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Polyphosphate-Cation  Interaction  in  the Amino Acid-containing 
Vacuole of Neurospora erama* 

(Received for publication, September 27, 1983) 

Carole L. CramerS  and Rowland H. Davis$ 
From  the  Department of Molecular Biology and  Biochemistry,  University of California,  Iruine,  Iruine,  California 92717 

The vacuoles of Neurospora  crassa, grown  in mini- 
mal medium,  contain a 1:l ratio of basic  amino  acids 
and  phosphate,  the  latter  in  the  form of long-chain, 
inorganic  polyphosphate-P. Vacuoles isolated from 
cells  depleted of polyphosphate retain  basic amino 
acids  despite the absence of over 90% of their poly- 
phosphate. Thus,  vacuolar  retention of basic  amino 
acids  is  not  dependent upon binding  to or  charge neu- 
tralization by polyphosphate.  Polyphosphate was 
found to be the only  macromolecular  polyanion in vac- 
uoles of normal or phosphate-depleted cells. Gel filtra- 
tion  experiments  revealed  that  about half the poly- 
phosphate of normal  vacuoles is bound strongly by 
vacuolar  spermidine, MgZ+, and Ca2+. The polyphos- 
phate  thus occupied was not available  for basic  amino 
acid  binding. We have  identified  about 90% of the 
cations of isolated  vacuoles; in  addition  to  spermidine, 
Mg2+, and  Ca2+,  the  cation pool consists  mainly of ar- 
ginine,  ornithine,  histidine,  lysine,  and  Na+,  with a 
small  amount of K'. Isolated  vacuoles appear  to be 
almost  wholly  impermeable  to  all  these ions, and in 
vivo, vacuoles appear  to be highly  selective  in ion 
uptake by an  active process. The  interaction of basic 
amino  acid  with  the  available polyphosphate was found 
to  reduce  the chemical activity of the  former.  In  keep- 
ing  with  this  effect, cells with  abnormally  high basic 
amino  acid-polyphosphate  ratios  displayed  greatly 
swollen  vacuoles, indicating  considerable osmotic ac- 
tivity of the basic  amino  acids and  their  counterions 
under  these  conditions. 

Fungal vacuoles have  been  compared to  plant vacuoles and 
animal lysosomes owing to  their  content of hydrolytic en- 
zymes (1, 2) ,  Not previously stressed  is  their resemblance to 
arnine-storage  organelles of mammals  such  as chromaffin 
granules of the  adrenal medulla, histamine-containing  gran- 
ules of blood platelets,  and  synaptic vesicles of neurons. These 
organelles characteristically  contain (a) large amounts of low 
m.olecular weight, cationic  amines; ( b )  phosphate-containing 
polyanions; -and (c )  a proton-translocating  ATPase required 
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for amine accumulation. The polyanions may play  a role in 
neutralizing  both  the charge and  the osmotic  activity of the 
amines  (3,4). In fungi, vacuoles sequester large  pools of basic 
amino acids, which serve as a nitrogen reserve. Fungal  vacu- 
oles also contain inorganic polyphosphate  and have  a  mem- 
brane  ATPase very similar  to  that of chromaffin  granules. 

More than 95% of the cellular  basic amino acids are  within 
the vacuoles of Neurospora cells growing in  minimal  medium 
(5-9). An equivalent  amount of polyphosphate-P is also pres- 
ent  within  the vacuole, suggesting its possible role in basic 
amino acid concentration  and storage. An obligate relation- 
ship between polyphosphate  and  arginine  in isolated yeast 
vacuoles was suggested by Durr et al. (10). They  found  that 
arginine leakage from yeast vacuoles in uitro was concomitant 
with  polyphosphate  degradation and  its release as inorganic 
phosphate. On the  other  hand, Neurospora cultures,  starved 
for phosphate, lose 90% of their vacuolar polyphosphate  but 
continue  to  sequester large pools of basic amino acids (8). 
This  result suggests that ionic interactions with  polyphos- 
phates  cannot be the sole mechanism of basic amino acid 
concentration  and  retention in  Neurospora vacuoles. To test 
the  importance of polyanions in  concentration  and  retention 
of amino  acids, we here identify the bulk of the  cations  and 
polyanions in purified vacuoles and  study some of their  inter- 
actions in vitro. 

EXPERIMENTAL  PROCEDURES AND RESULTS' 

Arginine Retention in Isolated Vacuoles-Purified vacuoles 
isolated  from cultures grown in  minimal medium retain  the 
1:1 ratio of basic amino acids and  polyphosphate-P found  in 
whole cells (8). (Arginine represents 30% of this basic amino 
acid pool.) We wished to  alter  the polyphosphate-P:basic 
amino acid ratio by nutritional  means  and  to  determine 
whether vacuoles isolated from the  resulting  cultures  retained 
this ratio.  A culture  starved for phosphate  had  an argi- 
nine:polyphosphate ratio of 2.4, as opposed to  the  normal 
ratio of 0.3. Vacuoles isolated from the  P-depleted  culture 
retained  the high ratio, suggesting no leakage of arginine. The 
arginine was retained  during  incubation of the organellar 
preparation at  25 "C for 1-3 h and  during  further purification 
of the vacuoles by gradient centrifugation. Cultures were also 
grown in 20  mM. arginine  as  the sole nitrogen  source, which 
greatly elevates the cellular  arginine pool. Arginine (85% of 

Portions of this  paper (including"Experimenta1 Procedures," part 
of "Results," Fig. 1, and  Table 111) are  presented  in  miniprint a t  the 
end of this paper. The abbreviation used is: TES,  2-{(2-hydroxy-l,1- 
bis(hydroxymethy1)ethylJ-aminojethanesulfonic acid. Miniprint  is 
easily read with the aid of a standard magnifying  glass. Full size 
photocopies are avaiiable  from the  Journal of Biological Chemistry, 
9650 Rockville Pike,  Bethesda, MD 20814. Request Document No. 
83M-2784, cite authors,  and include  a  check or money order for $3.20 
per set of photocopies. Full size photocopies are also  included in  the 
microf3rn edition of the  Journal  that is available  from  Waverly Press. 
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Vacuolar Ions in Neurospora 5153 

the basic amino acid pool under  these  conditions) was in 3- 
fold excess over polyphosphate-P (8). Purified vacuoles from 
these  cultures  retain  the  3:l excess of arginine  to polyphos- 
phate-P.  Hence,  in  both cases in which the vacuolar  basic 
amino acid pool exceeded polyphosphate-P,  the  amino acid is 
retained  within  the vacuoles during cell breakage, and vacuole 
purification. Ionic trapping by polyphosphates  therefore,  can- 
not be the sole mechanism of amino acid retention in uitro. 
Either basic amino acids cannot  permeate  the  membrane 
under  these  conditions or they  are  trapped by an unrecognized 
impermeant  anion  in  the vacuole. 

Gel Filtration  Binding Assays of Vacuolar Components-We 
used the gel filtration  binding assay of Hummel  and Dreyer 
(11) to  study  the  interaction of arginine  and  polyphosphate 
and  to  detect  other polyanions. Polyphosphate or vacuolar 
lysates were applied  to  Sephadex G-25 columns  equilibrated 
with the  eluant, 3 mM L-arginine HCl  and 3 mM NaCl. An 
arginine  elution profile of synthetic  polyphosphate is shown 
in Fig 2A. Bound  arginine is the  amount of arginine above 
the 3 mM base-line in  the macromolecular portion of the 
profile  (Fig. 2, fractions 4 and 5). This is hereafter expressed 
as  the arginine:polyphosphate-P ratio.  The  ratio of 0.5 is 
expected  because equimolar  amounts of Na’ and  arginine  are 
present  (see  “Experimental  Procedures,”  Miniprint).  In using 
the  method  with biological samples, a ratio exceeding 0.5 
would indicate  the  existence of another polyanion; a ratio less 
than 0.5 would indicate  the  existence of a bound  competitor 
of arginine for polyphosphate  sites. A lysate of whole vacuoles 
isolated  from  a culture grown in minimal medium was applied 
to a column. Over 75% of vacuolar polyphosphates  eluted in 
the void volume  (Fig. 2B);  smaller  polyphosphates  (chain 
length < 5) were delayed. The arginine:polyphosphate-P ratio 
in the macromolecular peak was 0.28 (Fig. 2B).  This is con- 
siderably lower than  the  ratio  characteristic of synthetic pol- 
yphosphate. We assume  that  an  amount of Na+  equal  to 
arginine is associated with  the  polyphosphates because of its 
presence in  the  eluting buffer. The  result suggests that 44% 
(100 - (2 x 28)) of the  polyphosphate  charge  is associated 
with  components which do  not dissociate during gel filtration. 
Because such  competitors may mask  alternative polyanions, 

4.0 4.0c-1 

FRACTION NlJYBlfi FRACTION NUMOER 

FIG. 2 .  Gel filtration asmy for arginine binding. Sephadex 
G-25 (fine) columns were equilibrated with  a solution of 3 mM 
arginine HCI and 3 mM NaCI. Samples were brought  to 3 mM arginine, 
applied  to  columns,  and  eluted  with 3 mM arginine HCI and 3 mM 
NaCl a t  0-4 “C. The  concentrations of arginine (e) and polyphos- 
phate-P (0) were determined for each  fraction. A, synthetic poly- 
phosphate  (chain  length ZOO); B, vacuolar lysate of culture grown in 
minimal medium. 

further  investigation required (a) removal of “competing” 
vacuolar cations  and ( b )  identification of vacuolar  compo- 
nents strongly bound  to polyphosphate. 

Vacuolar Polyanions-Inorganic polyphosphate accounts 
for  about 99% of the  total vacuolar phosphate (8). We wished 
to know whether  another macromolecular  polyanion was pres- 
ent  in vacuoles of normal or phosphate-starved cultures.  A 
detergent-lysed vacuole preparation from  a culture grown in 
minimal medium was mixed with Dowex 50-H+  and  centri- 
fuged to remove cations,  and  the  supernatant was tested by 
the gel filtration  assay for arginine binding. The  argi- 
nine:polyphosphate-P  ratio  in  the macromolecular  peak was 
0.49, suggesting that  cations  had been removed and  that  the 
only  macromolecular  polyanion was polyphosphate. 

In a  second experiment, a  vacuolar  lysate containing 15 
pmol of endogenous polyphosphate-P was heated for 10 min 
at  90 “C  (to  destroy endogenous  enzymes), brought  to 5 mM 
TES Na+,  pH 8.0, and digested for 4 h at 37 “C  with 6.25 units 
of Escherichia coli alkaline  phosphatase.  The lysate  lost  95% 
of its  polyphosphate  and  concomitantly  its macromolecular 
arginine-binding  capacity, confirming the conclusion that 
polyphosphate was the only  macromolecular anion. Using 
this  extract,  the molecular size class of the  competing  cations 
was determined.  Synthetic polyphosphate (n = 200) was added 
back to  the  phosphate-digested  extract,  and  the  latter was 
rerun on the gel filtration column. The arginine:polyphos- 
phate-P  ratio of the  preparation was 0.34, indicating  that 
competitors  had  bound again to polyphosphate. Another  di- 
gested extract was passed through  Sephadex G-25 before 
polyphosphate was added.  Polyphosphate was then added to 
the macromolecular portion of the column eluate.  The  argi- 
nine:polyphosphate-P  ratio of this  preparation, when tested 
by gel filtration, was 0.48. This result suggested that  the 
competing  cations were not macromolecular. Lysates of vac- 
uoles isolated  from polyphosphate-depleted cells, when tested 
by  gel filtration, showed little  arginine  binding  whether or not 
the  lysates were treated with Dowex 50. We conclude that 
polyphosphate is the  only  significant macromolecular poly- 
anion normally  in the Neurospora vacuole. In  addition,  an 
alternative polyanion does not replace  polyphosphate under 
conditions of phosphate  starvation. Our tests  do  not exclude 
smaller,  non-phosphate polyanions  such as polyglutamic acid. 

Multiualent, Vacuolar Cations-The vacuolar cations which 
compete with Na’ and  arginine in the  arginine-binding  assay 
were not displaced  from  polyphosphate on gel filtration col- 
umns  run  with 100 mM NaC1, but  they were removed from 
polyphosphate by Dowex-50. This suggested that  they were 
multikaalent. Indeed,  when the polyphosphate-containing frac- 
tion of the  Sephadex  eluate of normal vacuoles was studied, 
it was found to  contain  spermidine, Mg2’, and Cas+, Traces 
of putrescine  and basic peptides were found, but  in  amounts 
that could occupy no more than 1% of the vacuolar  polyphos- 
phate-P.  No polyglucosamine, polygalactosamine, ethanola- 
mine or S-adenosylmethionine was detected  in  the macro- 
molecular (bound)  fraction. 

The  relative  amounts of polyphosphate, Mg”, spermidine, 
and  Ca2+  in purified vacuoles are shown in  Table I. If we 
consider the valence of the  cations,  they  account for over 90% 
of the reduction  in arginine-binding capacity of vacuolar 
polyphosphates  (Table I). A reconstruction  experiment was 
done  in which Mg2+, spermidine,  and  Caz+ were added to 
synthetic  polyphosphate in order  to mimic their vacuolar 
ratios. The  cations  diminished  the  arginine-binding capacity 
of the  polyphosphate (from 0.5 to 0.29), confirming the ex- 
pected stoichiometric  relationships  (Table I). Experiments in 
which  increasing amounts of M$+ or spermidine were related 
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TABLE I 
Cations competing with arginine for polyphosphnte-P 

Comparison of arginine-binding capacities  of a vacuolar extract 
and a reconstruction approximating the vacuolar ratios of  polyphos- 
phate (poly-P), M e ,  spermidine, and Ca2+. 

Vacuolar extractD Reconstructionb 
Ionic Expected 

component 
Expected 

occupled occupied 
Found poly-P Found poly-P 

P W l  P W l  

Polyphosphate-P 
M e  

1 .o 1.0 
0.108  0.216 0.1 0.20 

Spermidine 0.057  0.171  0.06 0.18 
CaZ+ 0.012 0.024 0.01 0.02 
Arg bound' 0.27 0.29 
Poly-P unavail- 0.46  0.411 0.42 0.40 

able for Arg 
bindingd 

Values for a representative vacuolar extract from cultures grown 
on minimal medium were adjusted to a polyphosphate pool of 1.0 
pmol. 

* Cations were added to  Na polyphosphate ( n  = 200) as MgSO,, 
spermidine 3HCI, and CaCI2 to approximate their vacuolar ratios. 
The small anions  and unbound cations were removed by gel filtration 
with 50 mM NaCI. The arginine-binding capacity of the polyphos- 
phate was then tested  on a second gel filtration column  eluted with 3 
mM arginine HCI, 3 mM NaCI. 

'Arginine found in macromolecular fraction of a gel filtration 
column eluted with equimolar arginine and Na+. 

Calculated as 1 - (2 X arginine bound). 

to  the arginine-binding capacities of polyphosphate also con- 
firmed a stoichiometric relationship of 1 M e  to 2 phosphate 
residues, and 1 spermidine to 3 phosphate residues. 

Evidence that spermidine and Mg2+ in vacuolar prepara- 
tions  are  not merely adventitiously bound to vacuoles in the 
course of preparation is presented in the Miniprint  and Ref. 
12. 

The amount of spermidine and M e  present  in uiuo within 
the vacuole  may  be estimated if  we assume no preferential 
leakage of arginine, M$+, or spermidine during isolation. The 
ratio of arginine to polyphosphate, a macromolecule, remains 
approximately constant  during isolation, suggesting little 
leakage of arginine. In one experiment, 8.4% of the cellular 
arginine was  recovered in purified vacuoles. In the same 
preparation, 2.1% of the whole-cell spermidine was  recovered. 
We estimate that 25% (2.1:8.4) of the cellular spermidine pool 
of 16 nmol/mg dry weight is vacuolar. Similarly, we estimate 
that approximately 10% of the cellular Mg2'  pool of 68 nmol/ 
mg dry weight is vacuolar. 

Total Vacuolar Cation Pool-The interaction of basic amino 
acids with vacuolar polyphosphate depends upon the  total 
cation pool, not merely upon the multivalent cations. Mono- 
valent cations  are equivalent to one  another in their compe- 
tition for polyphosphate sites (see Miniprint). An estimate of 
the  total vacuolar cation pool  was  made by titration of  Dowex 
50-H' (see "Experimental Procedures" in Miniprint), using 
Na' equivalents to  determine the remaining H' in the resin. 
The total cationic equivalents measured in  this way are com- 
pared to  the sum of individually measured cationic equivalents 
in Table 11. We have identified 90% of these  cations  (Table 
11); the most abundant  are arginine and  ornithine, followed 
by lysine and histidine. Vacuolar lysates and trichloroacetic 
acid extracts of vacuoles  gave similar values, suggesting that 
almost all vacuolar cations  are acid-soluble. The total cationic 
charge exceeded that of polyphosphate-P by 50% in this 
preparation (Table 11). K' and Na' represent only 4% of the 
total vacuolar cation pool,  while they are  the major cations of 
Neurospora cytoplasm (180 and 14 mM, respectively, in nor- 

TABLE I1 
Cations of vacuoles isolated from cultures growing on minimal 

medium 

Ions Concentration in Charge 
vacuolar extract eauivalents 

Monovalent cations 
Ornithine 
Arginine 
Histidine 
Lysine 
Na' 
K+ 

Spermidine 
Mg2' 
Ca2+ 

Multivalent cations 

Total  monovalents 
Total  multivalents 
Multivalents + monovalents 
Total  cation (by Dowex 

Total  polyphosphate-P 
titration) 

pmol/ml 

18.1 
13.6 
1.9 
1.8 
1.5 
0.7 

2.5 
2.7 
0.3 

37.6 
5.5 

43.1 

36.7 

redm1 

18.1 
13.6 

1.1" 
1.8 
1.5 
0.7 

7.5 
5.4 
0.6 

36.8 
13.5 
50.3 
57.2 

-36.7 
a Calculated at intravacuolar pH in  vivo, 6.1  (22). 

I 

FIG. 3. Mycelial vacuolation in different  growth conditions. 
A, normal culture during exponential growth (0.6 mg  dry weight/ml) 
on minimal medium. B,  phosphate-starved culture, 2.5 h after transfer 
to phosphate-free medium. C, culture during exponential growth (0.4 
mg  dry weight/ml) on 20 mM L-arginine HCI as sole nitrogen source. 
Samples were observed using a Zeiss phase-contrast microscope 
within 2 min of placing mycelia on  the slide. Magnification, X 1500. 

mal cultures (13)). The fact that only 1% of the cellular K' is 
vacuolar suggests its substantial exclusion  from the vacuole. 

Osmotic  Effects of Polyphosphate-Macromolecular poly- 
anions may  reduce the osmotic activity of  low molecular 
weight cations. This role has been ascribed to polyphosphates 
of the yeast vacuole (2) and  to ATP of chromaffin granules 
(4, 14). The polyphosphates of the Neurospora vacuole are 
mainly in the range of 15 to 45 in chain length (9). Solutions 
of arginine and polyphosphate of chain length 45, whose total 
solute concentration was 230 mM, was 94 mOSM (Table 111, 
Miniprint). This finding suggests that  the vacuolar polyphos- 
phate  not occupied with multivalent cations  can reduce the 
osmotic activity of univalent cations by as much as 50%. 
However, in normal vacuoles, the total cationic charge exceeds 
polyphosphate-P by at  least 1.5, and  this excess is greatly 
exaggerated in cells depleted of polyphosphate. In  the  latter 
case, because there  is no alternative polyanion, the osmotic 
pressure of the small anions required for charge neutralization 
must be significantly greater than in the normal cell. In fact, 
both mycelia  grown on  arginine as a sole nitrogen source and 
mycelia starved for phosphate have enormous vacuoles  when 
inspected by light microscopy. By contrast, vacuoles are  not 
visible at  this level in cells grown in minimal medium  (Fig. 
3). 
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DISCUSSION 

Our results show that  polyphosphate  is  the only  major 
macromolecular anion  in  the vacuoles of normal or polyphos- 
phate-depleted Neurospora cells. Even  in  normal  conditions, 
polyphosphate  cannot  neutralize all cations of the vacuole, of 
which we have identified  90% of the charge  equivalents. The 
cations  found  are  arginine,  ornithine, lysine, histidine,  sper- 
midine,  and Mg2+,  with small  amounts of Ca2+,  Na+,  and  K+. 
In isolated  vacuoles of normal cells, these  components exceed 
by about 50% the  charge which  could be neutralized by 
polyphosphate-P.  The excess is a t  least 13:l in  conditions of 
extreme  polyphosphate  depletion (8) and  3:l  in  cultures  in 
which arginine  is  the sole nitrogen source.  Clearly, small 
anions  must normally be imported  into  the vacuole in  order 
to preserve electroneutrality. 

It should be stressed  that  the  cations listed are  those of 
purified  vacuoles, not vacuoles in uiuo. However, cations  re- 
main in constant  ratio  with  polyphosphate  during purification 
of vacuoles and,  therefore, leakage of the  cations does not 
appear  to  take place (8). On  the  other  hand, our methods do 
not exclude the loss of zwitterions  and  other  neutral species 
in the course of vacuole isolation.  Because we have  not  iden- 
tified neutral molecules or small  anions,  no definitive state- 
ment  can be made regarding the osmotically  active contents 
of vacuoles in the living cell (see below). 

Our data  contradict  the  notion  that basic amino acid ac- 
cumulation  in Neurospora vacuoles might be a  passive  process, 
governed by selective permeability of the vacuolar membrane 
and  driven by charge neutralization of polyphosphate-P.  They 
further  contradict  the  notion  that  polyphosphate  charge  is 
required to  retain basic amino acids  in the isolated vacuole 
and  instead  point  to  an  almost complete  impermeability of 
the  membranes of isolated vacuoles to  the  cations inside. 
Using an  assumption  about vacuolar volume, we can  make a 
rough estimate of the  gradient of arginine, for  example,  across 
the vacuolar membrane. Arginine is approximately 30 wmol/ 
g dry weight in  normal growth conditions, or approximately 
12 mM in cell water. If the  arginine were confined to  an 
assumed  10% of the cell water  in  the vacuole, the  intravacu- 
olar concentration would be 120 mM. Independent  estimates 
of arginine  concentration  in  the cytosol yield values  in the 
range of 0.1 mM (15). The  nominal  transmembrane  gradient 
would therefore be 1200-fold or so. Assuming that association 
of half the  arginine  with  polyphosphate would diminish  its 
activity coefficient by one-half,  one is still left  with  a  large 
nominal  concentration  gradient (-900-fold). Thus,  it  appears 
that basic amino acid sequestration  requires  an active trans- 
port  mechanism.  In  the living cell,  metabolic  energy produc- 
tion  has proved  necessary not  only  for  arginine  accumulation 
into vacuoles, but also  for its mobilization, despite  the down- 
hill arginine  gradient in the  latter case (16, 17). Recently,  a 
specific, proton-pumping  ATPase  has been found in the vac- 
uolar  membranes of yeast (18) and Neurospora (19),  and 
arginine  uptake  can be shown to be coupled to  ATP  con- 
sumption in uitro with vacuolar membranes of these fungi 
(ZO).' In view  of the  earlier  findings  and  those  reported here, 
the efflux of arginine from vacuoles in uiuo may be  limited to 
reversibility of an  ATP-dependent  uptake process. 

Spermidine  and Mg2+ in vacuoles are associated with poly- 
phosphate.  It is likely that  binding of basic amino acids to 
polyphosphate  is excluded to  the  extent  that  spermidine  and 
Mg'+ occupy anionic  equivalents.  This conclusion has two 
implications.  First,  additional  small  anions  are required to 
neutralize  cationic  amino acids not associated  with the poly- 

B. J .  Bowman and E. J. Bowman,  personal  communication. 
- 

phosphate. Second, both  the excess amino acids and  their 
small  counterions will add  substantial osmotic  activity to  the 
vacuoles. Polyphosphates reduce the osmotic  activity of mon- 
ovalent  cations by as  much as one-half;  it is likely that  they 
reduce the osmotic activity of multivalent  cations even more. 
Evidence for  an  arginine-polyphosphate  interaction  has been 
offered by Kanamori et al. (21), who showed with 15N nuclear 
magnetic resonance spectroscopy that  the  guanidino-N of 
vacuolar arginine  has a  greatly reduced relaxation time in 
uiuo. While vacuolar viscosity may have  contributed  to  this 
result, a  more likely factor was the association of arginine 
with polyphosphate,  a phenomenon directly  observable in 
uitro (22). We cannot  yet  estimate  the osmotic concentration 
of vacuolar  ions in uiuo, owing to  our ignorance of water 
distribution  in cytosolic and vacuolar compartments  and of 
the  total  solute  content of vacuoles. Nevertheless, despite  the 
large amounts of basic amino acids in vacuoles, the  latter 
remain iso-osmotic with  the cytosol (-580 mosM (13))  in  part 
because of the  interaction of basic amino acids and  the avail- 
able  polyphosphate. Without  this  counterion, basic amino 
acids  cannot be stored  without  great  enlargement of vacuoles. 
I t  is known, moreover, that excessive polyphosphate synthe- 
sis, seen in recovery from phosphate  starvation in yeast (10) 
and  in  phosphate  control  mutants of Neurospora (23),3 allows 
unusually high  basic amino acid pools to develop in vacuoles, 
possibly by reducing further  the chemical  activity of basic 
amino acids. 

We  conclude that  polyphosphate  has  no obligate role in  the 
accumulation,  retention,  and  neutralization of basic amino 
acids in  the vacuole. Polyphosphate is simply  a phosphate 
reserve  which can relieve somewhat  the osmotic  burden of 
both  phosphate  and basic amino acid  storage. This allows 
vacuoles to  remain small, and  thus  to  pass easily through  the 
narrow  septal  pores of hyphae  during cytoplasmic streaming, 
a  process  required  for elongation of filamentous fungal cells. 
From this  and previous work, we can  characterize  the Neu- 
rospora vacuole as  an  amine-  and (po1y)phosphate-storage 
organelle, as well as a  lysosomal compartment (2, 9, 24). It 
contributes significantly to  the  control of cytosolic basic 
amino acid concentrations (5, 25) through  its  transport  activ- 
ities  and permeability properties. 

Acknowledgments-We thank Dr. Timothy Bradley of the  Depart- 
ment of Developmental and Cell  Biology for the use of his atomic 
absorption instrument  in  the course of this work. We thank T. J. 
Paulus,  E. J. Bowman, B. J. Bowman, R. L. Weiss, and K. Kanamori 
for discussion and/or criticism of the manuscript. 

REFERENCES 

1.  Matile, P. (1971) Cytobiologie 3, 324-330 
2. Matile, P. (1978) Annu. Reu. Plant  Physiol. 29, 193-213 
3. Winkler, H., Fischer-Colbrie, and Weber, A. (1981) in Chemical 

Neurotransmission: 75 years (Stjarne, L., Hedquist, P., Lager- 
crantz, H., and Wennmalm, A., eds) pp.57-68, Academic Press, 
New York 

4. Njus, D., Knoth, J., and Zallakian, M. (1981) Curr. Top. Bioenerg. 

5. Weiss, R. L. (1976) J.  Bacteriol. 126 ,  1173-1179 
6. Karlin, J. N., Bowman, B. J., and Davis, R. H. (1976) J.  Biol. 

7. Subramanian, K. N., Weiss, R. L., and Davis, R. H. (1973) J. 

8. Cramer, C. L., Vaughn, L. E., and Davis, R. H. (1980) J. Bacteriol. 

9. Vaughn, L. E., and Davis, R. H. (1981) Mol. Cell. Biol. 1, 797- 

10. Dum, M., Urech, K., Roller, T., Weimken, A., Schwenke, J., and 

11,107-147 

Chem. 251,3948-3955 

Bacteriol. 115 ,  284-290 

142,945-952 

806 

Nagy, M. (1979) Arch. Microbiol. 121, 169-175 

C. L. Cramer,  unpublished observations. 

 at U
niv of C

alifornia - Irvine on A
ugust 31, 2017

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


5156 Vacuolar Ions in Neurospora 

11. 

12. 

13. 

14. 

15. 

16. 
17. 
18. 

19. 

20. 

21. 

Hummel, J. P.,  and Dreyer, W. J. (1962) Biochim.  Biophys.  Acta 

Paulus, T. P.,  Cramer, C. L., and Davis, R. H. (1983) J.  Biol. 

Slayman, C.  W., and  Tatum, E. L. (1964) Biochim.  Biophys.  Acta 

Kopell, W. N., and  Westhead, E. W. (1982) J.  Biol. Chem. 257, 
5707-5710 

Davis, R. H., Weiss,  R. L., and  Bowman, B. J. (1979) in Microen- 
vironments  and  Metabolic  Compartmentation (Srere, P. A,, and 
Estabrook, R. W., eds)  pp. 197-210, Academic Press, New York 

63,530-532 

Chem. 258,8608-8612 

88,578-592 

Drainas, C., and Weiss, R. L. (1982) J. Bacteriol. 150, 770-778 
Drainas, C., and Weiss, R. L. (1982) J.  Bacteriol. 150, 779-784 
Kakinuma, Y., Ohsumi, Y., and  Anraku, Y .  (1981) J.  Biol. Chern. 

Bowman, E. J., and  Bowman, B. J. (1982) J .  Bacteriol. 151, 

Ohsumi, Y., and  Anraku, Y. (1981) J.  Biol. Chem. 256, 2079- 

Kanamori, K., Legerton, T .  L., Weiss, R. L., and  Roberts, J. D. 

256, 10859-10863 

1326-1337 

2082 

SUPPLEMENTAL  MATERIAL  TO 

Polyphosphate-Catlon  InteractLon I n  the Ammlno Acld  Confalnlng 
VacUOle Of !x&.%a 

Carole L. Cramer  and  Rowland H. Davis 

Results,  Figure  1  and  Table 111. 
ThlS  sectlon  contains  Experlnental  Procedures,  part  of  the 

EXPERIMENTAL  PROCEDURES 

RH Po- omitted.. The cell8 were risuspended  in  phosphate-free 
vo$el'a med>um  and grown with  aeration  for  another  2 -3 hr. 

grown an m n i m a l  medium as described 1271. srlefly. 1 - 4 9 d6y 
y&u.k m. Vac~oles were purifled  from  Cultures 

weight  equivalents  Of  mycel~a were harvested and disrvpted  at  4 C 
zn buffered In sorbitol  by 1.5 nin  homogenization  with  gla58 
beads I n  a Bead  Beater  (Biospec  Products.  Bartlesville, 010. All 

and IWI EDTA. Unbroken cells, debris and beads rere removed  by 
1501atxon  and fractlonation  solutions contained 10 mu TES,  pH 7.5 

flltratlon  through  cheesecloth,  followed  by  centrifugation  for 5 
nln at 600 x y. Thls  supernatant IS6001 was filtered  through 
91168 fiber  filters  (934-A0,  Whatman1  and  centrifuged  at 20,000 x 

for 20 .in. The  crude organellar pellet lP20.0D01 was gently 

consisting  of 6 m 1  Continuous 1 M SOrblt01  to 1.8 PI SUCCOB~. and 
resuspended  in  buffered 111 eocbltol  and  layered  Onto a gradient 

x g for 2 hr. The vacuolar pellet was resuspended l n  d>stllled 
a 4 m 1  1.8 M S U C ~ O B ~  cushmn.  The  tube was centrifuged  at 13,000 

water, 0.5 w perchloric  acid or buffered 1 . 8  w S U C C O B ~ ,  dependlng 
upon  the  experiment.  Recovery of Intact vacuoles required  gentle 
resuspensmn i n  equivalent osmoticurn (1.8 Rl and was accompanied 
bV  about 4 0 9  loss due  to  breakme.  The same procedure was also 

required  several changes ~n the above  procedure  because  Of  the 
Isolation of  vacuoles from  phosphate-starved  Cultures 

xncreased fragility and  decreased  denslty  Of  polyphoiphdte- 
depleted  vacuoles.  Cultures.  starved f o r  phosphate  for 2 hr, 
were harvested  and hornogenlsed vlth the Bead-Beater for 30 sec i n  

dlfferentldl  centrlfugatlon, the vacuoles of  the P20.000 were 
buffer  contalnlng 1.5 M SOrbltOl as 05mOtlCUm. After 

purified from  the  other organelles by flotation. The P20.000 11n 
buffered 1.5H sorbLtol1 was dlluted 1 : 2  wlth 1.54 M s u c ~ o s e .  The 
drscontrnuous  gradzent Consisted of  layers  of 1.5 H sorbxtol  and 
1 . 5 4  M sucrose ~n differmg  pcopoct~ons:  from  bottom to top  these 
wece 2 m 1  of 1:1.4 (d = 1.16 q/ml), organellai sample zone at 1 - 1  
Id = 1.15 g / r n l l ,  4 ml Of 2.5:l Id = 1.12 g/rnll and 2 rnl of 1:0  Id 
= 1.08 g/nll The  gradlent was cenrrlfvged  for 2 hr at  43,000 x 3. 
vacuoles  accumulated  at  the 1.08 - 1 . 1 2  q/ml  Interface: 
mtochondria  pelletted. 

The  gel  flltiatmn  method of H u m e l  and Dreyer i l l )  was used to 
study  the  binding  of  arqinlne  to  polyphosphate Or other possible 
macromolecular polyanions  of  the  vacuole^. The  method avoids 
problems  of  disaocmtion  of  bound  ligand  durlng  elution by U s l n q  
a Consrant  llqand  concentratLon I" the  eluant.  Sephadex G-25 

palyphoSphateS ( c h a m  length > 5 I "  the vobd ~ol~rnel and small 
( f m e l  columns (0.9 x 10 cml gave adequate  separatmn  of 

molecules. Columns were equllibrated  at 4 C  vlth 1 2  - 1 5  rnl 
eluant,  vhlch vas 3 mM L-arginine-HC1  and 3 mll  NaCl  except  where 
noted. Samples (0.1 -0.6 mll were brought  to 3 mpI arginine. 
applled  to  the column. and  eluted  YIth 9.5 - 10 ml Of elution 
buffer.  The  eluate was collected  with a fractlon  COlleCtOr 
lapproxlmately 0.35 ml/fractionl  and  the  concentrat10nS  of 
arginine,  p~lyphosphate and  other  compounds ln the  fractions were 
determined.  Bound  arginlne was deflned 06 the  amount  of a r g l n l n e  

of argxnlne by the  Sephadex  matrix was minlmlred  by  lncludlng 3 
~n excess of  the 3 nn b a s e l m e  ~n the  eluate.  The m n l c  b l n d m g  

nll ~ a c l  in the eluate. Columns were Washed  with 100 mu NaCl  and 
dlstllled  water  between  erperlments. 

mLukatula6aaxfnrrntrnn~i!2nmacromoleculs+. 

polyphosphate.  Thlcd,  arginine,  ornlihlne  and  lyslne -were 
equivalent  and  Competltlve in thezr  relation to polyphosphate. 
vhlle at the same pH 16.8, unbuffered),  histidlne  competed  le98 
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well. The  latter  behavior  would  be  expected,  because a portlon 
Of  the  histldme 1s uncharged  at  thlS p ~ .  

dansyl-C1.  extracted  with"benrene,  and  developed on 5 1 1 ~ c a  thln 

Quantitative detemlnations  of  spermldlne  and  putrescine  were 
layer  plates ~n cyclohexane-ethyl  acetate ( 3 : 2 ,  "/VI. 

done  with a double-Isotope  dllutlon  assay ( 2 9 ) .  

"on-derivatired  macromolecular compment+s were treated by 
For determination of  peptldes or  polyamlnoglycans, 

desaltlnq On DOYex AG-50x8 10.7 x 3 cm. H farm),  which  removed 
polyphosphate as unbound  naterlai.  The  catlons were removed  from 
the Column by succeanive  washes Of 2 m l  0.1 N  HCl iwashl. 4 ml 
1.5 N  HC1,  and  2 ml 6 N  HC1.  Na*  emerged in the 1.5 N HCI 
fractlan;  the more basic  amines  were  recovered ~n the 6 N HC1 
fraction.  HC1 was removed  from  fractions  by  evaporatlan. 

AllqUOtS  of  the  basLC "macromolecular" V a C Y O l d c  components 
were  hydrolryed in 4 N  HC1 for  8 hr at 100°C to  reduce  polymers 
to  their  constituent m i n o  aclds ac amlno sugars.  More than  70% 
of  glucosamine  and  galactosamine  standards survived thxs 

developed ln butanol : acetic  acid : ethyl  acetate : watec 
hydrolysm.  Samples (1 - 10 pi1 were  spotted on siiIca  plates, 

l l : l : l : l ,  v / v / v / v ~  for  approximately  4  h 1301. Plates were drled 
at  liOC  for 10 m n ,  sprayed  wzth  triethanolamme zn 2-propanol 
11:4, "/VI, a l r  dried,  sprayed  with 0.059 fluorescamme I" 
acetone. a ~ r  dried and sprayed  again  with  triethanolsmlne. 
Plates were viewed u s m g  a long-wave w lamp. 

measured  by  the  decrease ~n titratable  H  eqUlValentS  of Vowex-50 
R Q u x  W. The  total vacuslac catlon  content was 

were constructed in Tygon  tubing I I D = l  6 mnl and  eluted  slowly. 
1x8. 200-400 mesh).  Snali D O V ~ X  c o l u m s  10.06 ml bed volume) 

using a peristaltic  pump.  The  total H' equivalents of  the Dovex 
resin weye determlned  by  titratlo"  rlth I+m NaOH. The  amount  of 
Na reaulred  to  dlsDlace all of  the H from  the  resin was 
nonltor;d either as i o  incleasp ~n eluate  pH  to greater  than  pH 

measured by  atomlc  absorption  spectrophotometry, which wae much 
7. o r  as the  appearance  of  Na in the  eluate. The  latter vas 

more  accurate  than direct pH measurements I" the small volumes 
available. vacuoiac  Cat10n8  were  measured  by  applying vacuoles 
lysed in 0.1% Trlton X - I 0 0  I" distilled rater or 0.5 M 
perchloric-acxd extracts  Of vacuoles to  the columns. Neutral  and 

The  H  eguivalentg remaining on the  column  were  determined  by  the 
acldq  compounds were washed  through  wlth 3 ml distzlled  water. 

vacuolar Cattonic  epivslents were determined 18 the  difference 
appearance  of  Na  during  titration. as described  above.  The 

betver  the total H of  the column before  *ample  appllcatlon  and 
the tl remaining  afterward.  Trials of  the  nethod gave quite 
reproducible  results,  and  the  expected  displacement  Of U by 
mono-, dl-  and  trivalent c a t m m  va6 observed (Pig. 11. 
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fpi-ng' 
K .  

2 )  Effect of concentratran 

400 170 0.43 
200 86 0.43 
100 

4 50 
44  0.44 
16 0.32 

3 )  Effect of COUnterlo" 

RESULTS 

203 
206 
200 
195 
200 
2 3 0  
199 
221 

171 
92 

183 
103 
159 
94 
169 
98 

0.87 
u.45 
0 . 9 2  
0 . 5 3  
0.80 
0.41 
0.84 
0 . 4 4  

predicted by theories of polyelectrolyte condensatlon 131. 3 2 1 .  

NaH PO4 100 0 103 
Nap$,, 186 4 16 

203  177 0.87 
206 

NaPP200 220 1 1 222 
92 0 .45  
5 6  0 . 2 5  

aPhosphate determlnatlons were made before and after dcld 

molailty of polyphosphate IS g ~ v e n  as the acid labile phosphate 
hydrolysls to determne phosphate and polyphosphate-P. The 

dlvlded by the average polymer length. As noted, mall arnoUntS 
of phosphate were present ~n the poiyphosphate standatas. 
Caunterlon covers~ons were accomplished by passtng N a  
oolyphosphate through powex-50 calUDn5 In the K 8 

a r g i n i n e  o r  ornlthme forms. 
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