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SUMMARY 

Intracellular orthophosphate has been identified as the fraction which precipitates 
in the nucleoli after Pb acetate fixation. The results are in good agreement with the 
important role played by the nucleus--  and specially the nucleolus--in the phosphorus 
metabolism of the cell. On the other hand it is not known how much of the total ortho- 
phosphate of the whole cell is present in the nucleoli. 

INTRODUCTION 

Inorganic phosphate has been localized in the nucleolus by a cytochemical method 1-a. 
The unexpected result occurs that when lead acetate is employed as a fixing fluid, 
a precipitate of lead phosphate appears in the nucleoli. It  is clear that lead acetate 
is able to precipitate the phosphate ions inside the cells; this is, to our knowledge, the 
first case in which a small, diffusible ion has been localized at the cellular level. 
The following work was carried out in order to examine this phenomenon more closely. 

MATERIALS AND METHODS 

The materials used consisted of onion, maize and broad bean roots, ungerminated 
broad bean embryos, the large internodal cells of Ni te I la  clavata and the livers of 
guinea pigs and chickens. The cytochemical method used was essentially the same as 
previously described 1. Tissue extracts were prepared with ice cold 5 % TCA, 4 % 
perchloric acid or 5o % ethanol plus 5 % acetic acid for 30 rain. 5 to IO ml of extracting 
fluid were used per g of wet weight tissue. The tissues were not homogenized so that 
the results may be compared more directly with the cytochemical data. Acetic acid- 
ethanol and TCA extracts (TCA removed with ethyl ether) were employed either 
immediately or concentrated over CaC1, for 24 h at room temperature. An ascending 
chromatogram was obtained with Whatman No. I paper washed with IO % acetic acid 
and glass bi-distilled wate# and a solvent consisting of acetone-acetic acid-water 
(5o:15:35)5, 8. This solvent, reported for the chromatography of phosphorylated 
compounds, was found to give good separation with phenolic and ninhydrin-positive 
substances also. The spots were detected by the application of several color reagents 
using the "dipping" and "multiple dipping" procedures 7,8. Pb-precipitating sub- 
stances were detected by drawing the chromatogram through a 5 % sol. and allowing 
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it to  hang for 15 min. Three washings with bidistilled water, 5 to IO mill each time, 
were found necessary in order to remove the excess of Pb from the paper; after 
evaporation of the water the chromatogram was suspended in an H~S atmosphere. 
Pb-precipitated substances appeared immediately as brown spots. Pb orthophosphate 
can be shown on the same paper by  dipping the paper into the molybdate reagentS: 
the PbS spot is transformed after a few minutes into a blue spot of phosphomolybdate. 
Pb precipitates, insoluble in acetic acid, were detected by  immersing the Pb acetate 
dipped-chromatogram into a 5 % Pb acetate solution in glacial acetic acid (cf. I) for 
I h and proceeding as before. Azide-iodine 9 acts as an iodine stain 1°; brown spots were 
detected in those cases where no color was seen with iodine alone. Ultraviolet 
absorbing spots were detected by  GORDON'S blueprint paper method n. Ortho- 
phosphate and the total acid-soluble phosphates were measured by the method of 
KII~G 12. Ribonuclease (Sigma, crystalline) was employed at a concentlation of 5 mg/ml 
distilled water. 

RESULTS 

The chemical nature of the nucleolar precipitate 

Table I shows that  very probably the Pb-precipitable substances are extracted 
by cold TCA. After Pb acetate t reatment  of TCAfixed roots, a PbS stain is developed 
in the whole root (approximately I mm thick) but  no precipitate is found in the 
nucleoli. If  t reatment  with Pb in glacial acetic acid is made after the aqueous Pb 

T A B L E  I 

R E A C T I V I T Y  O F  L E A D  W I T H  A C I D - S O L U B L E  A N D  A C I D - I N S O L U B L E  F R A C T I O N S  

I N  O N I O N  A N D  M A I Z E  R O O T S  A F T E R  S E V E R A L  T R E A T M E N T S  

PregipiIale PbS stain 
Fixation Posl-trealmenl in the nucleoli in the whde root 

P b  a c e t a t e  + + 
P b  a c e t a t e  P b  in  ace t ic  ac id  + + 
Cold TCA P b  a c e t a t e  - -  + 
Cold TCA P b  ace ta t e ,  t h e n  P b  in 

ace t i c  ac id  - -  - -  
Pb  a c e t a t e  Cold TCA, then  P b  ace ta te ,  

t hen  P b  in  ace t i c  acid - -  - -  
L iqu id  N z Pb  ace ta t e ,  t h e n  Pb  in  

ace t i c  acid - -  (some + + 
diffusion figures) 

( + )  or (--) i nd i ca t e  w he the r  the  P b - p r e c i p i t a t e  is p resen t  or absen t  f rom the  nucleol i  and,  in t he  
case  of the  PbS s t a in ,  whe the r  the  roo ts  are s t a ined  b l a c k  or r e m a i n  uns ta ined .  

acetate the roots remain completely unstained. This shows (a) that  all the acid- 
insoluble compounds which show affinity for Pb are extracted by  the Pb-acetic acid 
and (b) that  very probably the nucleolar substance does not remain in the tissue in a 
diffused condition, i.e., it must be present in the TCA extract. Immersion in liquid 
nitrogen is not as effective as Pb fixation: after Pb acetate t reatment  the phosphate 
is preserved in a diffused condition in the tissue. The freezing-substitution procedure 
of RUSSELL et al. 13 in which basic Pb acetate is added to the chilled ethanol, is also 
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TABLE 

COLOR REACTIONS APPLIED TO THE CHROMATOGRAM 

Spots  n u m b e r e d  accord ing  

Spot No. Pb ac. Pb ac,-acetic Uranyl ac. Molvbdate u.v. FeCI 3 Diazotized Diazotized 
acid absorbing sul/anilic acid p-nitroaniline Gibbs 

I O + + v io le t  r e d -  viole t  b lue  
o range  

+ + v io le t  r e d -  v io le t  yel low 
b rown  

9 

8 

7, 7" 

6 

5 

4 

3 

2, 2 t 

I 

+ + + + 

+ ? yel low l igh t  red yel low yel low 

p i n k  v io le t  

p i n k  v io le t  

p i n k  v io le t  

ineffective in precipitating the phosphate at the cellular level. Fig. i shows a diagram 
of a one-dimensional ascendent chromatogram of acid-soluble substances in maize 
roots (var. Colorado Klein). At least 12 substances can be detected by  the application of 
several color reactions, but  only 3 give a visible precipitate with Pb acetate; of these 
only one, orthophosphate, is insoluble in Pb-acetic acid. The same can be said in the 
caseseof onion and broad bean roots. Spots No. 9 and IO, which form Pb precipitates 
soluble in acetic acid, are flavonoid compounds 14 for they give typical reactions for 
phenolic substances and a positive reaction for ketones with 2,4-dinitrophenyl 
hydrazine, o-diphenols are known to precipitate with neutral Pb acetate and to 

0 
@ 
® 

O' 

O 

Fig. I. P a t t e r n  of acid-soluble  s u b s t a n c e s  in maize  roots  (cold TCA or ace t i c -  
e thano l  ex t rac t s ) .  W h a t m a n  No. i ,  a scend ing  for 24 h;  solvent ,  a c e t o n e -  
acetic a c i d - w a t e r  (5o:15:35) ;  see Table  I I  for de tec t ion  of t h e  spo t s ;  on ly  
spo t s  No. 5 (o r thophospha te ) ,  9 and  io  (flavonoid compounds)  are  p re sen t  in 
appreciable  e n o u g h  a m o u n t s  to give a prec ip i ta te  wi th  Pb  ace ta te ;  of these,  
on ly  o r t h o p h o s p h a t e  fo rms  a P b  prec ip i ta te  insoluble  in a 5 % P b  ace ta te  

so lu t ion  in glacial acetic acid. 
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II 

OF ACID-SOLUBLE SUBSTANCES IN MAIZE ROOTS 

to diagram in Fig. i. 

539 

2,4-distitto 2,6-dichlor¢ 
x-nitroso Iodine Azide-iodine Alkaline phe~yl Ninhydri~¢ Isatin phenol- Bromocresol Basic Pb ac. 
fl-naphtol AgN03 hydrazine indophenol green 

red + + 

yellow + + 

+? 

red + + 

brown + purple l ight 
(bleaches) yellow 

brown + purple l ight 
(bleaches) yellow 

black 

blue 

+ ? yellow blue blue blue 

+ blue 

+ blue purple 

+ yellow purple 

+ blue 

strongly reduce the alkaline silver reagent 15. This is not the present case since only a 
brown spot is obtained with the silver reagent; the precipitating property is rather 
due to the relative positions of the OH-groups and CO-groups le. They are easily 
detected as strongly u.v. absorbing spots or as violet and light yellow spots with 
FeC13 and basic lead acetate x7 respectively; they give different colors with diazotized 
sulfanilic acid. On the basis of the typical blue color given by Gibbs reagent (2,6- 
dibromoquinonechloroimide) and the red spot obtained with a-nitroso-fl-naphthol it 
is concluded that only spot No. IO has unsubstituted para and ortho positions. In 
onion and broad bean roots this fraction is found in a position just above the ortho- 
phosphate spot; they also give a Pb precipitate soluble in acetic acid and a positive 
ketone reaction, but a blue color with Gibbs reagent and a violet spot with FeC13 is 
given by the broad bean only. Substances with these characteristics have not been 
found in liver extracts. The same chromatographic pattern is obtained when the 
tissues are submitted to extraction with ethanol-acetic acid or when Pb acetate-fixed 
roots are extracted with cold TCA; in the last case a drop of a concentrated solution 
of ethylenediamine (EDTA) is added to prevent precipitation of lead as the TCA is 
gradually removed with ethyl ether. Spots Nos. I, 2, 3, 4, 7 and 8 are ninhydrin- 
reacting substances; spots Nos. 2 and 7 give a yellow color instead of the blue color 
characteristic of the great majority of amino acids. A parallel run with asparagine 
showed that it has the same RF as spot No. 2 and that spot No. 7 is an isatin-reacting 
substance. On this basis, and because they have been reported in the maize anther is, 
spots Nos. 2 and 7 were identified as asparagine and proline respectively. Neither of 
these ninhydrin-reacting substances is tryptophan or arginine since no reaction can be 
detected on the paper chromatogram with the Ehrlich or Sakaguchi reagents. 
Asparagine was also detected in broad bean and onion roots. Another substance with 
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the same Rp as asparagine is present in position 2 (spot No. 2') ; it gives an intense pink 
color with diazotized sulfanilic acid and a violet spot with diazotized nitroaniline. 
Another substance is also present in position 7 (spot No. 7') ; it is a basic compound 
for it gives blue spots with the pH indicator reagents. That we have here two sub- 
stances is also indicated by the fact that in onion and broad bean roots, as well as 
in the liver, spot No. 7 (proline) is absent while the basic compound (spot No. 7') is 
present. The large spot No. 6 is due to sugars. Phosphate analysis on cold 5 % TCA and 
4 % perchloric acid of maize and onion roots showed that orthophosphate accounts 
for 6o-65 % of the total acid-soluble phosphates; there is almost twice as much ortho- 
phosphate per g of wet weight tissue in onion as in maize roots. Organic phosphates 
are present in amounts too small for detection on the paper chromatogram by chemical 
means (cf.lg). Similar high values for orthophosphate have been found in barley roots 
and seedlings 2°, 31. It  is concluded that orthophosphate is the only substance present 
in the tissue in appreciable enough amounts to give a visible precipitate at the cellular 
level (Pb salt insoluble in Pb-acetic acid). In the liver, where large quantities of 
extracellular phosphate are present, the cytological image shows a granular precipitate 
in the intercellular spaces and specially around the central veins. With perfused liver 
practically all the "granular" precipitate is absent from the tissue while the dense 
nucleolar precipitate persists (extracellular phosphate washed out by perfusion with 
physiological saline). It  is concluded that the fraction precipitated by Pb acetate 
within the nuclei is intracellular orthophosphate. 

The nucleolar precipitate in modified cells 

Pb acetate fixation of ribonuclease-treated (in vivo, 8 h) onion roots shows that 
phosphate precipitates in the nucleoli even when nucleolar basophilia is lost (staining 
for RNA with toluidine blue after Carnoy fixation). This is in agreement with the 
finding that ribonuclease neither markedly affects the inorganic phosphate content ~2 
nor the uptake of 3~p in onion roots 23. In the large intact cell of Nitella the lead 
precipitate appears specifically located ill the nucleoli; more than IOO nuclei can 
be seen in one large cell and each nucleus contains approximately 20 to 50 Pb-positive 
nucleoli (Fig. 2). There is no indication of Pb-precipitates in the nuclear membrane, 
cytoplasm or in the large central vacuole; during nuclear division by amitosis ~4 the 
nucleoli remain Pb-positive. In cut cells most of the vacuolar sap flows out but the 
protoplasm remains within the cell wall; the results are usually the same as in the 
intact cell. Since the integrity of the cell membrane is destroyed this suggests that the 
membrane is not significantly involved in the retention of orthophosphate and that it 
is "bound" intracellularly. Moreover, the membrane cannot act as a barrier to lead 
penetration; it is interesting that, according to OSTERHOUT 25,~e 0.0I M Pb acetate is 
not toxic to Nitella (it stops protoplasmic motion and contracts the chloroplasts but 
these effects can be reversed by washing with distilled water). Although the cell's 
metabolic activity is a complicating factor, it is possible that Pb acetate applied 
at a sufficiently high concentration enters the cell by physical processes only; this 
certainly applies to physiologically dormant cells. Excised ungerminated broad bean 
embryos show the characteristic Pb phosphate precipitate in the nucleoli after Pb 
fixation (either ice cold or at room temperature). On the other hand, no precipitate is 
formed in dividing cells at those stages of mitosis where the nucleolus is absent; this 
result has a bearing on the strongly decreased uptake of s~p in dividing cells 2~. 
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Fig. 2. A nucleus of the multinucleate internodal cell of the fresh-water alga Nitella clavata showing 
the nucleolar localization of orthophosphate; there are more nucleoli in other planes which are not 
seen in the photograph. Cut cells show the same pattern of localization as in the intact  living cell. 
Fixation in 5 o  Pb acetate, followed by t reatment  with 5% Pb acetate in glacial acetic acid, 
washing in distilled water and staining with HaS; total mount. The photograph represents 

magnification 243o ×. 

DISCUSSION 

The ability to precipitate orthophosphate inside the cell is a characteristic of the 
nucleolus itself, since nothing is precipitated at meta- and anaphase when this 
structure is absent. Since the phosphate precipitate is found specifically in the nucleoli 
it is difficult to avoid the conclusion--and it is the simplest explanat ion-- tha t  ortho- 
phosphate is present in the nucleolus. Of course, a negative result does not mean that  
inorganic phosphate is absent from the cytoplasm since the degree of dispersion can 
affect its visualization very markedly. This means that  if the number of orthophosphate 
ions per unit volume (concentration) is greater in the nucleolus than ill the cytoplasm, 
"cytochemically detectable amounts" will be found only in the nucleolus even though 
it might be only a small fraction of the total orthophosphate of the whole cell. A large 
number of investigations have established that the nucleus--and specially the 
nucleolus--plays an important role in the phosphorus metabolism of the cell; it is 
very likely that  the presence of orthophosphate in appreciable amounts ill the 
nucleolus (nuclear orthophosphate) is connected with: (a) high metabolic and specific 
activities of the nucleolar RNA *s-3s, (b) the dependence of the nucleus on the net 
synthesis of cytoplasmic RNA ~-~, (c) the synthesis of other nucleotides besides 
RNA ~, 40, (d) the specificity of localization of DNA ill the nucleus and (e) the essentially 
anaerobic metabolism of the nucleus*S, 41. I t  might well be that the nucleolar ortho- 
phosphate is the precursor of RNA in the cell; the synthesis of RNA is made more 
efficient by the coexistence in the nucleoli of both orthophosphate and a very active 
RNA fraction (cf. s2p uptake and RNA synthesis in Amoeba cell fragments ~, 4,,43). 
The experiments presented here suggest that the final concentration of orthophosphate 
is greater in the nucleolus than in the cytoplasm. The question of how much of the 
total orthophosphate of the whole cell is present in the nucleoli--we may say within 
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the nuc leus - -must  be tested experimentally in several organisms and under different 
conditions. In Acetabularia quantitative determinations showed that not only RNA 
is concentrated in the nucleated fragment (rhizoide) but also that the total phosphorus 
is about twice as high as that of the non-nucleated stem 43 44 It would be interesting 
to investigate the distribution of orthophosphate in this large unicellular alga. 

ACKNOWLEDGEMENTS 

I wish to thank Dr. M. I. PEREZ DEL CERRO for his technical assistance during the 
ribonuclease experiments and the University of Buenos Aires for a research grant. 

R E F E R E N C E S  

1 C. J. TANDLER, J. Histochem. Cytochem., 4 (1956) 331- 
2 C. J. TANDLER, J. Histochem. Cylochem., 5 (1957) 489. 
3 C. J. TANDLER, Exptl. Cell Research, 14 (1958) 4o8. 
4 C. S. HANES AND F. A. ISHERWOOD, Nature, 164 (1949) 11o7. 
6 S. BURROWS, F. S. M. GRYLLS AND J. S. HARRISON, Nature, 17o (1952) 800. 
8 F. P. W. WINTERINGHAM, P. M. BRIDGES AND G. C. HELLYER, Biochem. J., 56 (1955) 13. 
7 IVOR SMITH, Chromatographic Techniques. Clinical and Biochemical Applications, William 

Heinemann,  Medical Books Ltd., London and P i t m an  Press, Bath, 1958. 
8 j .  ]3. JEPSON AND I. SMITH, Nature, 172 (1953) i ioo .  
9 G. TOENNIES AND J. J. KOLB, Anal. Chem., 23 (1951) 823, 

10 G. BRANTE, Nature, 163 (1949) 651. 
n H.  T. GORDON, Science, 128 (i958) 414 . 
12 E. J. KING, Biochem. J., 26 (1932) 292. 
13 R. S. RUSSELL, F. K. SANDERS AND O. N. BISHOP, Nature, 163 (1949) 639. 
14 T. A. GEISSMAN AND E. HINREINER, Botan. Rev., 18 (1952) 77. 
15 W. E. TREVELYAN, D. P. PROCTER AND J. S. HARRISON, Nature, 166 (195 o) 603. 
le F. FEIGL, Spot Tests: I. Inorganic Applications. Elsevier Publishing, Co., Amsterdam,  1954. 
1T T. ]3. GAGE, C. D. DOUGLASS AND S. H.  WENDER, Anal. Chem., 23 (1951) 1582. 
18 U. KHOO AND H. T. STINSON, Proc. Natl. Acad. Sci. U.S., 43 (1957) 603. 
19 S. A. BROOKS, J. C. LAWRENCE AND C. R. RICKETS, Biochem. J., 73 (1959) 566. 
20 S. E. ARNEY, Biochem. J., 33 (1939) lO78. 
21 p. O. P. Ts 'o  AND C. S. SATO, Exptl. Cell Research, 17 (1959) 227. 
22 j .  BRACHET in Les Facteurs de la Croissance Cellulaire. Exposes actuels de biologie cellulaire, 

Masson et Cie., Paris, 1956. 
23 j .  BRACHET, Biochim. Biophys. Acta, 19 (1956) 583. 
2i F. E. FRITSCH, The Structure and Reproduction o~ the Algae. Vol. I, Cambridge Universi ty Press, 

1935. 
26 W. J. v .  OSTERVlOUT, J. Gen. Physiol., 29 (1945) 73. 
22 W. J. V. OSTERHOUZ, J. Gen. Physiol., 35 (1951) 519 • 
27 D. MAZIA AND D. M. PRESCOTT, Science, 12o (1954) 12o. 
28 j .  BRACHET, Biochemical Cytology, Academic Press, New York, 1957. 
22 W. S. VINCENT, Internatl, Revue Cytol., 4 (1955) 269. 
30 j .  I-I. TAYLOR, I~.. MC MASTER AND M. V. CALUYA, Exptl. Cell Research, 9 (1955) 46o. 
31 j .  HXMMERLING AND H. STICH, Z. Natur/orsch., l i b  (1956) 158, 162. 
32 R. Mc MASTER AND J. H. TAYLOR, J. Biophys. Biochem. Cytol., 4 (1958) 5. 
32 p. S. WOODS AND J. H. TAYLOR, Lab. Invest., 8 (1959) 3o9 • 
34 p. j .  FITZGERALD AND K. VINIJCHAIKUL, Lab. Invest., 8 (1959) 319 • 
86 L. GOLDSTEIN AND J. Mlcou, J. Biophys. Biochem. Cytol., 6 (1959) I. 

G. RICHTER, Biochim. Biophys. Acta, 34 (1959) 407 • 
27 G. RICHTER, Planta, 552 (I959) 554- 
38 D. M. PRESCOTT, J. Biophys. Biochem. Cytol., 6 (1959) 2o 3. 
a9 E. BALTUS, Biochim. Biophys. Acta, 15 (1954) 263. 
40 G. H.  HOGEBOOM AND W. C. SCHNEIDER, J. Biol. Chem., 197 (1952) 611. 
41 H.  STERN, Science, 121 (1955) 144. 
41 D. MAZIA AND H. HIRSHFIELD, Science, 112 (195 o) 297. 
is j .  tDRACHET, Symp. Soc. Exptl. Biol., 6 (1952) 173. 
44 j .  BRACHET, H. CHANTRENNE AND F. VANDERHAEGHE, Biochim. Biophys. Acta, 18 (1955) 544- 

Biochim. Biophys. Acta, 44 (196o) 536-542 


