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Summary 

Primary aldehyde fixation in the presence of Ca 2 § and Mg 2§ 
followed by alkaline Pb z § staining leads to electron microscopical 
visualization of lead precipitates in the yeast Kluyveromyces mar- 
xianus. These lead precipitates are found in vacuoles, cytoplasm, and 
on the outside of the plasma membrane in the periplasmic and inner 
cell wall regions. 
X-ray microanalysis shows that the precipitates contain high 
amounts of Pb and P. The amount of precipitated material appeared 
to correlate with the cellular polyphosphate content. When Ca z + and 
Mg 2+ are omitted from the primary fixative no peripheral Pb/P 
deposits are observed. In a subsequent washing step a small amount 
of long chain polyphosphate is liberated. It is concluded that this 
method leads to visualization of cellular polyphosphate, including a 
fraction localized outside the plasma membrane of Kluyveromyces 
marxianus. 
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1. Introduction 

Based on circumstantial evidence it has been postulated 
that part of the cellular polyphosphate in yeast is 
localized outside the plasma membrane and may play 
an essential role in transport-associated phosphory- 
lation of  glucose and glucose derivatives (VAN 
STEVENINCK and BooIJ 1964). Several studies indicate 
the existence of a peripherally localized polyphosphate 
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fraction in the yeast Kluyveromyces marxianus (TuSSEN 
et al. 1981, 1982, 1983), as well as in other microorgan- 
isms (KuLAEV 1975, OSTROVSKn 1980). 
Polyphosphates are well documented to occur in (meta- 
chromatic) volutin granules in various microorganisms 
(WIDRA 1959, KUHL 1960, WILKINSON and DuouID 
1960). Electronmicroscopically these granules are ob- 
served as electron opaque deposits, containing the 
elements P, K, Ca and Mg, as determined by X-ray 
microanalysis (HUTCHINSON et al. 1977, BAXTER and 
JENSEN 1980, CRANG 1980). In eucariotic microorgan- 
isms like yeasts, these granules are found in the 
cytoplasm as well as in the vacuoles (WIDRA 1959, 
INDGE 1968a, b, c). 
Cytochemical staining of  polyphosphate has been 
described by JENSEN (1968) and by WOOL and HELD 
(1976), both employing 20% Pb(NOa) 2 at pH 3.4. 
However, no peripheral polyphosphate fraction has 
been detected by these investigations. 
A more promising approach was used by Poux (1963, 
1965 a, b), who succeeded in visualization of  "soluble" 
plant phytate (a polyphosphorylated inositol) by fixa- 
tion of cells in the presence of Ca 2 + and Mg 2+ at 
alkaline pH, followed by subsequent exchange of these 
divalent cations for lead. In the present study this 
approach was used to examine a~possible extracellular 
localization of polyphosphate in the yeast Kluyve- 

romyces marxianus. 
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2, Materials and Methods 
Kluyveromyces marxianus (Saccharomyces fragilis) CBS397 was 
cultured during 20 hours with glucose as carbon source, as described 
before (JASPERS and VAN ST~VEmNeK 1976). Phosphate starved yeast 
was obtained by omitting phosphate from the culture medium, 
inocculating 2 gram yeast per liter. Hypercompensated yeast was 
prepared essentially according to Llss and LANGEN (1962): 5% 
phosphate starved yeast was cultured for 90 minutes aerobically in 
standard medium, which was described before (JASPERS and VAN 
STEVEmNCK 1976). The yeast was thoroughly washed three times in 
distilled water after harvesting. 
Preparation for electron microscopy: Primary fixation was per- 
formed at 0~ during 2 hours. The fixative contained 1% glu- 
taraldehyde, 4% formaldehyde, 0.2M KC1, 50ram CaCI 2 and 
50 mM MgC1 z in 0.1 M tris/maleate pH 6.0. After gently spinning 
down (+ 1,000 x g) the cells were enrobed in a fibrin matrix according 
to VERMEER et al. (1978). Small (1 mm a) cubes were cut from the 
fibrin clot, which were quickly washed in ice cold buffer containing 
0.2M KC1 and 0.I M tris/maleate pH9.0. 
Cytochemical staining was performed for 60 minutes at 0 ~ in 1% 
lead acetate, 0.1 M tris/maleate buffer pH 9.0. 
After quickly washing in 0.2M KC1, 0.1 M tris/maleate buffer 
pH8.5, postfixation was performed in 1% OsO 4 plus 50raM 
K4Fe(CN)6 in the same buffer overnight, at 4 ~ (DE BRUIJN 1973, D~ 
BRUIJN and DEN BREEJEN 1975, 1976, DE BRUIJN and VAN B UITENEN 
t980). Specimen were dehydrated in a graded series of aceton and 
embedded in Spurr. During microtomy the knife reservoir was 
refilled every 10 minutes with CO 2 free bidistilled water, adjusted to 
pH 8.0 with NH4OH. 
For acid exposure sections are floated on 0.25 N HC1 for 1-5 minutes, 
only on one side. Subsequently the grid is tilted during drying 
according to TILLBERG et al. (1980). 
Ultrathin sections were analysed in a Philips EM 400 analytical 
microscope, operating at 80 kV. X-ray dispersive microanalysis was 
performed with a Tracor/Northern 2000 system. The ultrathin 
sections were loaded in a low-background holder, perpendicular to 
the X-ray detector and tilted 24 ~ . The precipitates were analysed for 
100 seconds life time with a 100nm ~ spot size from a 150nm 
condensor-2-aperture. 
Extraction of orthophosphate and polyphosphate from intact yeast 
cells and quantitative analysis of these compounds was performed as 
described in detail previously (TIJSSEN et  al. 1983). 

3. Results 

Primary fixation in the presence of  Ca 2 + and Mg z + of  

the yeast Kluyveromyees  marxianus ,  CBS 387, followed 

by cytochemical Pb staining and OsO 4 postfixation 

leads to the electron microscopical visualization of  lead 
precipitates. Analysis of the supernatant after primary 

fixation revealed that all orthophosphate had leaked 

out from the fixed cells to the medium, whereas no 
polyphosphate could be detected in the supernatant. 

Model experiments, with orthophosphate and poly- 
phosphate in amounts, comparable to those found in 

yeast, confirmed that orthophosphate remained soluble 
in the primary fixative, whereas polyphosphate (includ- 

ing pyrophosphate) was precipitated. 

On inspection in the electron microscope precipitates 

were found in cytoplasm and in vacuoles (Figs. 1 A and 

B). Some of  these intracellular precipitates exhibit a size 

and shape, typical for the so-called volutin granules, 

which are well documented to contain large amounts of  

polyphosphate (WIDRA 1959, KUHL 1960, WILKINSON 
and DUCUID 1960). Moreover deposits were found on 

the cell periphery, localized on the outside of  the plasma 

membrane (Figs. 1 A and C-E). 
X-ray analysis of these precipitates showed that they 

contain both the elements Pb and P in high amounts, 

compared with other cellular regions. From the ob- 

tained spectra the weight ratio Pb/P  was calculated by 

the computer, taking into account the appropriate 

correction factors. From these calculations the Pb/P 

ratio appeared to vary between 0.7 and 1.0. In the 

volutin-like granules the elements Mg, Ca and K were 

found in addition (Fig. 2). 

The cellular orthophosphate and polyphosphate levels 

in yeast under varying conditions are shown in Tab. 1. 

Electron microscopical studies of  these batches re- 
vealed that the amount of  lead precipitated material 

correlates closely to the polyphosphate content of  these 

yeast cells. Acid exposure of  ultrathin sections, with 

subsequent tilting of  the grids as described in the 

method section, leads to dislocation of  material from 

the deposits, in a manner previously described as 

characteristic for polyphosphate deposits (TILBERG et 

al. 1980). This phenomenon is also observed with 

peripheral precipitates. 
When Ca z + and Mg a+ are omitted from the primary 
fixative no peripheral lead deposits are observed, 

whereas the intracellular deposits are unaffected. It 

appeared that in the alkaline washing step subsequent 
to primary fixation a small amount of polyphosphate is 

released. About  2.9 gmol polyphosphate per gram yeast 

was recovered from the supernatant by bariumacetate 

precipitation. Separation according to chain length of 

this liberated polyphosphate fraction by Sephadex 

gelfiltration showed that the released polyphosphate 

fraction belongs to the high molecular weight poly- 

phosphates contained in yeast (Fig. 3). 

4. Discussion 

Cytochemical staining of  cellular polyphosphates by 
lead salts has been described before by JENSEN (1960) 

and by WOOL and HELD (1976). The present studies 
confirm these results. In the first place X-ray dispersive 
microanalysis showed that the precipitates contain lead 

and phosphorus. In spite of  the limited spectral re- 

solution of the X-ray analyser the P Ks-peak was 



Fig. 1. Occurrence of Pb/P precipitates in the yeast Kluyveromyces marxianus. A: granular precipitate in vacuole; B: precipitates in cytosol, 
associated with membrane struetures (-k~) and aligning the vacuolar membrane (4r--*); C: precipitates on the inner side of the plasma 
membrane; D: precipitates outside the plasma membrane, partially in the cell wall; E: precipitate outside the plasma membrane, partially in 
plasma membrane invagir~ation. Abbreviations used: bs bud scar; cw cell wall; iplasma membrane invagination; v vacuole. Bar represents 0.2 pin 
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Fig. 2. X-ray dispersive micro-analysis of a granular-shaped intra- 
cellular lead deposit (A) and of a lead deposit, localized outside the 
plasma membrane (B) (80kV, q~c 2 aperture 150gin, spot size 
100 nm, life time 100 seconds). Arrows indicate the positions where 
Os peaks should be expected, if Os would have been present in 
detectable amounts 
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Fig. 3. Sephadex elution pattern of polyphosphates isolated from 
yeast by boiling (O--O) and liberated from yeast when Ca ~+ and 
Mg 2+ are omitted from the primary fixative ( 0 - - 0 ) .  When Ca 2+ 
and Mg 2+ are present in the primary fixative, no liberation of 
polyphosphates was observed 

unequivocally determined by the computer program, 
without apparently any interference ofa Os Ma-peak in 
the vicinity of the P Ka-peak. Moreover the absence of 
other Os peaks (see Fig. 2) contra-indicates the presence 
of interfering amounts of Os. Secondly there is a close 
parallel between the cellular polyphosphate content 
and the amount of lead precipitated material. Finally 
an acid induced dislocation of the precipitated material 
was observed, characteristic for polyphosphate de- 
posits (TILBE~O et  al. 1980). 
Lead precipitated material was also observed outside 
the plasma membrane, extending in the cell wall and in 
plasma membrane invaginations. Despite the fact that 

Table 1. Cellular orthophosphate and polyphosphate levels in wnol 
phosphate per gram yeast, for yeast cultured under various conditions 

Ortho- Poly- 
phosphate phosphate 

Phosphate starved 2 2 
Normal 20-hour batch cuIture 32 18 
Hypercompensated 28 68 

the appearance of these deposits is more dense and 
spotty, as compared to the intracellular deposits, it 
seems highly probable that they represent polyphos- 
phates. First, all deposits outside the plasma membrane 
had the same composition, as judged from X-ray 
dispersive microanalysis (Fig. 2B), which is in ac- 
cordance with the proposed origin of these deposits. 
Further, these deposits exhibited the typical acid- 
induced dislocation, characteristic for polyphosphates. 
Finally, deposits outside the plasma membrane were 
not observed in phosphorus-starved yeast (containing 
only trace amounts of polyphosphates) but were 
abundant in hypercompensated yeast, containing very 
high concentrations of polyphosphate. 
In previous studies no polyphosphate, located outside 
the plasma membrane of yeast cells has been described, 
despite the fact that such a polyphosphate localization 
is suggested by several studies. It could be rationalized 
that a polyphosphate fraction, localized outside the 
plasma membrane, could easily be dislocated during 
fixation. Therefore we employed in the present studies 
the fixative described by Povx (1963, 1965a, b), con- 
taining Ca 2 + and Mg 2 +. As shown in the results section 
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the presence of Ca 2 + and Mg 2+ in the fixative is 
essential for the visualization of polyphosphate, loca- 
lized outside the plasma membrane. Omitting these ions 
from the fixative results in the absence of peripheral 
polyphosphate deposits, whereas a high molecular 
weight polyphosphate fraction is liberated into the 
supernatant. 
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