this 
observation, the residue remaining after chloroform extraction was reextracted 
with chloroform/methanol  (2 : 1, v/v) for 3 h; however, no additional phos- 
pholipid was recovered as indicated by thin-layer chromatography.  

T A B L E  II  

O V E R A L L  C O M P O S I T I O N  O F  P L A S M A  M E M B R A N E S  F R O M  S. C E R E V I S I A E  A N D  C. T R O P I C A L I S  

H y d r o l y s i s  w e r e  carried o u t  as d e s c r i b e d  in the t e x t  for  2 2  h.  R e s u l t s  are e x p r e s s e d  in  p e r c e n t  o f  t o t a l  

a m i n o  a c i d s  as m e a n s  ± S .D.  o f  t w o  ana lyses .  

A m i n o  ac id  S. cerevisiae C. tropicalis g r o w n  o n  
D G I  2 5 1  

G l u c o s e  H e x a d e c a n e  

A s p a r t i c  ac id  9 .7  ± 0 . 0  1 0 . 0  ± 0 . 0  1 0 . 4  ± 0 . 2  

T h r e o n i n e  5.9 ± 0 . 3  7 .2  ± 0 . 0  7 .5  ± 0 . 5  

S e r i n e  7.7 ± 0 .3  8 . 4  ± 0 .0  8 . 4  ± 0 .4  

G l u t a m i c  ac id  1 0 . 3  ± 0 . 2  9 .2  ± 0 .1  9 .4  ± 0 .3  

P r o l i n e  5.5 ± 0 .1  4 .4  ± 0 . 0  4 . 3  ± 0 .1  

G l y c i n e  8 .1  ± 0 .8  8 .4  ± 0 .4  8 .2  ± 0 .0  

A1an ine  8 .2  ± 0 . I  9 . 2  ± 0 .0  8 .9  ± 0 .3  

Cys te i c  ac id  0 .4  ± 0 . 0  trace trace  
V a l i n e  6 .9  ± 0 . 2  6 .9  ± 0 . 0  7.1 ± 0 .1  

M e t h i o n i n e  1.7  ± 0 . 2  1.8 ± 0 .3  1 .4  ± 0 .0  

I s o l e u c i n e  5.2 ± 0 .1  5.3 ± 0 .0  5 .2  ± 0 .1  

L e u c i n e  9 .1  ± 0 . 5  9 .2  ± 0 .3  9 .4  ± 0 .1  

T y r o ~ n e  3 .3  ± 0 . 0  3 .3  ± 0 . 2  3 .3  ± 0 .5  
P h e n y l a l a n l n e  5.2  ± 0 . 3  6 .1  ± 0 . I  5.8 ± 0 . I  

H i s t i d i n  1 .7  ± 0 .1  1 .4  ± 0 . 0  1 .5  ± 0 .1  

L y s i n e  7 .1  ± 0 . 5  5.3 ± 0 . 1  5.7 ± 0 .4  

A r g i n i n e  4 .5  ± 0 .3  3 . 6  ± 0 .1  3 .7  ± 0 .3  
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T A B L E  I I I  

P H O S P H O L I P I D  C O N T E N T  OR T O T A L  L I P I D S  F R O M  P L A S M A  M E M B R A N E S  OF S. C E R E V I S I A E  

A N D  C. T R O P I C A L I S  

Experimenta l  details are given in the text .  Number  of  exper iments  in brackets.  Results  ate expressed as 
means  -+ S.D. 

S. cerevisiae C. tropical is  grown on  
D G I  251 

Glucose Hexadeeane 

Phospholipids (% of  total  l ipid) 8.6  -+ 0.7 (8)  <2  (5)  <2 (5)  

Fig. 2 shows a one-dimensional thin-layer chromatogram of  the neutral lipids 
of the three plasma membranes. The neutral lipid compositions were qualita- 
tively very similar. Monoglyceride, triglycerides, ergosterol, sterol esters and 
free fatty acids were detected in extracts from all three membranes. Judged by 
the intensities o f  the spots on the chromatograms after treatment with 
sulphuric acid, sterol esters were present in greater amounts in the plasma mem- 
brane from S. cerevisiae compared to those from C. tropicalis. On the other 
hand the latter contained more triglycerides. Note the high content of free 
fatty acids which was found in all three samples. 

One-dimensional separation of  the polar lipids confirmed the almost com- 
plete absence of  phospholipids in plasma membranes from C. tropicalis (Fig. 3). 
Phospholipids were determined by spraying the plates with molybdate reagent 

Fig. 2. Neutral  liplds o f  plasma membranes  from S. cerevis iae D G I  251  (a) and  C. tropicalla, grown on 
glucose (b) and on hexadecane  (c) ,  separated by  thin-layer chromatography.  The solvent  system was 
petro leum ether /e ther /acet ic  acid ( 60  : 40  : 1, v /v /v ) .  Lipids were detected by  charring with sulphurle 
acid (50%), Abbreviations:  1, sterol ester; 2, triglyeeride,  3, free fatty acids; 4, sterol; 5, monoglycer ide;  
6,  base l ine.  
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Fig. 3. Separat ion of polar l ipids from plasma membranes  from S. cereuisiae DGI 251 (a) and C. tropicalis 
o n  glucose (b) and hexadecane (c) ina a o n e - d i m e n s i o n a l  s y s t e m  w i t h  c h l o r o f o r m / m e t h a n o l  w a t e r  
(65 : 20 : 3, v/v/v), as developing solvent. Phospholipid w e r e  d e t e c t e d  by spraying the  c h r o m a t o ~ a m  with 
acid molybda te  reagent. PL, phospholipids;  NL, neutral  lipids; X, unident i f i ed  fract ions .  

[16]. Neutral lipids were identified by means of lipid standard. Unknown spots 
(X) were also detected and could represent glycolipids which remained at the 
origin during neutral lipid separation (Fig. 2). The fatty acid composition of 
the three plasma membranes is listed in Table IV. Only four major acids (C16.0, 
C l S : I  , C18:0 , C18:1 ) were found in the plasma membranes of S. cerevisiae, 
whereas seven fatty acids (C16:0, Cte: x, C17: t, Cls:0, Cts: 1, Cls: 2, Cls:s) were 
present in both kinds of membrane from C. tropicalis was that the membranes 
of hexadecane-grown cells contained considerably more C16 fatty acids that 
those from glucose cells, which in turn have a higher amount of C~s acids. 

Carbohydrates. In Table V the plasma membrane composition of S. 
cerevisiae and C. tropicalis is given with respect to total carbohydrate, rnannan 
glycogen and glucan. Mannan represented the main fraction (45%) of the 
carbohydrates from S. cerevisiae plasma membranes, in contrast to those from 
C. tropicalis, which showed a high glycogen content (30--40%). In all three 
membrane types, glucan was found only in small amounts. No significant 
differences in the carbohydrate composition of both kinds of plasma mem- 
branes from C. tropicalis was observed. 

Determination of  microviscosity. In Table VI the microviscosity of plasma 
membranes was estimated by fluorescence polarization according to Shinitzky 
and Inbar [20]. For all three kinds of plasma membrane a very high micro- 
viscosity was found. The values for C. tropicalis membranes were even twice 
as high compared to those from S. cervisiae. 

Cytochrome spectra. As described in our previous report [11] the mito- 
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T A B L E  I V  

F A T T Y  A C I D  C O M P O S I T I O N  OF T O T A L  L I P I D S  F R O M  P L A S M A  M E M B R A N E S  OF S. C E R E V I S I A E  

A N D  C. T R O P I C A L I S  

The  fa t ty  acids are des igna ted  x : y ,  w h e r e  x is the  n u m b e r  of  c a r b o n  a t o m s  and  y the  n u m b e r  of  doub le  
b o n d s / m o l e c u l e .  N u m b e r  o f  e x p e r i m e n t s  in b racke t s .  Resul t s  are  expressed  as m e a n s  ± S.D. 

F a t t y  acid S. eerevisiae C. tropical is  C. tropical is  
(% of to ta l  f a t ty  acids)  DGI  2 51 on  glucose on  h e x a d e c a n e  

(7)  (6)  (7)  

16 :0  12.3 ± 2.5 26 .8  ± 1.5 40 .9  ± 3.2 
16 :1  40 .9  + 3.8 7.1 ± 0.6 18.9 ± 2.2 
17 :1  t race 1.9 ± 0 .4  1.6 ± 0.4 
18 :1  5.5 ± 1.2 1 . 0  ± 0.3 1.3 -+ 0.5 
18 :1  37.9 ± 1.7 24 .3  ± 1.0 19 .0  ± 3.3 
1 8 : 2  t race 31 .0  ± 2.6 15.7 ± 2.4 
18 :3  - -  7 .2 ± 0.8 t race 

To t a l  96 .6  99 .3  97 .4  

T A B L E  V 

T H E  C O M P O S I T I O N  O F  P L A S M A  M E M B R A N E S  F R O M  S. C E R E V I S I A E  A N D  C. T R O P I C A L I S  W I T H  
R E S P E C T  T O  T O T A L  C A R B O H Y D R A T E ,  M A N N A N ,  G L Y C O G E N  A N D  G L U C A N  

Resul ts  are expressed  in p e r c e n t  o f  to ta l  c a r b o h y d r a t e  (*) and  in m g  h e x o s e / g  d ry  weight  of  m e m b r a n e s  
(**)  as m e a n s  o f  t w o  e x p e r i m e n t s .  

P lasma  m e m b r a n e s  To ta l  Mannan  * * G l y c o g e n  * * G l u c a n  * * 

c a r b o h y d r a t e  * 

S. cerevisiae D G I  251 168 45 10 2 
C. tropicalis  (glucose)  212  7 30  9 
C. tropical is  ( h e x a d e c a n e )  162 8 40  6 

T A B L E  VI 

M I C R O V I S C O S I T Y  OF P L A S M A  M E M B R A N E S  F R O M  S. C E R E V 1 S I A E  A N D  C. T R O P I C A L I S  

M e a s u r e m e n t s  were  car r ied  ou t  a t  25°C. Resul t s  are  expressed  as m e a n  of  t w o  expe r imen t s .  ~,  Micro- 
viscosi ty  in P; P,  f luorescence  po la r iza t ion .  

P 

8. cerevisiae D G I  251 0 . 3 5 0  7.6 
C. tropicalis  (g lucose)  0 . 400  16.6  
C. tropical is  ( h e x a d e c a n e )  0 . 4 0 0  16 .6  

T A B L E  V I I  

C O N T E N T  OF C Y T O C H R O M E  b IN  P L A S M A  M E M B R A N E S  F R O M  S. C E R E V I S I A E  A N D  C. T R O P I -  
C A L I S  

N u m b e r  of  e x p e r i m e n t s  are  given in b r a c ke t s .  Resul ts  are  expressed  as m e a n s  ± S.D. 

8. cerevisiae C. tropicalis  C. tropicalis  
H 1022  (5)  (g lucose)  ( 4 )  ( h e x a d e c a n e )  (6)  

C y t o c h r o m e  b ( n m o l / m g  p r o t e i n )  0 . 1 7 5  + 0.01 0 . 1 0 5  -* 0 .02  0 ;3 2 5  ± 0 .02  
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chondrial contamination of  the purified plasma membrane fraction was no 
more than 6%, as estimated enzymatically. However, to exclude definitively 
that  the cytochromes  detected in the plasma membranes were not  the result of 
mitochondrial  contamination we recorded cy tochrome spectra for three frac- 
tions: the fraction consisting of  m~tochondrial and plasma membrane vesicles; 
the aggregated mitochondrial  fraction and the purified plasma membrane frac- 
tion as shown in Fig. 4. Reduced-oxidized difference spectra were assayed at 
room temperature,  scanning from 650 nm to 400 nm. Curves A illustrate the 
spectra of  the mixed fractions of  plasma membrane vesicles and mitochondria 
from S. cerevisiae (a) and C. tropicalis, grown on glucose (b) and on hexa- 
decane (c), respectively. Curves B show the same spectra for the aggregated 
mitochondria  fractions with major peaks for cy tochrome oxidase {peak centred 
at 598 nm; shoulder at 440 nm) and cy tochrome b (peak centred at 557 nm). 

There were slightly different absorption maxima for S. cerevisiae and C. 
tropicalis in the Soret  band (423 nm for S. cerevisiae; 427 for C. tropicalis). 
Curves C represent the difference spectra of  the plasma membrane fractions. 
Only one cy tochrome was found, which could be identified as a b-type cyto- 
chrome as judged by the absorption maxima of 557, 523 and 423 nm for S. 
cerevisiae and 557, 523 and 427 nm for C. tropicalis. In Table VII the cyto- 
chrome b content  was calculated according to Yoshida et al. [21].  The plasma 
membranes from C. tropicalis grown on hexadecane contained three times 
more cy tochrome b than those from glucose grown cells. No reduction of  this 
cy tochrome b was obtained with NADH or NADPH under anaerobic condi- 
tions. 
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Fig. 4. R e d u c e d - o x i d i z e d  dif ference spectra o f  the  m i x e d  fract ion of  p lasma m e m b r a n e  vesicles  and mito-  
chondria  (A),  the aggregated m i t o c h o n d r i a  (B) and the  plasma m e m b r a n e  preparat ion (C) from S. 
cerevisiae H 1022  (a) and  C. tropicalis o n  glucose  (b) an d  on  h e x a d e c a n e  (c). R e d u c t i o n  was  carr ied o u t  
with d i th ioni te .  Exper imenta l  details  are described in the text .  
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Discussion 

Several reports have appeared regarding the chemical composition of plasma 
membranes from various types of yeast [2--7]. Generally, our observations of 
C. tropicalis plasma membranes are consistent with previously published data in 
terms of protein, lipid and carbohydrate content. We estimated a somewhat 
higher protein:lipid ratio and a substantially lower phospholipid content. How- 
ever, most of the previous studies had omitted to document the purity of their 
plasma membrane fractions by performing a quantitative estimation for con- 
taminating organelles. Undetected contamination, especially by mitochondrial 
membranes, could explain the disparity of our observations with others. For 
our plasma membrane preparations we measured a maximal contamination by 
mitochondria of 6% as shown by our previous report [11]. 

SDS gel electrophoresis of the three plasme membrane (S. cerevisiae, grown 
on glucose and C. tropicalis, grown on either glucose or hexadecane) showed 
17--20 different polypeptide bands. The patterns were quite distinctly 
different, but some protein bands appeared to be identical in all three gels. It is 
noteworthy that C. tropicalis plasma membranes grown on either glucose or 
hexadecane are as different from one another as they are from S. cerevisiae, a 
different species. However, protein profiles from different strains of the same 
yeast species, grown similarly, are comparable. The pattern of membrane pro- 
teins from S. cerevisiae LBH H 1022, shown by Kramer et al. [7] corresponds 
exactly to our protein profile from S. cerevisiae DGI 251. 

The difference in the protein pattern of C. tropicalis plasma membranes 
from cells, grown on different carbon sources, are probably caused by induc- 
tion of specific plasma membrane proteins for uptake and degradation of 
n-alkanes [22,23]. The results of SDS gel electrophoresis for each membrane 
type were highly reproducible, provided phenylmethyl sulfonyl fluoride 
(PMSF) was included in the storage buffer to inhibit proteolytic activity. Yeast 
contains several proteolytic enzymes but PMSF does not inhibit all of them 
[24,25]. Therefore, it is possible that some modifications of membrane pro- 
teins has occured. 

Periodic acid-Schiff staining was similar in gels from all three membranes, 
indicating similar distribution of glycoproteins, probably mannan glycoproteins 
[26]. The membrane proteins in this high molecular weight region above 
10 000 were only slightly stained by Coomassie Blue. Similar results were previ- 
ously reported for the sialo glycoproteins in human erythrocytes [27]. 

The overall similarity between the amino acid composition of all three 
plasma membrane types suggests that the specialized functions of membrane 
proteins do not confer any peculiar amino acid composition on these proteins 
as was previously mentioned by Longley et al. [4]. 

Although there was no difference in the lipid composition of the two types 
of plasma membrane from C. tropicalis, it was remarkable that these mem- 
branes exhibited an almost complete lack of phospholipids. When we simulta- 
neously extracted and analyzed the plasma membrane lipids of S. cerevisiae, we 
observed similar amounts of phospholipids as described by Kramer et al. [7] 
and Rank et al. [ 28]. The action of lipolytic enzymes in the plasma membrane 
fractions as demonstrated in S. cerevisiae by Nurminen and Suomalainen [29] 
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could be one explanation of  the near absence of phospholipids. However, we 
found little evidende for lyso compounds  by two dimensional separation of the 
phospholipids. In addition, no difference in the phospholipids was observed 
when the plasma membrane preparation and the lipid extraction was performed 
in the presence of  EDTA [7] which is known to inhibit the membrane-bound 
phospholipases of  the A2 type.  

Since the free fat ty acids we detected occur also in whole cells [30],  and 
since only minor amounts  of  mono- and diglycerides were found by thin-layer 
chromatography (Fig. 2), there appears to be no triglyceride lipase activity, 
either. 

For the extraction of  membrane lipids we used a method shown to be highly 
suitable for the analysis of  yeast  lipids [31].  Furthermore,  controls of our 
extraction method  by reextracting the remaining residue after chloroform 
extraction did not  show any evidence for additional phospholipids as checked 
by thin-layer chromatography.  Thus, we rule out  the possibility that  the 
unexpected low phospholipid content  was caused by an inadequate extraction 
procedure.  In addition, the differences in the phospholipid content  of  C. 
tropicalis and S. cerevisiae appear to correlate with changes in the membrane 
viscosity as discussed below. 

The fat ty  acid composit ions of  the total membrane lipids was found to be 
specific for the particular plasma membrane types,  and were highly repro- 
ducible. Palmitoleic acid and oleic acid represented the major components  of 
S. cerevisiae membranes in accordance with the results of  Suomalainen and 
Nurminen [5] ,  whereas in plasma membrane of C. tropicalis palmitic and 
linoleic acid were present in considerable amounts.  Differences between the 
two types of  C. tropicalis membranes were apparent. Plasma membranes from 
hexadecane grown cells contained significantly more C16 acids. This finding 
agrees with the results of  Hug and Fiechter [30],  who observed a direct 
incorporation of  fat ty acids with corresponding chain length of  the alkane sub- 
strate into the total lipids of  cells cultivated on hydrocarbons.  The concomitant  
increase of  unsaturated C16 acids might be explained by direct dehydrat ion of 
the oxidized substrate [32].  Cla acids probably were produced by chain elonga- 
tion. It was established by Meyer and Schweizer [33] that the endogenous 
fat ty acid biosynthesis in the two yeast  species S. cerevisiae and C. lipolytica 
was completely repressed by addition of  long-chain fatty acids to the growth 
medium. 

The content  of carbohydrates  in the yeast  plasma membrane is much greater 
than in any intracellular membrane. This might be explained by the suggestion 
that cell wall synthesis is located in the plasma membrane [2,34,35].  Moreover, 
it is well established that  yeast  protoplasts have the capacity for regenerating 
the cell wall [36] and Cortat  et  al. [37] described the presence of  mannan 
synthetase in plasma membrane fragments from S. cerevisiae. 

In S. cerevisiae plasma membranes we determined in agreement with Matile 
et  al. [2] and Fuhrmann et al. [38] that  mannan is the major carbohydrate,  
whereas in both membrane types from C. tropicalis mostly glycogen was 
found. This might be due to marked differences in the chemical composi t ion of  
the cell walls in the two yeast  species as described by K{ippeli [39].  

The plasma membranes from cells grown on hexadecane contained three 
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times more cytochrome b than did plasma membranes from glucose grown 
cells. This increase of cytochromes might be related to the assimilation of 
hydrocarbons by C. tropicalis. Gallo et al. [44] observed an induction of cyto- 
chrome b and cytochrome P-450 in the microsomal fraction of alkane 
assimilating cells from C. tropicalis. 

In the degradation of alkanes the paraffinic hydrocarbon is first transformed 
into a primary alcohol by monoterminal oxidation [45]. According to several 
authors, this reaction is catalyzed by enzyme systems involving cytochromes 
P-450 and bs [44--48]. A1 already mentioned above, it was reported by Liu and 
Johnson [22] and Rhode et al. [23] that the plasma membrane may represent 
the membrane system for alkane oxidation. 

Our observation of an increase in cytochrome b induced by hydrocarbon 
assimilation supports this assumption. On the other hand, it has to be noted 
that plasma membrane from S. cervisiae, which is not able to grow on alkanes, 
also contained cytochrome b. Therefore, it is possible that these cytochromes 
are involved in other processes, such as fatty acid desaturation [49]. 

With regard to differences observed in the plasma membranes of C. tropicalis 
grown on glucose or hexadecane, significant alterations were found in the 
qualitative determination of the membrane proteins by SDS gel electrophoresis, 
in the fatty acid composition and in the cytochrome content. However, it is 
not known whether these changes reflect a modified membrane synthesis 
during alkane assimilation or a functional role of the plasma membrane in 
uptake and oxidation of hydrocarbons. 

Acknowledgements 

This work was supported by S.N.S.F. grant No. 3.622-0.75. We wish to 
thank Dr. G.H. Rank (Department of Biology University of Saskatchewan, 
Saskatoon, Saskatchewan, S7N OWO, Canada) for performing the microvis- 
cosity measurements during his stay at the Antoni van Leeuwenhoek Zieken- 
huis, Amsterdam. We also would like to thank Dr. G. Frank (Institut ftir 
Molekularbiologie and Biophysik, E.T.H. Ziirich, Switzerland) for analyzing the 
amino acid composition of our plasma membranes. For excellent technical 
assitance we are grateful to Mrs. A. Surer and Mr. M. Schlechten. We thank Dr. 
W.G. Iverson for assistance with the preparation of this manuscipt. 

References 

1 Thomson,  G.A. and Nozawa, Y. (1977) Biochim. Biophys. Acta  472, 55--92 
2 Matile, Ph., Moor, H. and Mi~lethaler ,  K. (1967) Arch. Microbiol. 58, 201--211 
3 Mendoza, C.G. and Villanueva, J.R. (1967) Biochim. Biophys.  Acta  135, 189--195 
4 Longley,  R.P., Rose, A.H. and Knights, B.A. (1968) Biochem. J. 108 , 401 - -412  
5 Suomalainen,  H. and Nurminen,  T. (1970) Chem. Phys. Lipids 4, 247--256 
6 Marriott ,  S. (1975) J. Gen. Microbiol. 8 6 , 1 1 5 - - 1 3 2  
7 Kramer, R., Kopp,  F., Niedermeyer,  W. and Fuhrmann,  G.P. (1978) Biochim. Biophys. Acta  507, 

369--380 
8 Nurminen,  T., Kont t inen,  G. and Suomalainen,  H. (1975) Chem. Phys. Lipids, 14, 15--22 
9 Divjak, S. and Mor, J.R. (1973) Arch. Mil~obioL 94, 191--199 

10 Fuhnnann ,  G.F., Goehm, C. and Theuvenet,  A.P.R. (1976) Biochim. Biophys.  Acta  433, 583--596 
11 Schneider, H., Fiechter ,  A. and Fuhrmann,  G.F. (1978) Biochim. Biophys. Acta  512,495---507 
12 Lowry,  O.H., Rosebrough,  M.J., Fa~ ,  A.L. and Randall,  R.J. (1951) J. Biol. Chem. 193, 165--275 



3 2 2  

13 Kaneko,  H., Hosohara, M., Tanaka, M.a nd I tho,  T. (1976) Lipids 11 , 837 - -844  
14 Fiske, C.H' and SubbaRow, V. (1925) J. Biol. Chem. 66, 375--400 
15 Kodsaric, N. and Carroll, K.K. (1971) Biochim. Biophys. Acta 239, 428--442 
16 Vaskovski, V.E. and Kostetsky,  E.Y. (1968) J. Lipid Res. 9 , 3 9 6  
17 Fatrbanks, G., Steck, T.L. and Wallach, D.F.H. (1971) Biochemistry 10, 2606--2616 
18 Moore, S. and Stein, W.H. (1963) in Methods in Enzymology (Colowick, S.P. and Kaplan, N.O., eds.), 

Vol. VI, pp. 819--931,  Academic Press, New York 
19 Trevelyan, W.E. and HHarisson, J.S. (1956) ]~iochem. J. 63, 23--33 
20 Shini tzky,  M. and Inbar,  M. (1974) J. Mol. Biol. 85, 603--615 
21 Yoshida, Y., Kumaoka,  I-I. and Sato, R. (1974) J. Biochem. 75, 1201--1210 
22 Liu, C. and Johnson,  M.J. (1971) J. Bacteriol. 106 ,830 - -834  
23 Rhode,  H.G., Schroeder, S., Schirpke, B. and Weide, H. (1975) Z. Allg. Mikrobiol. 15, 195--201 
24 Betz, H. and Holzer, H. (1973) Proc. Third Int. Specialized Symp. on Yeasts (Villanueva, R., 

Garcia-Acha, I., Gascon, S. and Urubru, F., eds.), Part II, pp. 67--80, ALKO, Helsinki 
25 Pringle, J.R. (1974) Proc. Four th  Internat ional  Symposium on Yeast (Klaushofer, H. and Sleytre, 

U.B., eds.), Part II, 73--87,  HochschKlerschaft der Hochschule filr Bodenkul tur ,  Wien 
26 Setandreu, R. and Elorza, M.V. (1973) in Yeasts, Moulds and Plant Protoplasts  (Villanueva, R., 

Garcia-Acha, I., Gascon, S. and Uruburu, F., eds.), pp. 167--204,  Academic Press, New York 
27 Steck, T.L. (1974) J. Cell Biol. 62, 1--19 
28 Rank,  G.H., Gerlach, J.H., Rober tson,  A.J. and van Hoeven, R.P. (1978) Nature 273 , 682 - -684  
29 Nurminen,  T. and Suomalainen,  H. (1970) Biochem. J. 118, 759--763 
30 Hug, H. and Fiechter ,  A. (1973) Arch. Mikrobiol. 88, 87--96 
31 Kaneko,  H. and I toh,  T. (1976) Lipids 1 1 , 8 2 1  
32 Souw, P., Reiff, I. and Rehm, H.J. (1976) Eur. J. AppL Microbiol. 3, 43--54 
33 Meyer, K.-H. and Schweizer, E. (1976) Eur. J. Biochem. 65, 317---324 
34 Moor, H. and Mi~hlethaler, K. (1963) J. Cell Biol. 17, 609--628 
35 Lchle, L., Bauer, F. and Tanner,  W. (1977) Arch. MicrobioL 114, 77--81 
36 Phaff, H.J. (1971) in The Yeasts (Rose, A.H. and Harrison, J.S., eds.), Vol. II, pp. 135--210,  Academic 

Press, New York 
37 Cortat,  M. Matile, Ph and Kopp,  F. (1973) Biochem. Biophys. Res. Commun.  53, 482--489 
38 Fuhrmann,  G.F., Wehrli, E. and Boehm, C. (1974) Biochim. Biophys. Acta  363, 295--310 
39 K//ppeli, O. (1976) Diss. ETH, Nr. 5661, Ziirich 
40 Singer, S.J. and Nichoison, G.L. (1972) Science 175, 720--731 
41 Chapman,  D., Comell ,  B.A. and Quinn, P.J. (1977) in Biochemistry of Membrane Transport  

(Semenza, G. and Carafoli,  E. eds.), FEBS Symposium,  Vol. 42, pp. 7 2 - 8 5  
42 Esser, A.F. and Lanyi,  J.K. (1977) Biochemistry 12, 1933--1939 
43 Hunter,  K. and Rose, A.H. (1971) in The Yests (Rose, A.H. and Harrison, J.S., eds.), Vol. II, 211--  

270, Academic Press, New York 
44 Gallo, M., Roche,  B. and Azoulay,  E. (1976) Biochim. Biophys. Acta 419, 425---434 
45 Gallo, M., Bertrand, J.C., Roche, B. and Azoulay,  E. (1973) Biochim. Biophys. Acta  296 , 624 - -638  
46 Gallo, M., Bartrand, J.C., and Azoulay,  E. (1971) FEBS Lett .  19, 45--49 
47 Lebeault ,  J.M., Lode, E.T. and Coon, M.J. (1971) Biochem. Biophys. Ras. Commun.  42 , 413 - -419  
48 Duppel, W., Lebeault ,  J.M. and Coon, M.J. (1973) Eur. J. Biochem. 36, 583--592 
49 Tamura,  Y., Yoshida, Y., Sato, R. and Kumacka,  H. (1976) Arch. Biochem. Biophys. 175, 264--294 


