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1. Introduction 

Increasing evidence points to the importance of 
intracellular phosphorus levels as a controlling factor 
in algal growth and development [l-4]. Intracellular 
storage pools have been partially characterized by 
chemical methods [4-81 and cytological inclusions 
(‘metachromatic’ or ‘volutin’ granules) have been 
shown to be deposits of phosphorus [5,9-l 11. Chem- 
ical analyses indicated that in cells of high metachro- 
matic activity, the storage compounds were mixtures 
of polyphosphates of high average chainlength, arga- 
nized within ‘polyphosphate bodies’ [5-71. These 
results, however, were obtained by destructive 
methods in extracts. The only instance when whole- 
cell studies were carried out was an X-ray energy dis- 
persive analysis [ 121. In this work on blue-green 
algae, phosphorus and calcium were shown to be the 
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major elemental constituents of the metachromatic 
granules, but the phosphorus compounds have not 
been characterized. Morever, in bacteria [13] and 
Tetrahymena [14], granules were shown to be of 
chemical composition other than polyphosphates. 
Due to its potential metabolic significance [6], the 
direct characterization of the intracellular polyphos- 
phate pool in intact cells is desirable. 

The application of 31P nuclear magnetic resonance 
spectroscopy (3’P-NMR)to complex biological systems 
[15-251 offers the only method available to achieve 
a non-destructive yet highly selective characterization 
of phosphorus compounds in intact cells. 

Using this method, combined with transmission 
electron microscopy, we have investigated the intra- 
cellular storage pool of phosphorus in intact cells of 
the alga Cosmarium sp. We have found that the major 
intracellular phosphorus pool which is affected when 
orthophosphate is depleted from the growth medium 
are the polyphosphates. Upon addition of excess 
orthophosphate to the medium of exponentially- 
growing, phosphatedepleted Gwnarium cells, the 
polyphosphate peak reappears in the 31P-NMR spec- 
trum of the intact cells. The “P-NMR results in com- 
bination with a transmission electron microscopy 
study suggest that the main intracellular storage pool 
of phosphorus in Cosmarium cells consists mostly of 
long-chain polyphosphate molecules organized in 
compact aggregates. 
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2. Methods 

Cosmmium sp. was grown in an artificial culture 
medium [26], at 20°C. Light was provided by cool 
white fluorescent light bulbs with an intensity of 
2.5 J. m-‘. s-l and a 16: 1OLD photoperiod. The 
ambient orthophosphate concentration (P,> was 
depleted over a number of growth cycles by succes- 
sive transfers to lower PO. Each growth cycle lasted 
45-64 days with P, of 2000,200,50,.5 and 0.6 PM. 

For each 31P-NMR me~urement, -2 X lo* cells/ 
sample were harvested by several centrifugation steps 
at 4’C in Sorvall high speed centrifuge, and 10 mm 
diam. tubes were used with 10 mm sample height. 
An external reference of orthopho~horic acid, 2 mM 
in D20 at pH 1.4 in a 4 mm diam. capillary at the 
center of the 10 mm tube was employed. The deute- 
rium signal of the DzO in the reference served for 
field lock. The 3xP spectra were recorded at 109.32 
MHz observing frequency on a Bruker WH-270 NMR 
spectrometer operating in the Fourier Transform 
mode [29], using 16 K memory. The ‘dead time’ of 
the ~st~ment was 30 rrr.s and hence signals with line- 
width of up to several thousand hertz could be reason- 
ably measured. Typically several thousand scans were 
accumulated for each spectrum with a pulse-repeti- 
tion time of 0.67 s and 90” flip angle with the spectral 
width varying between 5-12 kHz. No proton 
decoupling was employed throughout these experi- 
ments, hence none of the 31P peak intensities should 
be affected by the nuclear Overhauser effect. Also a 
preliminary experiment was carried out to obtain an 
estimate of the Tl values of the main signals. A T1 of 
-0.1 s of the polyphosphate phosphorus permitted us 
to use the above flip angle and repetition time and 
yet to expect the relative signal areas in the various 
spectra to represent a non-distorted measure of the 
phosphoric concentration in the cells. Aliment of 
the peaks to the various phosphate compounds was 
done in accordance with the 31P-NMR literature, e.g. 
[19,30]. 

Total phosphors and o~hophosphate were deter- 
mined by the method in [27] and [28], respectively, 
and cold trichloroacetic acid precipitation as in [6]. 

For electron microscopic examination, cell were 
fured in 5% ~utar~dehyde and postfured in 2% osmi- 
um tetroxide (for 2 h, at 0°C). Fixatives were buffered 
with 0.1 M sodium cacodylate to pH 7.4. Dehydra- 
tion was done with ethanol and the cells were 
embedded in Spurr’s medium [31]. Sections were 
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stained with uranyl acetate and lead citrate and 
observed in a Philips 300 electron microscope. 

3. Results and discussion 

31P-NMR spectra of intact Concern cells, grown 

to stationary phase at low or high initial extracellular 

orthophosphate concentration (PO) are shown in fig.1. 
Cosmuium cells grown at 0.6 PM PO showed no phos- 
phorus signal in contrast to cells grown at 2 mM PO in 
which a large signal of non-terminal P of polyphos- 
phates was detected (fig.lB). This signal of non-ter- 
minal P of polyphosphates has a relatively large line- 
width [Au = 1.500 Hz], thus, peaks of phosphate 
nuclei in polyphosphates of different chainlength, 
cannot be resolved. However, the fact that no ter- 
minal phosphate signal was detected indicated that in 
these cells most of the ~tra~ellular polyphosphates 
were of high chainlength (>25 phosphate units). 

As Cosmarium cells were successively transferred 
to lower PO the intracellular cold trichloroacetic acid- 
insoluble phosphors pool markedly decreased. A 
similar trend was found in chemical determinations of 
cold trichloroacetic acid-insoluble P and 31P-NMR 
estimations of polyphosphate P (table 1). This sim- 
ilarity is noteworthy ~~0~~ phosphors fractions 
in cells grown at PO < 200 ,uM gave rise to a low NMR 
signal-to-noise ratio. Thus, only crude estimates of 
the various intracellular P concentrations were 
obtained from NMR peak areas in these phosphorus- 
def’icient cells. _ 

The amount of free intracellular orthophosphate, 
as determined by 31P-NMR did not change signifi- 
cantly as cells were transferred to lower PO. The cyto- 
plasmic pH, which was measured by the shift of the 
experimental orthophosphate peak in relation to the 
reference [19], rem~ed constant at pH 6.5 f 0.1 
(table 1), a value similar to the intracellular pH mea- 
sured in Escherichia coli cells under anaerobic con- 
ditions (241. 

~Rspectra of cells harvested in exponential phase 
of growth in a low phosphate medium (PO = 0.6 PM), 
showed only an orthophosphate peak and possibly 
phosphoenolpyruvate (fig.2A). When a large excess 
(2 mM) of o~ophosphate was added to these 
exponentially growing Cosmarium cells 24 h before 
harvesting, a distinctive polyphosphate peak appeared 
in the ‘lP-NMR spectrum of the cells (fig.2B). The size 
of the newly synthesized intrace~ul~ polyphosphate 
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Fig.1. 3zP-NMR spectra of intact stationary phase Cos~~u~ sp. cells grown at 0.6 rM (A) and 2 mM (B) PO in a standard growth 
medium: (a) Phosphoric acid external reference (2 mM, pH 1.4); (b) intracellular orthophosphate (pH 6.5); (c) non-terminal phos- 
phate of polyphosphates. “P shifts in this and other NMR spectra are relative to the position of 85% H,pO,. 

Table 1 
Intracellular phosphorus pools in cosmarium sp, 

Measured by chemical analysis Estimated by 31P-NMR 

PO Total Cold trichloroacetic Cellular Non-terminal P pH 
OtM) cellular P and-~soluble P o~hophosp~te of POlY(P) 

@mol P/l00 mg dry wt algae) (arbitrary units) 

2000 164+18 
200 96+ 5 

50 77* 7 
5 25% 5 
0.6 6? 1 

152 218 4.9 t 0.3 63.6 -+ 9.0 6.5 
90 f 5 5.0 f 0.6 44.0 f 1.8 6.4 
70 +10 7.2 ? 5.9 28.6 + 16.3 6.6 
21 f 5 3.1 f 2.6 Undetected 6.5 

0.2 f 1 Undetected Undetected 

Cosmnzium sp. was grown in an artificial culture medium and successively transferred to 
media with diminishing initial orthophosphate concentrations (Po). The results presented 
here were obtained from cells harvested 45 days after the transfers. The calculated means f 
SD are based on combined results of 3-6 expt. The size of the P-pools was also estimated 
from the areas under the “P-NMR signals and is given in each case normalized to the exter- 
nal reference and to the cell pa&ii factor of the sample 
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Fig.2. s’P-NMR spectra of intact exponential phase Cosmarium sp. cells grown in low phosphate (0.6 rM) medium (10 000 scans) 
(A) and (B) phosphatedepleted cells from A to which 2 mM orthophosphate was added 24 h before harvesting (4500 scans): (a) 
Gfyceroi phosphate externsl reference (1.13 mM; pH 9); (b’) intra~~u~ o~hophosphate; (b) phosph~nol pyruvaie; (c) non- 
terminal phosphate of polyphosphate; (d) tRNA (?). The reference signal was artificially broadened by a high pH aqueous relaxa- 
tion reagent [32] to avoid saturation by high pulsing rate. 

pool, as estimated from the peak areas is co~p~abl~ 
to that in Cosmarlum cells grown to stationary phase 
in 2 mhI orthophosphate. Other minor peaks, corre- 
sponding to phosphoenol pyruvate and perhaps to 
tRNA were also observed in these cells. 

The broad NMR signal of polyphosphates could 
have been caused by several relaxation processes like 
P-P dipolar, chemical shift isotropy and also fast- 
exchanging pararnagnetic metal cations and a more 
careful examination is needed to clarify this point. 
This large linewidth might be indicative of a slow 
molecular reorientation rate caused either by a very 
high molecular weight of these polyphosphates or by 
their organization in some rigid supramolecular aggre- 

gate. However, it seems that a Tr of the order of 0.1 s 
excludes the possibility of solid-like state. 

We further attempted to locate the site of the newly 
formed polyphosphate fraction within cells using 
transmission electron microscopy. Whereas only a few 
electron dense granules were observed in the P-starved 
cells (fig3A,B) many granules of 600 a av. diam. 
appeared in these cells, 24 h after the addition of 
o~ophosphate to the medium (figs. 3CJI). Similar 
granules were observed in cells grown to stationary 
phase at 2 mM PO (fig.3E). 

When Cosmurium was grown in orthophosphate 
rich medium (P, > 5 MM), up to 90% of the total cel- 
lular phosphorus had been associated with the cold 

Fig.3. Electron-micrographs of phosphatedepleted and phosphate-rich Cosmarium sp.: C, chloroplast; N, nucleus; P, polyphos- 
phate granules; PS, partly-sectioned polyphosphate granule; S, starch granule; W, cell wall. (A) Phosphate-starved cell grown at 
low initial ambient orthophosphate concentration, 0.6 nM (X 11 050). (B) Detail of a phosp~te-Steve cell (X 23 800). (C) Cell 
from the same culture as above to which 2 mM orthophosphate was added 24 h before fixation (X 9350). (D) A magnified por- 
tion of the celi in (C) Note the ‘mushroom’ appearance of the polyphosphate granules (P) attaching to starch granules (S) 
(X 38 250). (E) Section through a cell grown for 2 months at 2 mM initial ambient orthophosp~te concentration. (X It 0.50). 
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trichloroacetic acid-insoluble fraction [26]. This intra- 
cellular pool had decreased to low levels when the cul- 
tures had become phosphorus depleted. Biomass yield 
and the cold trichloroacetic acid-insoluble phosphorus 
fraction had been correlated. This study strongly sug 
gests that this intracellular phosphate accumulation 
pool consists mostly of long chain (n > 25) polyphos- 
phates. 

The parallel emergence of the electron dense bodies 
and of the polyphosphate 31P-NMR signal upon addi- 
tion of orthophosphate to phosphorus depleted cells 
is consistent with the suggestion that at least in 
Cosmurium sp., the so-called ‘volutin granules’ are 
compact polyphosphate aggregates. Metal cations, 
some probably paramagnetic, could serve to neutra- 
lize negative electric charge. These, together with 
basic proteins that would also restrict intramolecular 
motion of the polyphosphate phosphates, could bring 
about the broad NMR lines. 

Acknowledgements 

We thank Professors S. Aaronson, M. Avron and 
Z. Luz for valuable discussion and criticism and grate- 
fully acknowledge the technical assistance of Mrs 
R. Vasiliver. This work was supported in part by grant 
665 to T. B. from the US-Israel Binational Science 
Foundation, Jerusalem, and by a grant from the Nat- 
ional Aeronautics and Space Administration, USA. 

References 

III 
121 
]31 

141 

151 

161 

Droop, M. R. (1975) J. Mar. Biol. 55541-555. 
Rhee, G. Yull(l973) J. Phycol. 9,495-506. 
Halmamr, M. and Elgavish, A. (1979) Water Res. 13, 
585-588. 
Owens, 0. H. (1976) Ann. Rev. Plant. Phyaiol. 27, 
461-483. 
Wiame, J. M. (1958) Handb. Pflanzenphysiol. 9, 
136-148. 
Harold, F. M. (1966) Bacterial. Rev. 30,772. 

[71 
PI 

[91 

[lOI 

1111 

[I21 

Kuhl, A. (1976) Bot. Monog. 10,636-654. 
Aoki, S. and Miyachi, S. (1964) Plant Cell Physiol. 5, 
241-250. 
Drews, G. (1962) Colloq. Int. Cent. Natl. Rech. Sci. 
Paris 106,533-543. 
Jensen, T. E., SickoGoad, L. and AyaIa, R. P. (1977) 
Cytologia 42,357-369. 
Stewart, W. D. P., Pemble, M. and Al-Ugouly, L. 
(1978) Mitt. Int. Ver. Limnol. 21,224-248. 
SickoGoad, L. and Jensen, T. E. (1974) 32d Ann. Proc. 
Electron Microscopy Sot. Am. (Arceneaux, C. J. ed) 
St Louis, MO. 

[13] Martinez, R. J. (1963) Arch. Mikrobiol. 44,334-343. 
[ 141 Rosenberg, H. (1966) Exp. Cell. Res. 41,397-410. 
[15] Shuhnan, R. G. (1979) Science 205,160-166. 
[16] Moon, R. B. and Richards, J. H. (1973) J. Biol. Chem. 

248,7276. 
[ 171 Hoult, D. I., Busby, S. J. W., Gadian, D. G., Radda, 

G. K., Richards, R. E. and Seely, P. J. (1974) Nature 
252,285-287. 

[ 181 Henderson, T. O., Costello, A. J. R. and Omachi, A. 
(1974) Proc. Natl. Acad. Sci. USA 71,2487. 

[ 191 Salhany, J. M., Yamane, T., Shuhnan, R. G. and Ogawa, 
S. (1975) Proc. Natl. Acad. Sci. USA 72,4966-4970. 

[20] McLaughlin, A. C., CulIis, P. R., Berden, J. A. and 
Richards, R. E. (1975) J. Mag. Res. 20,146. 

[21] Zaner, K. S. and’Damadian, R. (1975) Science, 189, 
729-731. 

[22] Colman, A. and GadIan, D. G. (1976) Eur. J. Biochem. 
61,387-396. 

[23] Burt, C. T., Glonek, T. and Barany, M. (1976) J. Biol. 
Chem. 251,2584-2599. 

[24] Navon, G., Ogawa, S. and Yamane, T. (1977) Proc. 
Natl. Acad. Sci. USA 74,888. 

[25] Brown, T. R., Ugurbil, K. and Shuhnan, R. G. (1977) 
Proc. Natl. Acad. Sci. USA 74,555l. 

[ 261 Elgavish, A. (1978) PhD Thesis, The Weizmamr Institute 
of Science, Rehovoth. 

[27] King, E. G. (1932) Biochem. J. 26,292. 
[28] Strickland, J. D. H. and Parsons, T. R. (1968) A practi- 

cal handbook on Seawater Analysis, Fish. Res. Board of 
Canada, Ottawa. 

[29] Farrar,T.C.andBecker, E. D. (1971) Pulse and Fourier 
Transform NMR, Academic Press, New York. 

[30] Crutchfiekl, M. M., Dungan, L. H., Letcher, J. H., Mark, 
V. and Van Wazer, J. R. (1967) in: Top. Phos. Chem. 5, 
l-74. 

[31] Spurr, A. R. (1969) J. Ultrastruct. Res. 26,31-43. 
[32] Elgavish, G. A. and Reuben, J. (1976) J. Am. Chem. 

Sot. 98,4755. 

142 


