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. SCOPE AND cQNTENESe . |
‘_"The.anundancéﬂand molecular size of polyphaephates
in Yeast are known to be.influenced'by nutrient;oonditions;
but there has been no previous. 5tudy of changes in S
polyphosphate content during the. growth and sporulatlon
cycle of yeast.-. |
Experiments were performed to determine the

quantltatlve and qualltative changes whlch occur durlng
the life cycle of a strain of Saccharomyces chevalieri
'with.reepeot to,nolyphosphates; The concomitant changes
inrother phosphorus+~containing substances were-monitored'
in an attempt to assess the functional significance of
polyphosphates in the‘oﬁerall (phosﬁhorus—) metabolism of
the yeast cell. ‘The-relationship of the changes‘in the

4

'polyphosphates to the concomltant succe531ve stages of

culture growth and spore development is dlscussed. \\\\_"
(A ' ‘
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ATP
" DNA

PCA

PP

TCA -

RNA

UV  ~‘*ultra-violet

+

Fractibn 1,2,3,4 refers to the

as éxplained under “Methods".
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The presence of polyphosphates in yeast was first

°

reported by Llebermann (1890) and ASCOll (1899) 'NuCleio

'ac1d extracts were shown to contarn a component whlch could

.be Ereolpltated)by addltlon of barlum salts at. acrd pH.‘
__leebermann ldentlfled 1t as a metaphosphate but assumed ,
it to be a component “of the nucleic aoxds.d A more complete
-‘analy515.wh1ch c;early establlshed the separate identitdes_
.of metaphosphate aqd-the nucleic acids was.pertormedlby
MaoFarlane (1936). ‘She was the first to diStingu;sh-two
polypuosphate fractiops‘oﬁ the basis of‘differencerin_f
extractlon behav1our, (1) soluble in cold dilute acid, aod
(2) 1nsoluble in cold acxd but extractable with dilute

NaOH (pH 9) at room temperature.

Ih'1944' Jeener and Brachet, in search of a method

' H

_for the estimation. of (yeast) nuclelc acid based on its

kl

affinity for ‘basic dyes dlSCOVerEd that yeast cells exposed

to orthophosphate after phosphorus starvatlon showed

greatly increased phosphate uptake concomitant with enhanced
{

metachromasy upon'staining with toluidine blue. Schmidt
et al. (1946) and Wiame (1947a,1947b) found that the

. accumulated material responsible for the intense staining

<~
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reactlon was. polyphosphate iif{iif;~§§=Jeener and Brechet' \\\
'had_orlggpally dssume RNR. Wlame 'S finding- lndlcated S

that “volutin“ of'"metachrOmatlc granules » -long known .

.

.to be present in a,number of mlc:o-organlsmSI’were in fact
_h;‘f“;‘“ﬁmm-dépos;ts_of_polyphesp Thls fact, together w1th the
just emerglng recognltlon of the lmportance of phosphorus
| in, cell metabolism st;mulated research which ;ndthen
e ‘-"spen_of about.iS‘yeafs, demonﬁtretéd”the presence of
polyphdsohetes in.a wide'range'of orgénisms-‘—The vety
extensrva 1iterature«wh1ch accumulatqd durlng this time eas
. ) thoroughly ‘reviewed by Kuhl (1960) and more - recently by
. ‘;' Harold (1966) ‘Most mlcro—organlsms 1nvestlgated were found
to contain polyphosphate, lt has also been found in some |
' . mosses JKeck and.Stloh, 1957) and 1nsects (Heller, 95 §£.
1950; Pierpoint, 1957; Preelecka and Wroniszewska, 1958);
Among the_highér_plants polyphosphates have been detected
in epinach-(MiYachi, 1961);'t0m%§o (Klein, 1952); ¢orn |
(Vagabov .and Kulaev, 1964)and the dodder Cuscutda reflexa
(Tewaxl and Singh, 1964) .More recently, Grossman and
. TLang (1962); Penniall\and Griffin (1964); Grlfftn EE,El'
(1965); and érifftn and Penniall (1966) have detected and.
characterized_kong_chain polfphosphates from animallnuclei._
_In;oontrast to mid}o—organisns;'in which over 50% of the .
. totaI.cél; phosphorus may 'be pxesent as nolypnosphate,.the

 amounts detected in higher plants and animals have been

*



NN .
.

minute. Whether thls 15 1ndlcat1ve of, a ba51c functlonal

~

dlfference remains to be determlned.

\ | Extractlo; schemes de51gned to recover all of the
oolyphosphate present ‘in cells were 1nfluenced by ‘the
dlscovery of MacFarlane (1936) mentloned above, Whlch
indicated ‘that extra&tlon WLth cold 5% TCA brought only
part of the polyphosphate content into solutlon. _Thls
was later conflrmed by Juri QE al. (1947); Wlame (l9495 and
_ Schmidt (1951). On the basis of fhils difference in
,extraction behaviour the correspondi ‘ polyphosphate-fractions
were designated "acid soluble” and-“eoid fhsoluble“ﬁ
(hotwithstanding the fact that ell purified polyphosphatee
are ao;d'soluble)1 The difference between.the.solehle and
insoluble fraqtiohrapbears to be one of averege chain :
length. Estimates of 10—20_end 50;85 phoSphate groﬁps_per
-molecule, ;;;pective;y, for the,soihble and insoluble
fraotions haveﬂbeen reported.(Yoshida,.;QSS:ﬁatchmen,and
Fetty, 1955; Katchman and Smith, 1958).

~ A varlety of methods were developeq to recover the
“insolgble polyphosphates- extraction with NaQH-(MacEa:lane,
1936; Katchman and Fetty, 1955; Niemeyer and Richter, 1969)
hot TCA or PCA (Wiaﬁe, 1949; Yoshida andrxemataka; 1§53?-;
D}eﬁs, 1958)'boiling water (Lohmann and Lanéen,-lSSS) ané hot

2N NaCl'(Keltwasser and Schlegel,‘1959). Harold "(1963) .

used a'somewhat-different approach by digesting the cells '

o : ’ ¢



.first‘with hypochlorite. The pdlyphoeohates which are
1nsoluble and remaln as a precrpltate under these condltlons
can then be extracted from the re31due with water.’ LlSS
and Langen (1960 1958) developed a procedure whereby they '
fractionated the. polyphosphates into’ four groups which
' dlffered-ln average‘molecular weight; The details of tneir
extraction scheme will be described under Methods since
this was'the fractiohatibnlused.in the experiments to be
described. . a | |

In all cases the extracts‘prepared contained not
-only polyohosphatee but also nucleic acid and to a 1esser g
extént protein. In order to estimate'the polyphosohate ”
content of specific ektracte, tw0'baeic aoproaches have
been used; (liother‘phospﬁorus containing compounds are
first remOVed either by preclpltatlon of the polyphosphate
with a barlum salt as demonstrated some time ago by

-+

.;Lrggermann (1890), or by adsorption of the nucleic acids

\

wrth charcoal folloWed by f&ltratlon (Muller—Felter and

. .
- \

. Ebel, 1962). Precrpltatlon with barium, homever, is® not " igm v
complete and thus Llebermann s method is not sultable for .
quantltatlve determlnatlons. In the fore901ng procedures
the polyphosphate content is estlmated by orthophosphate
determlnatlon follow1ng apld hydroly51s of the polymer.
(2) the acid. hydroly515 is performed w1thout priox separatlon

and allowance is made for the orthophosphate llberated



by the conCOmltant partlal hydrolysrs oflthe nuclelc ac1dsj
(LlSS and Langen, 1960, Langen and Llss, 1958- Ehrenberg,

lSGl,\Kaltwasser and Schlegel, '1859).

| 'Methods'for the separation of. polyphosphates

according to chain'length_using oaper chromatography have

been developed by Ebel and others and Were reviewed by -

fHettier (1958)'. Wirh‘the'refinements introduoed Bf

'Ohashl and van Wazer (1964)- separatlon up to the octamer

is p0551b1e and above that the polymers can be segregated

rnto broadrgroups dlfferlng from one ancther ln average

ohain length. Anion exchange ohromatography allows senaration .

up to a chain length of about 12 (Matsnheehi, 1863) and a |

broad group separation of higher moleo;lar weight poiyphoephatesl

similar to that witn-paper chromatographj ie possible.

Estimations of average chain length in these cases are based

on end group titration (Matsuhashl, 1963; Schmldt\ 1951~

van Wazer, 1958; Yoshida, 1955; Liss and Langen, 1960)

and v1scometry (Harold, 1963; van Wazer and Campanella,

'1950 Yoshida, 1955). )

‘ Much’ of the early work on polyphosphates was 51mply-¢//
an'eﬁtémpt-te_egéhgllsh their presence or absence in '\f

' specific organisms. Wiame (;6&9) was the firston'frf to

establish their physiological role. - He investigated_the'

¢t oa

+changes ih both- the soluble and insoluble fraction of =

polyphosphates when bakers' yeast wae ekposed to different



~ conditions. Hisjexpetiments} briefly,‘showedrthe'following:
‘Yeast cells grown overnight in thelahsence'of phosphorus |
contained only traces of soluhlerand no insoluble polfphosphates.
Addltlon of phosphate to the medium at this stage led to a/

rapld accumulatlon of both soluble and lnsoluble polyphosphate.
Return of-cells to a phosphate free medium was followed by.

a rap}d decline of the lnsoluble fractlon and a concomltant
'1nc;ease in orthpphosphate, but had no effect on soluble

fraction levels. Growth in a phosphorus free medlum following
‘polyphosphate accumulatlon also showed that the decrease in
lnsoluble polyphosphate occurred concomltantly with an lncreaSe'
in.nucleic acid phdsphorus: It growth:undet these conditions-r
was allowed.to'proceed for'extended'pefiods, a substantial
decline in‘the‘soluble'fraction was noticed and curlously,.
a small recovery of the insoluble‘fraction also otcuired;
| Lastly, it was found that polyphosphate was accumulated to
a greater extent if exposure of cells to phosphate followed '

a perlod oflphosphorus starvatlon. All of this increase
jwas in‘the soluble}fraotion.‘ From this infotmation Wiame
concluded that there.ate two metabolicallf‘distinct fractions,
. one‘of which, the insoluble fraction, is more active, that
is, it<undergoes'gfeater.fluctuations than gie soluhle
A.fractlon.‘ - B

Other re (Kuhl 19 50; Harold, 1966; Katchman

and Fetty, 1955) confirmed Wlame s flndlngs and suggested



that the two fractlons may have dlfferent blologlcal functlons.

'Langen, Liss and Lohmann (1956; 1958- 1962- 1962- 1960)

separated the polyphosphates into four groups as mentioned | ™
32
above and traced the appearance of P 1n'the various.
- 32

fractions with time.L Incorporation'of P was\foundito
occur via ATP 1nto the hlgh molecular welght fraction 4

" - with- the subsequent appearance of label in fractlons.B 2 and
1. Addrtlonlof iodoacetate under anaeroblc conditions

: . - 32 . -
following brief exposure to P resulted in a very similar

-
pattern, i.e. reduction in the amount of label in fraction - %;
i4 and a concomltant sequentlal 1ncFease -in fractions 3,2 and
1. Durlng this time the amount of orthophosphate 1ncreased
substantlally and the'level of fraction 4 declined, while
-‘fractions 3,2 and 1 renained virtually unchanged.

From this euidence thé authors concluded that
incorporation of'orthophosphate occurred only into the high"
molecular weight fractlon 4 with subsequent cleavage to
shorter chaln lengths. ¢It also 1nd1cated that the relatlve
constancy of the soluble polyphosphate fractlon of Wiame
was not a consequence of metabolic 1nact1v1ty since in
 fact both 1nsolqb1e gnd soluble fractlon had the same
turnover rates and stand in a precursor-pfoduct relationship.'
The‘results‘of Hatsuhashi (1963) who separated the extracted
polyphosphates into seven groups of 1ncrea31ng average 7

chaln 1ength by means of column chromatography throw some



-doubt on this interpretatioh; Whlle he too found phosphate
“1ncorporatlon prlmarxly in the fraction of- largest molecular
welght there was very llttle act1v1ty in two of the three'
acid soluble fractlons while the third - that w1th the lowest
molecularAweight, having chain'lehgths betweehAB—ﬁ phosphate
moieties - showed‘considerebly higher activity which waew ll.‘;
not due to ADP, ATP or pyrophosphate contamlnatlon. The'

4"‘.
questlon of the functional homogenelty of the polyphosphates

©is thus n Jzﬁjiet established. B R
o l e Synthesis of long. chain polyphbsphate appears

-to be llmlted to a reactlon whxch Ls medlated by polyphosphate
" kinase and involves the addltlon of the terminal phosphate
group from_ATP to a {long chalnf) polyphosphate molecule. _
The enzyme was‘flret‘deteCted by'Yoshida'end‘Yametaka‘(1953l
in yeest and has since been found ihéa number of other
. organisms (Harold, 1966l; ‘Tre enzyme ieolated from L
Escherichia colt end-extegdzj:1y purifled by Kornberg et al. o L%?
(1956} ‘reversibly transferred the termlnal phosphate group
‘from ATP to polyphosphate and agpeared to require the
presence of a primer. Breakdown of polyphoephate on the
other hand appears’tbfihyolve e considerable.humber~of- |
enzymes, some SE which are very spe01f1c e. g. the
trlpolyphosphatase and tetrapolyphosphatase, reported by
Mattenhexmer'(l9563;*1956b: 1956¢) to be acting only‘on

tripolyphosphate and tetrapolyphosphate respectively. Fo:



a;full' iscussion of.the various enzymee‘fhe.revieﬁ'bytnarold
(1966) shoyld be conaulted._ of particular interest‘with
regard to.th functlon of polyphosphates is the presence
: of enzymes W lCh medl te the phosphorylatlon of glucose ‘and
fructose by p .sphates apparently wlthout ATP part1c1patlon.
The questron concernlng the role or" roles whlch the
- polyphosphates play in cellular metabollsm is Stlll
| unanswered desplte the efforts of a large number of
investigators; At least in part thls is due to the far
reachlng effect whlch any alteration in the polyphosphate
pool has on'other processe§ w1th1n the cell. Some broad - zf:le
' relafionshipa have been‘clarified, but in no case-has a -
~specific pathway'df reactions‘involving‘polyphosphate
been identified. The prime requlrement other than presence
of phosphate for polyphosphate synth331s is an oxldlzableﬂ
substrate to prov1de the necessary energy. Durlng growth
-therenappears to be a competltlve relationship;between
‘nucleic acidnand_polyghQSphate synthesis;'if.nucleic acid
3ynthe§i;'ls blocked because of the lack of an easéntial
mefabolite; polyphoaphate levels increase'(Kuhl, 1960; .
Harold, -1966; Smillie and Krotkov, 1960; Windex and Denneny, |
1957; Domanskl—xaden and Simonis, 1972}- Converself‘
durlng periods of . maximum growth polyphosphate levels ’
tend to be low. _The’ utilization of polyphosphates for
phospholipid ano nuclelc'acid‘bioeynthesis‘during_growth

PR -
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in'phosphOrus free medium has been demonstrated in‘a number

of organlsms (Wlnder and Denneny, 1957 Baker and Schmldt,
1964 Stahl et al ’ 1964' Harold, 1962 Harold 1963) but
apparently thls ‘does not occur when orthophOSphate 1s

;ntroduced lnto the medium. Under these condltlons the

.endogenous pooi’of polthosphate shows no turnover, and
_lncorporatlon of phosphorus lnto nuclelc acxd is entlrely

at the expense of orthophosphate £rom,the medium . (Schmidt,

1966) Under normal condytlonS\of growth polyphosphates

.thus appear ‘to have no speclflc role. This conclusion was

also drawn by Harold (1961) who' found no dlffer;nce between

'the growth rate of. w11d type Aerobacter asrogenas and that

of a mutant ‘strain lacking‘polyphosphate kinase (and which
was therefore devoid of polyphosphate)
' The evidence cited 80 far 1ndicates that perhaps .

the sole function of polyphosphate is that of phosphorus

. storage in a form which does not constitute an osmotic —
- ™

stgess. Early speculagion that polyphosphate accumulation
represents an energy storage system proposed by ‘Hoffman-
Ostenhof and Weigert (1952) and based at least partly on

the recognition of the " energy rich" nature of the ester ‘
bond (Yoshida, 1955) has -now been discounted. Harold (1965).
has shown that at least‘pa . of the polyphosphate is broken

down non-enzymatically with the dissipation of the transfer.b

‘ potential of the bond as. heat: hermore,.a number_of
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-_objectlons have been ralsed concernlng the capacrty of the h

r.llmlted energy pool represented by - the polyphosphates to
contrlbute to the cell requlrements in any srgnrfrcant way
.(Kuhl 1960) What seems more attractlve at the present
tlme is to ascrlbe to polyphosphates the’ role of a buffer,.

;wmth synthes;s and degradatlon belng dependent on elther the .

..ATP/ADP ratro as in fact has been demonstrated in vitro by
Kornberg (1956) ‘and/or the. 1ntracellular orthophosphate level |
as described b% ‘Harold (1966). _

| From the f0regolng lt is clear that considerable.
attentlon has been paid to a variety. of aspects of polyphcsphate

‘jmetabollsm- thfi is partlcularly true for yeast, the ‘
organism 1n whigh;polyphosphates were frrst detected.
Probably because of the manner in whlch the tOplC was first

- 1ntroduced by Jeener and Brachet (1944) and subsequently
explored by Wlame (1949, 1947a) most rnvestrgators following
in their footsteps used stress conditions whereby growth |
of cultures ‘was alternated between phosphorus~rich andf

' phnsphorus free media and the effect of such treatment on

fpolythSphates in particular -and the phosphorus metabollsm
in general examined. With the exception of the work of

/

L, Katchman and Fetty (1955) no attempt appears to have been

\

\.made to follow the changes in polyphosphate content during
\

normal” growth of batch cultures of yeast. These authors

{‘. - -
\\ resolved the extracted polyphosphates into "acid soluble”

\‘.\” ' t
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and_ﬁacid_insolnble“ components'according tobtne oriteria

of Wiame (1949) and found the former_to_remaln at constant '
leVels'ddring érowth; whereas the-long cbain“"rneoluble"
fractlon appeared to be absent durlng early log phase,
accumulated rapidly to reach.maxlmal values wlth ‘the onset o
of deceleratlon and thereafter decreased ln amount. - No
comparable work on yeast_has 51nce been undertaken in splte

of the development of extraction procedures which" offered
1ncreased-resolutlon (Llss.and Langen, 1960! Langen-and

LlSS, 1958 MatSuhashl, 1963, Nlemeyer and Rlchter; 1969-
A

- Kulaev, 1966) : Partlcularly the method of ‘Liss and Langen, .
' (1960) eeemed a promising"tool for further inVEStigation,,

- because the fractions sSuccessively extracted by different

solvents may be of different origin or. functional eign}ficance.

Y
L

' In this connection it should be mentioned that despite these

authors well-documented conclusion, namely that their long
chain fraction 4 stands in a precursor-product relationéhip

with fractions 3 + 2.+ 1, there is scme evidence that the

‘relationship on a~functional 1evel may be more complex.

_One 1ndicat10n is the’ flndlng of Ehrenberg {1961) that at

\
low levels of phosPhate in the external medlum polyphosphates

of-xntermedlate chain length (Liss-and Langen's fraction 2)

"accumulate first, whereas at'highﬂleveleéof phosphate in
the medium long chain gplyphosphates-are'the oredominant

1product. The work‘Of Matsuhaahi_(19§3},referred to 'earlier
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(page 2 prQV1des addltlonal ev1dence that polyphosphates
may not be all of common orlgln. a ) o ' Tﬁ
_“;f The“physlologleal, ‘biochemical an lmeiphoiogieal‘-
chepéee‘eccuifing_during~sporulati9n.in yéagt have‘beeﬁ.tpe_ .
: subﬁecflef inpeetigéﬁion‘bp a 1arge_pumber of 1abe:etories.
. Summeriee of the most recept findinge‘heve-been pioﬁidedp'
by seveial review articles (Fog&;l"lQG?;'Haﬁer'and- |
Halvorson, 1972 Tlngle, Slngh.Klar, Henry and’ Halvorson, 1973).
- i Sporﬁlatlon can be Inltlated by transfer of cerls
to a nitrogen-free medium contalnlng a non—fe;menpable,,' : | _ '
'carbon-(and-energy;) souxce. (Miller, 1963, :?he Qrdes |

.o ‘ ~ _ i
. changes which follow are an increase in size and dry weight

. oL

"

_of the cells, fragmentation ahd-diminut;on of phe'vacuole,
and duplication.of DNA followed by meiosis’ (Croes, 1967;
Keup, 1967; Pontefract -and ‘Miller, 1962; Sando and Miyake,-
1971). The haploid nuclel become ‘enclosed in a prospore. =

. envelope (M;ller and Hoffman-Ostenhof, 1964, Hoens, 1971,
Moens and Rapport, t&971 Guth, Hashlmoto and Contl, 1972)
which. gﬂgdually increases in size es the _Spores mate;e.

At maturity the cell,_whlch has now becpme an ascus, contains

a haximum of four ascospores. . c s

. The focus of most of the recent'work has been on

aspects of the blochemistry of the sp rulatlon proceé@_ﬂ,’ffﬁ\—“ﬁhﬁﬂ\
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nucleic‘acid metabolism; Kane and-Roth-(1974)vhave done
l“llKQWLSe with carbohydrates, Illlngworth et al. (1973)'

" with llprds. The present work is the frrst to con51der
'changes in polyphosphates and thelr possible role in

yeast ascospore develoPment.

The author has’ undertaken experlments 1n an attempt
hto follow the changes in content of the- four polyphosphate
' fractﬁgns of Liss and Langen (1960) durlng growth and 7
90551bly to find a correlatlon between _any or all of th ee

AY L4

fractlons and that of'the,potentlal or actual polypho

“sinks“ e.g. the phOSphOllpldS and nuclelc ac1ds fffh
addition the fate. of the polyphosphates after transfer of-
statlonary phase. cells to sporulatlon med1um_and consecuent
ascospore formatlon was monitored. Since ¢he devélopmental
'processes which are‘set in motlon with t;:htransfer of
_yeast cells to a sporulatlon_envlronment are well-known
ana'the concon;tant structuraﬂ changes easily monitored, p
this Wae‘felt to be a good system for the exploration of‘the
interrelationship between_the various phosphorus poole.
Sporulatlon medium contains no phosphorus, s0-all the
changes which occur‘in the various pool 1evels will be the

| consequence of 1nternal shifts. There ‘are no reports in

| the llterature concerning polyphosphate metabolism durlng

ascospore.development in fungi.

v



MATERIALS AND METHODS

MATERIALS‘

Al

The folleglng chemicals were supplled by Flsher

Scientific, Fair Lawn, New,Jersey:'_-

. Ammonium molybdate

1-Butanol - o

Calcium chloride ' S ’

Chloroform . , - . : .
Cupric sulfate pentahydrate ' L
Ferric chloride ‘ ' (T’\—
Folin reagent : : .

Glucose (dextrose). ) I

Hydrochloric acid (conc )

Orcinol : : s

Potassium acetate. ' )

Potassium phosphate

Potassium tartrate L : .

Sogium bisulfite -
Sofium carbonate
Sodium hydroxide
Sodium perchlora
Trlchloro—acetlc.

cid

Phosphate”standards were supplled by the Hartman-
fLeddon Co., Phlladelphla, Pa., anhydrous ethyl ether by
.Malllnckrodt Can. Ltd.; Toronto, Ont.; perchlorlc ac1d by the
McArthur Chemical Co., Montreal, P\Q. and Allied Chemlcal
Co., Morrlstown, N.J. = . ‘_ ' | AP

LY

_ Yeast RNA was obtalned frofh Schwarz Bloresearch,

Orangeburg, N.Y.; bovxne serum albumin £rom Sigma Chemical

Co., St. Ebuls, Mo.; ribose from the Callfornla Corporatlon

—

f r Bischemical Research, Los Angeles, Cal., and amidol

from Brltlsh Drug Houses Ltd., Poole, England. éL

15



METHODS'

R

Organlsm and Cultlvgtggn »I ‘3_ »
| The straln of yeast used in the experlments was EVE46,

obtalned 1n 1965 from Professor U Santa Marla, Instituto

5

' Nac10nal de Invest1gac16nes Agrondm;bas (Mlnlsterlo de

Agrlcultura) Madrld, Spaln. o -E?inﬂ Love—
. n N o _

It was chosen for its consmstently hlgh sporulatlon,
.90. - 95% of the cells contalned spores~after twenty ‘hrs in

sporulation medium. _ 4 A

1

Stock cultures were maintained on slants of Malt extract-

Yeast extrect—Peptone—Glueose_agar (see beloﬁ) byAweekly'/
. - ‘ e . -
transfers. Following each transfer, cells were allowed to

"

_ gnow_for_ohe'day at room temperature and then stored at 49C;
. N . r;ﬂ ~
~ . .

Media .- . T ¢ | N

Growth medium

Malt extract—Yeast extract-Peptone~Glucose medium (MYPG):

. Difco malt extract. ; 3 g
Difco yeast extract 3 g
. Difco ;eptone - ‘ ‘5 g

| élucose - | ’ ) 10 g

Distilled water =~ . 1 1litre

pH-after autoclaving 5.7~ 5.8. .

e

FCT A
-.\.1._:‘-:4- P



Cs : : \
" Sporulation medium | N
Potassium acetate 10 g
Distilled watex 1 litre

pH,after;autoclsuing 7.6 - 7.8. -

; ... ‘ . - s - \
"Vegetatlve Growth ’ '

A

Ligquid cultures were 'started by transferrlng a loop
of cells from a stock culture slant to a 5ﬁ0 il Erlenmeyer
- flask contalnlng 125 ml ‘of MXPG medium supplemented Wlth
lO l% pota551um dlhydrogen phosphate (KHZPOQJ The cells
were allowed to grow overnlght with shaklng (approxrmately
'loo,strokes per m;n., stroke length l 1/2 1nches) at 27°%
to a density of 5 - 7 x 10 cells per-ml. ThlS culture was.
then used to’ lnoculate fresh medium to e density of 1 x 106
cglls per ml. The fresh cultures were then grown in the
same manner. At lntervals samples were removed for
determlnatlons of cell densrty, dry welght and for the

extraction of specxflc cell components.{

_Sporulation . N g
] . A ) N .

[

‘The .large cell populations required for studying -
3 C - : '

changes in cell’constituents during the sporulation proceSS
were conveﬁnently obtalned w1th a Mlcroferm bench tcp

fermentor (New Brunswmck Scxentrflc Co.., Inc., New Brunswrck,

£

New Jersey) w1th 14 lltre fermentox 3ars. Fermentor jars
- )

containing 4 - 6 lltres of fresh MYPG medlum supplemented

!

N
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with 0.1% KH,PO, were inoculated from the overnight culture

o . B : .
to a ﬁensrty of 1 x 10 cells per ml followed by the

. additipp of sterilized antifoahing agent (Doﬁ"Corﬁing Antifoam

‘A compound) . The cultures were then grewn_at'27°c with

-agitation at 200 rpm and aeration at the rate of 4 litres
‘per min for 24 hrs. The cells were harvested:by‘centriﬁpgation
in a Sorvall RC2-B centrifuge (5,000 rpm; 10 min) at 4°C,

'@eshed twice with sterile disrilled-water and,resuspeﬁded

ih 10 - 12 litres of Sporulatioh'hedium_to a density of

;5'x 10 cells per ml. The sporulation cultures were

incubated at 27°C with vigorous agitation and aeration (250

rpm; airflOW'of 10 litres per min}. . Samples were withdrawn

_ at 1ntervals, startlng at To ‘and contlnulng for up to 45.

hrs after inoculation, and treated in the manner descrlbed

”leter.

Preparation of Cell Extracts

: .Extractlons of polyphosphates

~

All extractlons were carried out with samples of

. .10
1l x 10 cells or approximately 1.0 g fresh weight,

'adcordiﬂg to the method of Liss and Langen (1960) with

“4

some«modlflcatlons. Their procedure, which allows .the

+
=

separatlon ‘of polyphosphates into four fractlons which dirfer

1n average chaln length, 1nvolves the following steps-c

N~
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&

1. Cells were separated by centrifugation‘and washed twice

with distilled water. The.pellet Was'resuspended in 6 ml

‘uuof 4% TCA and left for 15 mlnutes (min) at Ood( The cells were

/

'centrlfuged and washed w1th 4 ml of l% TCA, the supernatants .

combined and neutrallzed w1th NaOH.  This fractlon contdins
the free pools of all acid soluble compounds. and the low
molecular weight polyphosphates (3 -9 phosphate groups per

molecule).

. 2. The cells were then extracted twice for 5 min“eaoh at

room temperature w1th 5 ml of perchlorate-TCA solutlon (10 ml

saturateq NaClOu plus 6.6 ml of 1 N. TCA in 100 ml aqueous
S N

SOIution) The supernatant contalns polyphosphates with an

average chaln length of 20 phosphate groups and small

amounts of nuclelc‘aelds and proteins.

3. The residue was'taken_up“ih 1.6 ml of distilled water
and sufflclent 0.2 N NaOH added to bring the pH to 9 - 10
(thls requires between 1.1 - 1. 4 ml of base dependlng on

the age of the culture).' After 15 min at 0°C the cells

were centrifuged and re-extracted with 3.0 ml of distilled

water for an additional 5 min. The combined extracts. contain

polyphosphate with an'average chain length of 55 phosphate

!

‘ groups per molecule together w1th ‘some nuclelc ac1ds and

s -

protelns.

4. The pellet left aixer the prev1ous extraction was

suspended in 4 ml of distilled water and 0.8 ml of 1/50 M CaCl,.

R Q \ - '
‘ . )

G
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was'added. After 20:mln'ar rooh'temperatqre the cell'residue
was collected by centr'fugafion ahd washed once wirhzﬁ.ml
of distilledlwater. The combined supernatant.codtalhe the
hlgh molecular welght fractlon of the polypﬁdéphates‘with
an average chaln length of g@o phosphate moretles per
molecule in the native- state.;_

"‘&" All extracts\and.the cell.residue werenneutralired.
‘wiﬁh NaOH or HC1, made up to 25 ml.with distllled'water and
‘stored in 4 oz screw cap bottles at 4°c after addltlon of
-several drops of chloroform to prevent mlcroblal growth.

’ | All extractlons_performed on growth culture samples
were performed'immediatelylafter harvesting. In contrast,
sporﬁlating cell sam ee were‘frozen in liquid'nitrogen
after two Qashes wifh dtstilled water and eubsegueﬁtly
stored at HSOOCT Extraction procedures.followed the
foregoing‘scﬁeme;

'
!

.Extractlon of nuclerc acids

| Two methods of extracting rlbonuclelc acid were
.employed. The method of Herbert, Bhlpps‘and Strange (1971),
which is a hodification of the procedure of Trevelyan and
Harrison‘(1956), was used to extract grgyth oulture samples.'

mIt_has the advantage of being relatlvely rapld Wlth _greater

than 95% recovery of RNA in one extraction step and avoids
the problem of excessive solubilization of carbohyﬁratesh

which occurs during-extraotlon at higher temperatures. The

1
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presence of large quantities of Carbohydrates rendérs.x v

] H

ana1y51s by the orcinol method (Herbert Phlpps and Strange,

1971) virtually 1mpossrble. ‘The method, as applled in the

' present study, is as follows._

1. Extractron of acrd soluble pools.' Washed .cells were

extracted twrce wrth 4 ml of 0.25 N PCA at o° C for 15 mln

: each followed by a dLStllled water rinse and neutrallzatlon

of the extract‘wath NaOH._
2.‘ Extractlon of lipid componengs- The pellet from
the prevlous extractlon step was extracted tw1ce with

5 ml of 95% ethyl alcohol (30 min each at rOQm temperature)

, Kg -
-Thls was followed by three extractlons of 3 mlnﬁeach w1th
'5 ml of a 95% ethanol ethyl ether mlxture (3:1) in an 80 Cc

-water bath. The supernatants of all five: extractlon steps

-

were,comblned and the cell residue was dried to remove all
‘ . N \
solvents.

3. Extraction of nucleic acids: The dried pellet was taken

up in 10 ml. ot 0.5 N PCA and left w1th occasronal stlrrlng,
in a 37°% water bath for 2 hrs. Followrng centrlfugatlon
the pellet was washed once w1th 5'ml of 0 5N PCA and the
supernatants were_comblned and peutrallzed. ,

' The residue was taken up in distilled water and all

"f%?EEEPEE_Eéﬁﬁr99_29e35“mllﬁithlthel§ppropriatelsolventlﬁilf_“mm

:deemed,necessary chloroform was added7to prevent microbial

growth and the extracts were stored in 4 0z screw cap bottles

'at 4 C.

o
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Extracts prepared by the method of Herbert et al.

(1971) could not be used for estlmatlon of RNA content by _

_the orcrnol method in sporulatlng cells because of thelr

much hlgher carbohydrate ‘content and the consequent hexose

_lnterference with ribose determrnatrons.' Thls dlfflculty

.xt

was less pronounced with the method of Ogur and Rosen (1950)

and therr scheme was adopted for all sporulatlon cultures-.

1.. Extractron of‘alcohol—soluble compounds with 5 ml of

70% ethanol was followed by a wash with 5 ml of acidified

ethanol (0. l% 'PCA in 70% ethanol) all at o° C. The résidue -

was then extracted twrce wrth 5 ml of a 3: 1 mixture of

ethanol: ethyl etheruat 65°C (boiling‘pblnt).

¥ -

2. Extraction of acid soluble compounds was carried out by’

resuspending the pellet.of'tne previous step in 5 ml of
cold (0°%) 0.2'N PCA. The cells wete pelleted and re-extracted
with a second aliquot of ac1d.

3, The residue of the precedrng extraction was taken up

in 5 mlL of cold 1'N,PCA and the suspension stored at:4_c

for 18 hrs. After centrifugation the residue was washed

once wrth 5 ml of 1 N PCA.

A} '.

This extraction step was repeated once or twice to

effect complete removal of RNA,

”4;' ‘Extraction of deoxyrlbonuclelc acid (DNA) was accomplrshed:"

" by. suspendlng the pellet of the prevrous step 1n 5 ' ml of

0.5 N PCA and leaving the suspension for 20 min at 70%. .




Thle procbss was repeated at least once, in late spore stages
a thlrd extractlon was found necessary._- S . S
5. The last step anOlVEd suspendlng the resrdue in 5 ml
of 28 NaOH and.heatrng the suspensmon in a b0111ng water
bath with frequent stlrrlng for 10 min. Thls-process waa-
then repeated using 2 N HCl instead of base and the supernatants
were comblned.‘ C | :‘ : | - _‘; e
| ‘All fractlons were neutrallzed, made up to 25 ml and

~

stored as descrlbed above.

Phosphollplds

Lipids were extracted by the method of Herbert et al.

'(1971) Washed - PCA—extracted cells were - twlcewextracted : .

_ with 5 ml of 95% ethanol at room temperature for 30 min

each, followed by three extractlons w1th 5 ml of b01llng
- ethanol ether - (958 ethanol: ethyl ether = 3:1) for 3 min
each. ThHe combined supernatants were found to contain. at

least 97% of the phospholipids.

Chemical Analees AEP

Phosphorus wa@ determlned accordlng to the method

-t

g of Allen (1940)

For orthophosphate determlnatlons a sample of up

to 20’&1 contarnlng maxlmally 0.4 mg of phosphorus was
placed in a 25 ml volumetric flask to whlch the followlng

¢were added 1n the order glven- 2.0‘ml of 60% w/v PCA;

v

J .



2.0 ml of amldol reagent (l ‘g of 2,4~ dlamlnophenol hydrochlorlde.
‘and 20 g of sodlum blsulfrte dlssolved ln glass-dlstllled

water and made up to 100 ml) and 1.0 ml of '8.3% ammonlum >
molybdate solutlon.l The volume of sample plus reagents

was made up to 25 ml wrth dlstllled water and the absorptlon

e

.was_read after 5 min at 720 nm using a Bausch and Lomb = °

[N

Spectromic 20 and 1/2 inch'cuvettes. ~The colour remains

i

stable for 30 minlf The amourrt of phosphorus present was

read from a callbratlon curve obtalned by applylng the same

procedure to aquuots of standard phosphate solutlons _ | :

COntaining £from 0.01 to 0. ﬁ mngf phosphorus. . | <i:
 Total phosphorus (ash phosphorus) was determlned by

"placrng a sample in a micro-Kjeldahl flask, addlng a small .

| quantlty of dlstllled water and 2.2 ml of 70% w/v PCA. The

‘flask was then heated with a bunsen burner until the content \

-had become colourless. After coolrng, the content of .the

flask was transferred to ahzslnl volumetric flask. Two ml

of amidol solution, one ml of 8. 3%.ammonium molybdate and

!%ater to 25 ml were added and the absorptlon at 720 nm read h

after a 5 min 1nterval agalnst a blank prepared ln the

same way except that distilled water was used 1nstead of

an allquot of sample.

N S _— e —— .~

" Protein was assayed accordlng to Lowry et al. (1951)
To 1. 0 ml samples were added 5 ml of a solutron:composed
of 50 ml of 2% Na,COj3in 0.1 M NaOH and 1 ml of 0.5% Cuso,,-'snzo

in 1% potassium tartrate. After 10 min 0.3 ml of 2N Folin



".\; |

_._..ﬁ..,,fr,ﬁ,,,..x_ —_

25

_reagent was added and mlxed v1gourously. The absorbanceu

..

was read ‘at 500 nm after 30 mln usrng bovine serum albumin

oo
£

,as a standard.

.

RNA assays wrth the orc1nol reagent were performed

I

ajgordlng to’ Herbert et al (1971) .- To 1. 0 ml- samples

' were added 3 ml of freshly mixed orc1n01 reagent (1 volume

'of 1% w/v orc1nol in dlstllled water plus 4 volumes of 0. 090%

w/v FeCl3 6H,0 in concentrated AnalaR grade HCl sp gr l 186)

"1n glass stoppered test tubes whlch were heated in a-

bo;llng water bath for 20 mln. After coollng, n—butanol

- was added to 15 ml and the absorbance read at 670 nm against

reagent blank treated'ln the same manner. Ribose and

_purified 'yeast RNA were used as ‘standards. N

Nucleic acids were also’ estlmated by measurlng

the absorptlon of Uv lrght at 260 nm of sample extracts by

-,comparrson wrth.the absorptlon of a standard yeast RNA

solution treated in the same manner.

‘; - . . ) ——

Polyphosphate

The method employed makes use of'theﬁfact that ’

polyphosphates are completely hydrolysed in 7 mln by 1 N

' HCl at 100°¢ (Wiame, 1949; Lohmann and Langen, 195¢6;

Kaltwasser and Schlegel 1959) and can then be determined

colourlmetrlcally as orthophosPhate .as- descrlbed above. ro

allow for the partial hydrolysxs of nuclelc ac1ds present

in the extracts a correctlon was made by measgglng

[}
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orthopnosphated(P.l after 7 hin and 30 min hydrolysis.' The :
kinetics of auclelc acid hydrolysrs (1'3) RNA) are such
:that the amount of orthophosphate lrberated during the first

©7 min equals that 11berated durlng the followrng 23 min.
under the condltlons descrrbed (Langen and Llss, 1958-

e-Lohmann and Langen, 1956; Ehrenberg, 1961). To calculate
the polyphosphate content ‘of the fractlons analysed the

following formula was ‘used:

)1

R PP = P, in = ‘®i 30 min " Pi 7 min

"\ i1 7 min

i.e. PP = 2P, 7 in —lP

i 30 min : f o ,

A standard curve obtained'by nydrolyring ourified yeast RNA
in'1 N HCl at 100 C is shown in the appendix’ whlch conflrms g
the valldlty of the above correction factor.
Estlmation of fractlon 1 polyphosphaze is compllcated

‘by the presence of a large number ‘of other phosphorus
containing compounds 1n the TCA extract. The main component,
.‘apart from polyphosphate, 1s orthophosphate (DP] which was .
determined dlrectly with allquots of the extract according | -
'to Allen (1940) For polyphosphate determinations the

formula shown above is then modified as follows:

[

PP = 2P,

i 7min ~ Fi 30 min " OPl

"

_~ The correction factor-in the formula in this instance
is designed to allow for the hydrolySLS of glucose-G-phosphate
" and f//otose 1, 6- dlphOSphate (Lohmann, 1928).

. / : a
S _



Phospholipids

Samples-oﬁ\ilpld extracts were: ashed w1th 70% PCA

‘as descrlbed for total phosphorus determlnatlon by the

rFa
method of Allen (1940)
;
s i .
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‘RESULTS

[,

Vegetatlve Growth - L \ -
D

The growth pattern of Saccharomyces qhevalzerz

=

Gulllermond straln EVE46 under the condltlons descrrbed Ln

E]

Materlals‘and Methods was 1nvest1gated. Increase in cell o

,numbers was monltored 1n1t1ally by dlrect countlng usrng a-.

}

o

‘Spencer AO haemocytometer countlng chamberWand approprrately
’ "dlluted allquots of culture. At the same time the ‘increase
in dry weight was followed by filtering aliquots of tie

culture through.a pre-weighed millipore filterfof‘0.45 um

© pore size. Some difficulty was exper%?nced with both
1
methods, partlcularly w1th the latter. In attemptiné’to s

make the dry.weight samples as rellable a growth lndlcator

8
as possible a minimum of 1 x 10._cells per sample were used.

L

© This required relatively large volumes of culture in the _ A

early stages of growth i.e. immediately followrng lnoculatron/

TNy

~of fresh medlum. It was foand ‘that under” these 01rcumstances

¥

the chance collection of debrls out of the medlum resulted

N T E R . A

in substantlal variablllty in calculated dry welghts per cell.
,E;eflltratlon of the medium before autoclav1ng dld not
elrm;nate this problem, 1nstead it resulted in substantlally

slower growth rates which was 1nterpreted as indicating the

28 .
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"removal of one or more medlum components curlng flltratlon

and was thus deemed an - unsultable practlce More con51stent

results Were obtalned us1ng only freshly prepared medlum
E

and th;s practlce was henceforth maintained..'Despite‘the -
variability of'the results obtained it was nevertheless'
clear that the dry welght per cell was not 8bnstant but-
depended on the phy51olog1cal age of the culture.. Average
dry weight per "cell durlng mld log phase was 2.6 x 10 sug )
* 0.4 x 12 sug arid declined to 1.9 x 10 sug rIO.Z.x 107 ug_
for stationary phase cellsf A i

This was unexpected for twp reasons, a) casual .
examlnatlon indicates that average cell diameters are greater

at stationaty phase and b) when maklng cell counts, every

bud, no.mattenwhow small was counted as a cell. This

' ought to result in lower cell weight estimates durlng

log phase when cells with small buds represent a much greater
proportlon,of the total than in stationary phase. ~This
seeming contradiction may be accounted for by the size of
the'cell vacuole which is either not seen or small during
‘log-phasg}and very prominent 1n statlonary phase. .-

Direct cell counts presented a problem in that from~

'early‘lo ase to the beglnnlng of deceleratlon flocculatlon

was' extensive, givin .rase;tgagsf} agglomgrates,of”up,to____“,

150 cells. These were quite resistantito separation by
. - .

mechanical shaking action such as is provided by a vortex

o b
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shaker. To compensate for thls uncertalnty a large number .

of counts were madé the results are presented as ‘a semilog ‘

Kl

plot (Plg._l). The average generatlon tlme calculated

from the.graph is 86 t 3 mlnutes.f The end of log phase_

was reached after approxxmately 8 hrs at which time the cell -
‘den51ty was - approxlmately 5 x 107 cells per ml. Average

statlonary tltre was found to be 1.6 x 10 cells per ml

/

under the condltlon employed

[ w
o

Changes in Polyphosphate ‘Levels Durlng Growth

~

B

does not remain constant has been recognlzed for some tlme'
(Wiame, 1949; Schmidt et al. 1946- Katchman and Fetty, 1955-'
Smith et al al. 1954) ' Flgure 2 shows that polyphosphate content
increas during log. phase and continues to accumulate'

into early statlona%y\ghase although at a constantly

dininishing rate. .ﬂaiimal values are reached at Tjgi at

- this stage the accumu'ated polyphosphates constitute

approxlmately 50% of the total phosphorus content of ‘the

;CEIIS.Q)The early s ages oélgrowth (i.e. before Ts) were

not monitored beca of the extremely 1arge volume of

‘culture which would be required at'these low cell densities.
.It was also. felt that_the. greater tlme requlred for ;7dMJ_
harvestlng would tend to dlstort the results ‘since even at

JO C 51gn1f1cant polyphosphate breakdown as well as changes

within the various fractions may-occur (Liss and Langen, 1962).

VR : ) ‘

That the polyphosphate content of cells during growth _



Figure 1 : Growth curve of EVE46.
't One hundred and twentf five ml of fresh

MYPG medlum in a 500 ml Erlenmeyer flask

_g/_‘ . was lnoculated to a den ¥Ey of 1 x 10
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‘cells per ml w1th yeast cells-from an
.oﬁerright Culture. The culture Was grown
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Figure.2 : Changes in total cell phosphorus, total

polyphosphate and orthophosphate during
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However, since the'celis_used to inoculate fresh media
coma'from_cuitu:es with a.density of betweeh 5—?'x‘lq7

cells per ml, whichxis equiﬁalent to an 8-10 hr culture,ahd
fhus hava presumably ‘the correaponding polyphosphate content,
_flt would seem that the initial consequence of the ‘transfer
“Als at least a partlal breakdown of ‘the polyphosphates.‘

This would have to occur to explaln the lower levels found

at Ts.
!

Changes Occurring Withih the Four'Polyphosphaté Fractions
Polyphosphate fractioh 1 consists of molecules
-
contalnlng from three to eight phosphate groups [(Langen and

Liss, 1958) as determlned by paper: chromatography carried
out accordlng to the procedure of Ebel (1953a, 1953b[] with
an average chain length of four as determlned by end group
titration (Langen,uLiss and Lohmann, 1962)." As can be
seen in Fig. 3 hhé‘low moleoular weight polyphosphate
fractlon is at a low level during log phase and" 1ncreases
rapidly with the approach of statxonary phase to a new

constant level at Whlch p01nt 1#-15 the la:gest polyphosphate
-‘component. - r "

‘* Fraction 2 of the polyphosphatés consists of

molecules with an average chain 1ength of 20 phosphate groups
-(LlSS and Langen, 1560) . F;gure 4 shows thls fractlon to

undergo_very‘pronounced chahges during growth. The sharp

| drop in" fraction ézlevelsﬁbeginning at Tg coipoides with
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‘Pigure 3

-

P

Changes in'polyphosphate fraction 1

dﬁring growth. -



fo-

P}“

12,

o : ... o L
<

cC

IyBrem 4Lup. B \waho:nmw

™~

ud Bw

28 36 44

20

(hrs)

Tlln?lo




.35

Figure 4 :

X
a

-Changeé';nﬁpolyphosphaﬁé fraction 2

' during growth. -
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Figure 5 : Changes ih~polyphosphate fraction: 3.

‘during_growthgr

O ? . ' n .




3

-
... p

28 36 44

.20

5.0

N

4.0

jyBiom AKip

b
)

m\ snioydsoyd Buw

(hrs)

12

| Time

e b o e b DL LT TLO AT




37 ' oo , -
| g

. ) . . 'r""‘,‘;u > - . . . .
Figure 6 : Changés in polyphosphate fraction 4 - -

. during growth. . T

. _ S Ce ]

T - v
- {\'
- ) v
A
{
b
<

~1



C

pot - o

28

20

5.0

Q

@
Kip 8 ¢f

snioydsoyd Buw

1.0

.44

(hrs) .

Time



1}% S : | L o E.r - 3?.

the bﬁiinning'of deceleration. Following a.re~accumulation
betweeh Tig and T2¢ anotlier transient decrease was found .
which fs.n t-correlated with any overt culture changes.

Croes (1967b} found that the'endhofhlog'phaSe growth in yeast.

001nc1ded with th% complete dlsappearance of. glucose from
the culture medlum and’ that the new, slower growth rate
establlshed thereafter was at the,expense of the accumulated
ethanol present-in the medium. In other words, theé end of
log phase was.a reflection nf .a changeover from fermentation
to‘respiratiOnr ' The drop in fraction 2 levels occurring
| during this time may in turn heqa consequence of the. altered
metabolism of the.culture. .It:is tempt&ng‘to carry the
compariaon one step farther_and ascribe the Second'dip in
‘ fraction‘2 levelsﬂstarting-at T,o to another change in the
metabollsm of the culture,'namely, the exhaustion of ethanol
in the medlum whlch by analogy w1th Croes data ought to -
occur about this time.

.q h Fraction 3, composed of molecules with an average

chaln length of 55 (Liss and Langen, 1960) increases
3

’ llnearly during logarrﬁh?lc growth of the culture (Flg. 5).

' As the average. generatlon time of the culture becomes longer
durlng depeleratlon,.the rate of acqumulatron slows’ 11kewrse.
After T;, a gradualrreduction in fraction'3‘polyphosphates '
occurst -

[

Fraction 4 which consists of molecules having an

, . ™~ . .
. average of 260 ﬁhosﬁhate groups (Liss and Langen, 1960),

-
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nndergoes't Jlargest fluctnations (Fig. 6). The raold
1ncrease, bzginnlng after approx1mately 7 hrs of growth
c01nc1des with the end of log phase and the decllne of |
'fractlon 2. rt also occurs at a tlme when “RNA levels decllnehi
fsharply (Flg BJ. Peak levels are. reached at approxlmately
Ty and are followed by an equally rapid decllne. |
If the four polyphosphate fractlons are exgressed

~as percent of the total polyphosphate (Elg. 7), theA

fluctuatlons observed ‘are very sxmllar to the absolute

Y
D -

- changes represented.;n Figures 3-6.

v

Changes in Other Phosphorus Contalnlng Fractiofs Durlng Growth.

‘ Rlbonuclelc ac1d

‘Cells ware extracted by the method of Herbert et al

A N A

(1971) and RNA -content est;mated by uv absorptlon at 260 nm
: *?@
'ﬁ_and the orc1n01 method (Herberg et al., 1971) usrng yeast

IR

RNA as ‘a standard.u Nucleio~ac1d phosphorus could not be'

determlned dlrectly because of the—presence of polyphosphates

--1 ' Fol

ln all nuclelc acmd extracts. Instead, 1t was calculated

in the-followrng way* known quantltles ‘of yeast RNA were .d

.

ashed and the total phosphorus content determlned. One mg of
RNA was found to contaln 74 ug of phosphorus, which corresponds
" "to a ratlo of 13 5. The phoephorus content of samples of

4

-extracts was then calculatedlbased on .the OD,qo ag follows:
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~.Figure 7
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. Percentage compbsition:of the polyphosphates

- during growth.
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The fluctuations in the individual fraction
~levels with'fimé‘are éipféééed as peﬁcént .
of the total polyphosphate'dodtent.
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values. -

41.

phosphorus content ='oD250 mg RN % .074 mg P
o . ) o OD?_GQIln.'Lt - mg RNA .
similarly, readings taken using the orcinol method of RNA
determinations were converted to the corresponding'phosphorns
. - . . . ,

For comparison the RNA phosphorus content was
calculated using the results of theaanaly51s of samples
extracted by the method of Liss and Langen (1960)_according
to the- following consideration:. |

RNA phosphorus = RP + (TP-PP)Fézé L~ P
‘ | -3, :

v

where

f—

ashing of the cell res;due follow1ng polyphosphate

7 . N -\\\.-\'._\‘ .
extraction. N : . =‘J e

2w

.....

h« "t et R

TP = total phosphorus content of- fractlons ] 3 and_4-

PP = polyphosphate content of fractions 2, 3 and 4.

LP = llpld phosphorus which was en as 1.15 mg/g dry welght :

(see Table 2).
Thé values thus calculated were plotted and axe” shown

on Fig. 8 as two separate curves. The systematlc difference

. which ;s'apparent may be indioative of an underestxmatlon

of the poiyphosphate content of fraotions 2,3 andw4 inherent

‘in the assay method. It can also be ascribed to the

_1nc1u31on of phosphoprotein phosphorus and to a much smaller

3

RP = residue phosphprus i.e. the phosphorus determined-after -

(1y

(@)
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iéure 8 : Chéngéé in RNA phosphbrus.leveis‘auring-growéh.

O=-—O RNA phosphorus levels calculated as

-

- . described on-page 41.

o--_--'-‘-’Q./ RNA phosphorus levels, determined
after extraction of cells for 2 hrs
‘at 37% w#®h 0.5 M PCA. RNA was .
aétermined from“the ODzgo of the

extracts with yeast RNA as standard.



~

20
Time (hrs)

14.0

S N

wyBjom Aip \a\m.._._o._nuo:m Bw

40

30

10




43

extent, the inpluSien of DNA phosphorus, noﬁe,ef which are
aligyed for in calculations usingfformula'(Z).

) ‘The dlfference is not due to 1ncomp1ete extractron'
of RNA since repeat extractlons performed ylelded only an
addltlonal 2% of the amount of RNA extracted in the flrst
step. The 1mportance of Frg. 8 is not S0 much the magnltude
of the fractlon, but rather 'in that it shows the rapldrty
with which the RNA content of cells dec:eases.durlng.late

log phase.

‘Orthophosphate

Inorganlc phosphate was determlned in extracts-

prepared u31ng three dlfferent solvent systems as part of .

AN

_ a larger extractlon-scheme.

1. . Extractlon with cold 4% TCA (polyphosphate extractlon)
2. Extraction w1th cold 70% ethanol (0Ogur and Rosen)
3. Extractlon w1th cold 0 25 N PCA (Herbert et al. )

The orthophosphate levels measured after extractlon
of equivalent samples were found to be yery similar
fegardless of the method used. The resulte ebtained (Fig. 2)

‘were essentially in agreement w1th the flndlngs of Katchman

Y

and Fetty (1955).

Phospholipids

The extraction of‘lipidshwas carried out in five

steps as described under Methods. In order to see whether



S o a4

\ .
-the extractlon resulted in - the recovery of all ohosphollplds

: present, each- fractlon was ashed w1th\;::ﬁfi?.the phosphorus
cohtent determined. The results are s in Table 1.
From the.extractlon behav1our it was concluded that |
approxrmately 97% of all phOSphOllpldS were recovered with'™
the method descrlbed
Table 2 shows the amount of;ohosohorus-preseﬁt-in

.the‘lipid fractioﬁ in dlfferent cell samples. The results
are in agreement w1th the- flndlng of Ehrenberg (1961) that

a

phosphollpld levels. are constant throughout the. growth phase.

;_Re51due phosphorus

" The cell re51due whlch remalns after samples of cells
are extracted 1nvar1ably contains phosphorus the amount -
present depends on the extractlon procedure employed. - After
Jpolyphosphate extractlon the majorlty of the nucleic ac1ds
and v1rtually all the_phosphollplds andlphosphoprotelns
remain in the cell residue. The method of Ogur and Rosen
(1950) is designed to remove ail*phosphorus containing
fractions'hut in fact, as will be shoen iater, does
not do so when used with yeast 5poree.f Both_with .

. spores and with vegetative cells the amount of'phosphorus
remainihg in the residue ie'related‘tolthe age,of the culture

" (see Table 2). The nature of‘the phosphate cohtainihg:materia;
which remains ip the residue foliowing extraction bf‘the
method of Ogur and Rosen. is unknown but it§seems possible

that at least part of lt is polyphosphate ;\suggested by

Langen and Liss (1958)
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Table 2 !

V; Phospholi

id and Ceil Residue.Bhoéphprus Levels Duringf
] | Growth | |
Y . - ' N
_ Age of culture* . Lipid phosphorus*¥* Residue phosphorus***
- : - : ng/g dry weight mg/g dry weight .

‘ B
6.5 118 114
&5 . 1.a - 0 1.33
10 - 1,18 ‘) 1.72
12 | _ 1.21. o . 1.94
31 | . 1.08 - 2.11

-

* ‘Age of culture was considered as the number of hrs after
inoculation. _ X ,

** Extractions were made using the method of Herbert et al. (1971).

*** Cells were previously extracted using the method of Ogur

and Rbsen'(l§50).



. Total phosphorus

Extractlon of éamples accordlng to the method of

LLSS and Langen (1960) ylelds flve fractlons, four of whlch
contain polyphosphates of varylng average chaln length

as weil’aé other phnsphorus,containing'nompounas.5 Thé
rémaining fractidn is the celi residue whafh connains most
of the nuclelc acids and: phosphoprotelns. Allquots of all
fractlons were routlnely ashed and analysed for. their
phosphorus content accordlng to the method descrlbed (Allen,

1940) and the total phosphorus content of the samples

r

determined. o /

Parallel with the removal of cell samples from the
cnlture-for éxtractive_nurPOSes,.Samples wé&e also withdrawn
for dry height_determinations. TAiiquots.of nulturg were
" filtered through 0.45 um’pqre size millipore filters, washed
twice with distilled water and driéd.h_A weighed portion
of the dried cake waélthén ashgd and the phosphorus content
determined. The values obtained hy the two néthods were
élwajs within 5% of one anothé:, The results of thése
determinations are éhown in ¥ig. ‘2.- The considerable increase
 1n total phosphorus content durlng the first 8 hours is
prlmarlly due tc the accumulatlon of polyphosphates during
fhis period. The reductlon after Ta on the other hand may
be attributed to a decline in nuclelc acid levels (see Fig.
.8) gnd only later on, i.e. after Ty to lowered golyphosphatéi

levels.
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.'Changes Occurring. During Sporulation L - S ‘ -

" sporulation of strain EVE46 = . | Te Tk
" Cells grOwn in the-Microferﬁ fermeﬁtor as described

in Methods showed a slower growth rate than flask—grown ™

. - ! . —'"_
cultures. The average generatlon tlme was 103 £ 5 mln ' '}fﬁﬁ"
'and the tltre of - the culture after 24 hrs. of growth was found

- to be l 6 - 1. 7 X 10 cells per ml. The growth curve (Flg. 9)

P

shows that statlonary titre is achleged at approxlmately *
20 hrs which is cqmparable to the srtuatlon w1th flask—

grown cultures. The statiopary‘tltre was also very similar .
.and thus the. pre condltlon for assumlng that cells grown: '
in fermentor batches are comparable to calls grown in flasks

in the‘shaklng.water bath appears to‘be satisfied. . This-

equivalence was later extended to two more parameters, the

ool and the content of RNA which

size of the polyphosphate.
were both und to bé the same at ptationary‘phase, regardless
" of the pre.edlng'growth regime. . :

All sporulatlon cultures were: started by collectlng
24 hr stationary phase cells and resuspendlng them to a
density of 5 x 10 cells per ml in 1% potassrum acetate as
described. . In orxrder to establish the time course of'
sporulation and relate lt to other- events 1ater on, the

parameters described before were monitored. Dry welght

.changes expressed as percent of T values are shown in Flgure

- 10 and agree ‘with those reported elsewhere (Banerjee, 1970-

Esposito et al., 1969; Illingworth et al., 1973). The .
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Figure 9

~

‘time from graph 103 t 5 min.

/i.
13
e

Growth of EVE46 in Mlcroferm fermentor.

'Inltlal cell denSLty -1 x 10 cells -per ml

Final (statlonary phase) tltre = l 6§ x 10°

cells per ml. Alrflow of 4 l/mln and

Y

agltatlon of 200 rpm. Calculaéed generatTon

i
-

%
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Ovefall- changes ‘during spbru-laﬁ_ion, =
@ena @ Change 'ip dry weight. Samplial's |
of 150 ml of sporulation culture . -
3 .were-dried and weiéhed’ as desc;ibed:
T_ weight of sample - 157.5 ug.
O=—=0 _Pei’:cen{: asci in the culture; each
point repredents a count of 400
c_e_'J:ls. B
A......Ah Change of .pH of rri:edii.im during. | 3
' gporulation. ' |
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increase in-dry weight.represents an incorporation of 10% of

the total amount of acetate present in the medlum 1nto cell

-

o components. ‘The effect of acetate utlllzatmon is an

extensive‘and rapld change in pH from anllnrtlal,value of

N 7.7 to a\final-of g. 5 (see Fie 101 It is. assumed that

the rlse in pH is- prlmarlly due to the appearance offcarbonate

and blcarbonate in the medlum as a consequence 0f respiration

1of_the acetate (Esp051to et al., 1969) {: ‘ . _. L\:
Observatlon using a phase contrast m;croscope showed

that a notlceable increase in refractlllty of a large number

'Hof «cells occurred.w1th1n one ‘half hour after transfer to

sporulatlon medium and was concomltant wrth the dlsappearance'

-

of the lnltlally very promlnent vacuole. Spores were ﬁlrsta.:~

-‘observed after 9 hrs in spdrulation medium which corresponds
fin trme hith the attainmeht of greatest dry weight. Ey ™ s
virtually“all cellsfcontained‘spores. Routinely between
90595%7of all cells produced ascospores.

| Examination of“thin-sections of sporulating‘yeast
- cells with the electron microscope'indicated that the‘spores
within an dndividual aecue-did not always develop in a
completely synchronous manner but-rather showed differences;
particu;arly with respect to spore wall developnent; To eee.
whether adynchrony'was‘refiected in an increase in the
average number_of spores per -ascus as sporulation_proceede,
3pore-counts ware routineiy made. A typical example is

shown'in Tabhle 3.- Clearly the average spore number per ascus '

remained,conetant. It must be mentioned at this. tlme that
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' Table '3
.- Numbex of'Spores per-Aécus‘During Sporulation
Time after .. 'Numbexr of spores.per ascus Average number of
To hours . - - ‘Spores per ascus*¥
o 12 3. 4 L
- | . “ _ .
12 124 4 - 40 27 5 ~ o 2.43
14 105 6. 63 20 6 - 2.27
177 ss 7 100 33 5. 2.25
20 32" 15 100 . 48 5 2.26
28 15 6 118 53 8 2.34
45+ 9 11 125 . 48 7 2.27

* Each count involved 200 cells.

**  Only cells containing spores'were-used to ca;culate the .

spores/ascus value.
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. .
the-scoring eystem'osed tended to'mihimiré.the humber'of
" spores per cell. As was pointed out earlierfrahl buds -
_reoardless of size Qere‘counted as eeparate'cells. At the
_tlme of transfer of vegetatlve cells to sporulatlon medlum, a
_'substantial number of them have_buds.of approxlmately one
half the'size of the mother cell, or lese. It appears that
in most instances these cell palrs only deve10p four
spores between them, in other woxrds, they behave as one
phy51olog1cal unlt. If. the bud is very small, only one spore
Tdevelops in it, - and it is almoet exclusrvely thlS circumstance
'whlch glves rise to the one~spored asc1 in Table 3. The same
can be sa;d about two spored aSCL;'lf the bud is aboot half o
" the size ot the mother cell; four spores will develop ~ two

in the mother cell and two in the daughter cell.
¢ Flgure 10 shows that there is augradual decllne in
dry welght after T, 3. This decrease in weight was accompanied'
bf the_appearance'of phosphorus and uv absorbing materiai in -
'the medium (Table 4). - Ramirez'and Miller f1964) and Kane

_ and Roth (1974) reported the appearance of amino acxos and .
carbohydrate 1n the medlum durlng sporulatlon. Since the
rapid increase in the.amount of,UV absorbing material and
phosphorus in the medium coincides with the attainment of
maximum sporulation percentage (see Fig. 10}, it 15 poss;ble
“that the appearance of metabolites in the medium is an’

indication of the -deterioration of the ascus and the - L -

attainment of functional independence by the spores.
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Table 4

Appearance of Cell Products in the Sporulation Medium

kS

Time in - ODzgo. ODs g4 - "ODg2p - L
sporulation . . | o o
medium - ' . orthophosphate ash
(hrs) : o - .o .+ phosphorus
s e o - <o.01 L < 0.0L
2.5 - <0.01 » <0.01 - < 0.01 < 0.01_'»
5 <0.02 < 0.02 0.01 . o.01
I S 0.04 _ 0.04 0.01 . . 0.01L
w0 0.06 0.05 0.02 " ~ 0.02
15 | 0.16 0.11 0.04 .05
19 0.30 0.21 . 0.04 o 0.06
23 ‘ 0.49 0.3  0.05 . 0.06
30 . o.62 0.46 0.06 ~ 0.08
a 0.86 0.66 c.06 0.10
45 0.1 0.0 -  o0.08 0.1
48 0.84  0.64 - 0.07 0.10

'Sporulation culture samples were ﬁithdrawn'at_intefvalé{
The mediumlwas analysed after removal of cél}s by filtration
using O.45IumrMillipore filters. UV :eadiﬁgs‘wereJtaken using

T, hoﬁr culture medium as a blank. The maximﬁm ash phosph

; : o1
values observed correspond to 2.5 mg of phosphorus per 10

cells.
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Changes in Polyphosphates Durlng Sporulatlon-

The tlme requlred to centrlfuge cells from growth
medlum, wash and’ resuspend in sporulatlon medlum was between
1l 3/4 to 2 1/2 hrs. To monrtor the changes which occur

: - 10
during -this time,-samples of 10 cells were. removed just

prior to transfer and lmmedlately iolIOW1ng resuspensxon
in sporulatlon medlum and analysed in the approprlate manner.
mThe correspondlng p01nts on the graphs are deSLgnated T

‘and T respectively and: are separated by an arbltrary trme

lnterval of 2 hrs.

Total polyphcsphate levels were found to be constant
for the flrsé two hrs after transfer, showed a decline
between 2 and 4 hrs into sporulatlon and were once agaln

constant untll Tyo (Fig. 11). The 1n1t1al drop occurs about
the time DNA synthes;s as-a prelude to meiosis takes place.-

Polthosphate-fract;on.l (Erg._lz), follow1ng an
e'arly"pez:u{at'T;s becomes stable at slightly reduced levels
'frcm Ty to Tg. The gradual increase occurrlng ‘Between Tg
and Ty, is followed by a sharp decllne which starts at Ty 4

and continues until Tys5-

. The changes in fractlon 2 levels up to T, show a
Y

pattern which is somewhat similar to that observed during
Vegetatlve growth except that the fluctuatxons are smaller
and compressed in time (Flg. 12)._ The lnltlal 1ncrease in

fractlon 2 occurrlng between T, and T, may be. ascribed to

'the,partlal hydrolysis of fractions 3 and 4. The other
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Figure 12: Changes in the various polyphosphate

’ fréct':‘?éns -during -sporu}'atio'n. N
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changes occurrlng thereafter, 1nclud1ng the conhlnued rapid
decline after T, cannot be related to changes occurrlng in
.other polyphosphate fractions by a Smele cause—effect
relatlonshlp. A

Fractlon 3 shows a‘aharp decline durlng the tlme the--
cells are changed from growth— to sporulatlon—medlum,remalns
‘constant between T and—T5 and shows & transient increase .

" thereafter w1th a peak at Tlg. The increase begins about
the tlme DNA synthe313 is completed.

‘ Fraction 4.decreases;between'fv'and T0 analogoue_
to'the‘change shown by fractidn:3 but shows a_modeat
recovery following exposure to'aporulation medium. Erem T,

onward the fraction declines gradually.

Changes Occurring in Other Phosphorus Containing Fractions

During Sporulation

‘Ofthophosphate

After a transient increase in o;thophéSPhate level
during thE'first hour'after transfer of cells to spornlatfon_
medium a.larger increase occurs between T3 and Tg -
Orthophosphate then remains constant until virtually all’
eelle-have sporulated.(see Fig. 11). The amount of
orthoﬁhosphate‘presenglduring this tine is'app:oximateiy'

50% greater than‘the'maximum level observed dnring ﬁegetative_

growth.
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Extraction of RNA- from sporulating cells by the
: method of. Herbert et ‘al. (1971)1br1ngs_con51derable-
quantities of carbohydrates into solution. They react. with

the orcinol reagent'to’varying degrees and thus render an

w1

accurate ribose analysrs impossrble.
Extracts prepared by the method oingur and Rosen

(1950) contalned less carbohydrate but one extraction was
. . ,J
not sufflcientffor the recovery of all RNA present. It
7 : .
was found that“up{to the time of the first appearance of
; _
1

spores’ two extractions were sufficient but'thereafter (ﬁ j

)

after Tg) a third extraction was needed to ensure total }g'
-recovery of all RNA present.‘ Exposure of purifled commercial
yeast RNA (Schwarz Bioresearch) to the same conditions did
“not result-in - .an . increase in ODsg o for the ﬁirst 72 hrs.
hThis rules Qut the likelihood of RNA estimates which are
too hlghvas a consequence of nucleic acid hydrolysis.'

The OD250 of extracts prepared by the method of Herbert

et al (1971) was virtually identical Wlth that of. extracts
_prepared according to Ogur and’ Rosen (1950) at least

'yup to Tg. On-the other hand, ribose analysis of the
_.same extracts by the orcinol method gave consistently
higher RNA estimates.' The comparison shown in Table 5
‘shows a small systematic difference of_the'obzso values

between'the two extraction-methods which ie within the

limits of variation normaily found among equivalent
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_ samples._ But it is clear that RNA estimates based on the

orcinol method are much too high. As shown in Fig 13a, RNA-

| levels were found to increase slightly during the first
two hrs of sporulation, decline to approximately 65% of the
initial value by the time 80% of the cells " contaln spores
‘:"', (i.e. -at Tlu) “and then remain ‘almost constant up to’ Tys.
X‘ A small but c0nsistently noticed tranSient increase after

T1u does not appear to be correlated with any overt change

in—the culture.

. Phospholipids L S e

Phospholipid oontent (Fig. 13b) was found to be

unchanged for the first. 4 hrs, increased nearly 50% between
3 ~

10 hrs. B?:Tus a reduction to 608 of the initial level has

octurred. The increase occurring between T, and Tg corresponds

= -
"

developmsntally with the onset of meiosis and prOSpore
formation. The decrease indicated after Ty 7 may be the

consequence of breakdown of phospholipids in the epiplaem ‘

N
and subsequent 1eaka?e into the thedium (see Fig. 11 and Table

: &_'_u_hﬁﬁg of it Tnay be a r?é&ection of altered extraction behaviour

i

) o .- @as the spores mature &3,

RN . - . K ] Q
_ 'Residue phesphorus
DR | The effect of two diffferent eﬁgraction procedufes
o+ . ot '& -
'”;é%‘_ﬂ on the amount of phosphorus remaining in the cell residue.f

is shown\}n ﬁig. 14, Extraction by the method of Ogur

and Rosen (1950) up to- and. including the extraction of RNA v

-
3 '-. .' PR N . . .' .

‘..._ ’P’ .
AN : S Ry a - t
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Figure 13b:

 was determined by measuring the

extracts after ashing.

‘Figure 1l3a: 'ﬁLanges in RNA levels during sporulation.

[

Extraction of RMA was carried out

according to the scheme of Ogur and-ROsen

-

(1950) as described under Methods.

‘Ribonucleic acid-ﬁas estimated by

measuring the ODZSQ-. Yeast RNA was

used as a standard.

Changes in the level of phospholipid'

during sporulation.

:Extraction of phosﬁhclipids was performed

according to BHerbert et al. (1971) .as

'deecr;bed under Mathods. Lipid ph039§dtus‘

L
Aorthophosphate content of aliquots of
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‘Figure.i4: Chanées'in resiaue phoséhdrué during
U Tt e | spprulation.

Changes in residue phosphorus were
Vdetermihed ﬁfter extra&ﬁioﬁ of‘célls by
two differeﬁt ektraétion methods as

described:- in Hethodsn

-

We-eeesm  Residue phosphorus determined
after extraction by the method -

of Ogur and Rosen (1950) (curve #1).

'DF-;—B Residue phosphofds.detérmined
Aafter'extractioh of polyphosphates
according to Liss and Langen (1960)
e N followed by e?t;actiqn'of RNA:
| according fo Trevélyaﬁ-and Ha;fiséh.
' (1956) (curve #2).

[

r—— Appearance of spo
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'WOuld‘be expectéd to result in the removal*of all phoephorus

with the exceptlon of that contarned 1n DNA and phosphoprotelns.

,Determlnatlon of resrdue phosphorus by ashlng shows that

the amount’ of phosphorus in this fractlon 1ncreases as
sporulation proceeds (Frg. 14' curve l). The increase

becomes more'pronounced about the time spores first become . -

~visible. 'The implication is that either a new phosphorus

containing spore cbmpcnent is synthesized which is not.

. extracted with the method employed or. that the spores are -

much more resistant to extraction. The magnitude of the .

. increase in re51due phosphorus becomes clearer when the . latter

is expressed_as percent of total cell phosphorus (Frg. 15).

It was found that three extractione to remove DNA (according.

" to the same'method) resulted in-the removal of an additionai

25% of the residue,phosphorus, at least one half of which was

not DNA associated and appeared as orthcphosphate in the

extract. The-presence of an acid labile phosphorus containing
ccmponent may indicate'that long chain pelyphosphates which
are difficult to ertract may still be present._ Evidence

that poiyphosPhate is nct always removed by the extraction'

scheme used comes from a comparison of the above results

‘with those obtained'by a different method of extraction.
' _Samples extracted by the -method of Liss and Langen (1960),

. which removes polyphosphates were subsequently extracted w1th

0.5'N HCth for 2 hrs at 37 ¢ to remove ribonucleic cids
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Figu:e‘lS:

'Residue phosphorus expressed as percent

‘of total cell phpéphorus.

The values of curve il (Fig;'id) are

*

'expressed 1n terms of the percentage of

the. total cell phosphorus.'

Be=—-@ Residue phosphorus

. - Appearance of spores

-Jf'"“ﬁ Residue'?hosphorus after-3 -

successxve extractlons for DNA '
(.5 N HClou 70%¢ foxr 20 mins.)’

at Tg,s.



‘cellphosphorus

'Percent of -t_dtval'.

40

\
/
- . § ,/
,/
7
. I/
e Laie®
,/ -” .‘... -
’ //.-".....
Lot -
i
e i I _— ¥ sd
T, T, 8 12 18 20 o 300 45
: Time in hours | h



66
(Treuelyan'aud Herrison,';SSG),, The residue remeiuiug'
still contains DNA, ‘phosphoproteins and-phcspholipids;c‘ln
other words, 1t ought to be very smmllar in terms of .
: phosphorus content to the fraction obtained by the method
of Ogur and Rosen (1950) except for the addltlonal phosphollpld
phosphorus. Examlnatlon of the result obtalned (Flg. 14-
curve 2). shows an 1n1t1a1 dlfference whlch is equal to the
lnltlal phospholipid phosphorus content determlned earliex
V(Flg. l3b) The - tran51ent 1ncrease between T and-Tq seen
in curve 1 is absent. Fgom this. ev1dence, and the 51m11ar1ty
in both size and duratlcn of the increase noted in Flgure 14, '
‘curve 1,and that found for polyphosphate fractlon 4 (Flg. 12),
it was' concluded the dlfference in the nature of curve 1
and 2 was due to 1ncomplete polyphosphate extractlon. The.
anrease in the amount of re31due phosphorus occurring
between T, and T, follows the pattern of increase in -
'phospholipids (Fig. 13b) in ﬁachitude and time. ihe increaeing
dlscrepancy between the two curves in later sporulatlon stages
15 due to the 1ncomplete extractlon of RNA' by the method of

' Trevelyan a?? Harrlson (1956) (Fig. 14' curve 2)-



DISCUSSION .

The' growth characterrstlcs of the vegetatrve culture
(Flg. l) are very srmllar to those reported by Croes (1967)
who used undefined medlum of srmllar composrtlon to that

employed in this study. Deceleratlon begrns;

density reaches approxrmately 5 x 10 cells pe ml and

fcontlnues for 4 - 5 hrs, follow1ng whlch a new a d much slower

.growth rate is maintained for at least 10 hrs. K tchman .
-and Fetty 1955), u51ng a defrned medium showed es'entlally
the  same pattern but found the defeleratlon phase to . |
consrderably shorter. Slnce deceleratron is belreved to
" the consequence of the sequential dlsappearance of r"non
essential but growth acceleratlng nutrlents (Herbert, 1961),
the longer deceleratron period, reported here may reflect the
complex medrum used. The average dry welght per cell during
statlonaiy phase was approxrmately 75% that 6f the mid log
phase value which is in good agreement with the results of
‘Keup (1967) and appears to be a general phenomenon in

mlcroblal o‘ganrsms (Herbert 1961). ~In contrast, Katchman
and Fetty (1955) found that the dry werght per gell remalned
constant throughout. The.explanatron for ‘the dlscrepancy

probably 1nvolves the difference in growth medlum composrtlon.

3 6?
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The latter authors usedddefined medium with a:higher than.
'usual’glucose content7(40 g/l).f‘ This makes it probahle
that the llmltlng factor for growth was nltrogen and not
glucose.— Under these condlt;ons con51derable quantities of
glyoogen?are depoeitedy(ﬁerhert,;1961).which would lead to
an increase in the'drf weight as compared to the cohdition'
.in whichAglucose is the (growth) 11m1t1ng factor éroes_l
(1967) and Keup (1967) found that the beginning of deceleratlon
c01nc1ded w1th the‘dlsappearance of glucosetfrom the growth
'medium 1-The hew and much slower growth rate which follows..‘
deceleratlon is attrlbuted to aeroblc utlllzatlon of the

accumulated ethanol
-

' Polyphosphate Changes Occurring During Growth

As has been shown in Figure 2 the amdunt of polyphosphate.
in¢reases throughout the early monltored stages, L. e. durlng
the logarlthmlc growth phase as well as the perlod of
deceleration. Only with the beginning of statlonary phase
“do polyphosphate levels begin to declmne. The rate3of
accumulation is fastest during the fermentatlve stage of
growth and‘decllnes as the growth rate declrnes. These
findings are similarjto those of Ratchman and Fetty {1955)
except that in the;r case the accumulatlon and the subsequent

decline of polyphosphate appears to be compressed 1nto a

‘smaller time interval ‘and maximal values are reached at
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the beginning'of deceleration: From the results obtained-.

"here it is evident that polyphosphate accumulatLOn is supported

by fermentation as well as respiration. During stationary

I_phase the polyphosphate level. remains unchanged but the

'molecular composmtion undergoes a marked Shlft toward a

v

lower average chain length. The striking changes in the
levels of the four constituent fractions (Figs. 3- 6) suggest
that their 1nterrelationship may not be as clear cut as
Langen et al. (1962) report~ Thelr results indicate that
polyphosphate synthesis in phosphorus starved cells after

transfer to%Eresh medium containing phosphorus leads to an.

_immediate build—up of fraction 4 followed by a sequential

increase in the levels of fractions 3,2 and 1 over a three “

" hr period (this is supported by their results with short "

term , P labelling mentioned in the Introduction) Unfortunately
the experimental conditions these authors employed were not

clearly stated. It is presumed that the reported increase

in polyphosphates occurred under oonditions differing from

those reported in an earlier paper (Liss_and'Langen, 1961)

because‘although the basic description of the experiments-is'f
the same,.the'results‘areunot. In the above mentioned paper

{Liss and Langen, 1961) it is reported that fractioqs l1-3

“increase linearly with time, differing only in the rate of

accumulation whereas fraction 4 increases at a constantly

diminishing rate and begins to decline approximately 2 hrs
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after-transfer‘to phosphoruS'Containing medium,in:which
'nitrogen‘was limiting. “The discrepancy in results between
Aseemingly very similar experiments emphasizes the difficulty_
involved in establishing a cause and effect relationship
_based on different approaches to\the same problem. Evrdence
'for this was also provided by Ehrenberg (1961) who showed
lthat the pattern of polyphosphate accumulation depends to a
.significant extent onhthe concentration of phosphorus in the
medium.. _' e ‘ e

Before an attempt of interpretation of the data
- shown in Figures 3 - 6 is made, the following stipulations _
‘have to he introduced' (l) Polyphosphate synthesis involves n
the addition of orthophosphate to existing polymer molecules
of intermediate chain length, (2) Breakdown of polyphosphates
occurs to a significant extent by random scission of the
polymer; (3) The temporal. sequence of events is a reflection
of their functional relationship .

The first assumption is based on the evidence of a
number .of workers (Kuhl, 1960; Harold '1966) involving a
variety of‘different organisms; they have shown that long:
chain polyphosphates are the first to accumulate or to !
Vbecome most heavily 1abelled, under the appropriate conditions.
In vitre experiments by Kornberg et al. (1956) using _
"polyphosphate kinase from Escherzchta coli showed that only
‘long . chain polyphosphates accumulated and the necessity of

a primer was postulated (Harold, 1966).

v
1



Thezsecond agsumption is-based'on-the'results ofk
;labelling experimentsf.prihcipally thosebof Liss;, Langen

and Lohnann'ilgsa, 1960;:1962; 1962) which showed a gradual
'shift of label froﬁ/ziong chain) fraction 4 to the other
lfractions during net polyphOSphate synthesis It is also.
'fsupported by the findings of Mattenheimer (1956a, 1956b,‘
1956c) who showed that breakdown of polyphosphaﬁés by
‘polyphosphatases brought about a gradual-reduction in molecular
size withAiittie or no liberation of orthophosphate.3 Lastly,.
it is probable that at 1easf’part of the breakdown of long
chain polyphosphates is non enzymatic and is mediated by ‘

divalent cations in .the"’ cell._

" The third stipulation needs the additional qualification

that changes in the size_of thelfour fractions -are primarily
the result of internai'shifts. These shifts nay involve the
addition or outflow of orthophosphate to or from the |
poiyphoephate pool duriﬁg periods of net synthesis or
degradation. ' '& | _
'ns can'be seen from Figure 5, fraction 3'increases -

throughout the early monitored growth phase. It is proposed

that this fraction acts as the primer for polyphosphai
synthesis. Elongation of fraction 3 molecules leads to a
net increase in fraction 4. Simultaneous random- |
..polyphosphatase action leads to a reduction of the average
polymer size of all fractions. ‘In the case of. fraction 4,

the majority of polymer scissions will result in fragments
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of a size Whlch can act as a prlmer for contlnued synthes:.s~ I

' Fractlon 3 and 4 thus may represent at least in part a - _
cyclrc system durlng net polyphosphate synthe51s. Thls rs i

| reflected in the rapld lncrease in- fractlon 4 (Frg 6) 2.-o.;;3-f:}t
Scrssron products of fractron 4 Whlch are too . small to act
‘as a. przmer constltute addltlons to fractions l and 2 as

LS

well as the orthOphosphate pool.' The partlal recycllng

i

of fractlon 3 leads to reduced addltlon to fractlon 2 and : e ~
therefore to a reductlon in the pool size (Flg. 4). . This -
in turn leads to a (much less pronounced) lowering of
fractlon 1 levels~(Flg. 3) As net polyphosphate synthesrs
slows, the outflow from fractlons 3 and 4 exceeds that :
/ from the proportlonately much smaller pools of fractions
1 and 2, and~consequently a( lncrease in the 1ow molecular
weight fractions oCCurs. This trend continues until steady
state condltions are established with the onset of stationary
&,-p?ase.

=

-

[ |

Role of Polyphosbhates ih Cellular Metabolism

The rapld accumulation of polyphosphates by prevrously

phosphorus starved cells has been descrlbed as overcompensatlon

(Liss and Langen,_1962). This phenomenon is even more'
‘accentuated when the phosphorus starved cells are 1ncubated ~
" in "no growth" medium contalnlng orthophosphate and‘
\\bshd(ﬂarold, 1966) . Thls was lnterpreted by Schmidt

(1966) to be a conz\quence of the abundant supply. of’ ATP,

[ J
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- i‘*.more specrflcally, a hlgh ATP/ADP ratlo.. The queatlon in
“.A' the present 1nstance lS, what factqrs are anOlVEd during

normal" growth whlch brlng about the lncrease in polyphosphates
.‘?observed? ‘ B -

| The rapldlchances ln fractlon 2 and 4 begln just
‘,_prlor to deceleratlon of the growth rate (Fig. 1) and’
Aconsequently c01nc1de with the dlsappearance of glucose from

'the medrum and the attainment’ of resplratory capacrty by

the cells (Croes, 1967' Keup, 1967) More 1mportantly

1=‘“-‘ it ¢oincides w1th the beglnnlng of a sharp decllne in RNA
.content (Flg 8)}‘ Thls antagonlstlc behavrour between T
Tpolyphosphates .and nuclelc acrds has been observed by a

f ?‘-number of workers (Kuhl, 1960; Harold, 1966), but the
_ relatlonshlp has remalned obscure.. Balley and Parks (1972)

) measured ATP levels in yeast durlng "normal" growth and

found a sharp lncrease at the end of log phase,apeak-levele mmvm—---f

atrthe beginnrng of deceleration and a decline thereafrer;
The rise in ATP ievel thus coincideS'with the decline in RNA
and rhe increase in poI&phosbhate synthesis.

| The funotional relationShip of these changes is
_interpreted to be-as folIowsir The: sharp decllne an total
RNA lS indicative of reduced ATP demand while a hlgh
orthophosphate level (Flg. 2), poselbly elevated by nucleotlde ~
.hydrolySLS, and undiminished phosphorylatlon capac1ty would -
bend_uowardhhioh ATP levels as found by Bailey and Parks

- {1972). Under‘these conditions the polyphosphate pool



e becomes a sxnk for excess phoéghorglating caoacity . In
'other words, it acts ‘as a buffer to absorb excess ATP
produced Unfortunately no information is avallable
concernlng changes in the ﬁgvel of - ADP durlng growth\\ As
' Kornberg (1957) demonstrated the reaction catalysed by
polyphosphate kinase in v;tro is readily reversible even“at
low ADP 1evels. In order to.determine whether this is the -

o

L, - case wrth yeast in. vzvo, ADP levels during growth - analogous
‘ %
to the experlments by Balley and Park for ATP\- will have

to be q*termlned _ Ca

a

Changes in Polyphosphates During Sporulation

*

As can be seen fram Figure 11, the phosphorus content
per cell remains unchanged for at least the first 14 hré of

| sporulation. Any changes in the'magnitude of the‘various
.phosphorus_fractions must, therefore, be.the result or shifts
in the internal pools. Durlng the period between ‘T, and T,
the net change in polyphosphate 'level is negllglbie (Flg. ll)
but there is a 51gn1f1cant reduction in the pool size of
fractlons 3 and 4 and a concomitant increase in fractions

1 and 2 (Fig. 12). This shift occurs éuring'a period

‘Iwhen the enerd&'balanceAOf the cells would“be expected to

deteriorate in the.absénce of an external energy source.

The reductlon in fractiong 3 and 4. may thus be a consequence

of 1ncreased utllizatlon and/or a lowered rate of synthesis.

Surpr151ng1y, during the first 2 hrs after transfer of ‘the
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cells to sporulation medium, total polyphosphates (Fig ll)

1 L

remain unchanged.' This is also’true- for orthophosphate

with the exception of a small and tranSient lnltlal increase

(Fig. ll) This may indicaté'that (l) the energy (ATP)

generating system of the cells is suffipient to satisfy
the 1ncreased demand and the energy- potential of the

polyphosphates is therefore not utilized, or {2) the

polyphosphates’are not an energy storage .system and the constant
‘level reflects a lack of demand for‘stored phosphorus. The

‘ small‘increase seen in fraction 4 between'T and Tz‘(Fig- -12)

may indicate that the shift 'in the energy balance is toward
an increased polyphosphate 'synthesis and lack of net
accumulation of polyphosphate is the result of increased
turnover. Determination of ATP/ADP. ratios, as mentioned
above, may.provide & partial answver. .

The functional lnterrelationship of the four
polyphosphate fractions (Fig. 12}. suggested earlier for the
growth phase is not readily apparent from the fluctuations

-

1n the pool sizes. The changes 1n the level of orthophosphate

) ;f(plg, 11) and polyphosphate fractions 1 and 2 (Fig. 12)

during the first 2 hrs.of sgorulation are likely the
consequence of rapidly changing pooltdemands caused by an
increased turnover and (although small) 1ncrease in RNA
content; in the process the normal pattern of the precursor-

(
product relationship of the four fractions.may be-obscured.'



-

_There a;;\thangee”in the various fractions beyond this time

however which- suggest that there may- be differences in the
metabolic function of the different pools. The main
indication is found;;n th%_rapid_decline of;fraCtion_2
between T, and Ty, which occurs at a time when other’
polyphosphate fractions'remain constant or increase in
amount suggesting a "donor function for this fraction which
'is not shared by the other pools during this period.
The increase in fraction 3“between Tg and. Ta begins

. at a time when orthophosphate reaches maximal levels, but is

-
not followed by an increase in fraction 4 as might be expected.‘

An explanation for this discrepancy will be offered-later,

-
*

Changes in RNA #evals During Sporulation
| Reports in the literature present contradictory
results concerning changes in RNA content during sporulation.

. Esposito-et al. (1969) found a ldrge increase in RNA during
-the first 10 hrs of spdrulation folLowed by a gradual decline |
such that, after 50 hrs the RNA level exceedad the Tq valde )
by 20%. For. RNA analysis these authors used the orcinol

d&method which, as has been stated earlier, -is sueceptible to

"carbohydrate,interference. ‘Theix RNA determinations‘are

,therefore Rrobably not reliable: Support for thie criticism
is the coincidence that the time of maximal RNA ‘level the

_ reported corresponds with the period of maximum soluble

‘.glycogen accumulation (Kane_and-Roth, 1974; Fig. 32*

g
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Chaffin ettali (1974) report an. increase in RﬁA-beéinning' T
Aabout'fu Sando and Mlyake (1971) report a(small lnmtlal.::
lncrease followed by a gradual1dedllne and Croes {1967) '\
falled to detect an lncrease and found a graduay decrease

\to approximately 50% of the T 'value after 24 hrs. The

latter results are similar to the pattern shown in the present
work.* The more rap;d decline in RNA Level (Fxg 135) may

be ascrlbed.to the h;gher sporulatlon-percentage (90'— 95

as compared to theixr 70 - 75%) and. the shorter time course

of sporulatlon obtained wlth the ‘yeast strain’ used in this

- study.  The transient increage ir RNA level fOllleng'Tln

has not been reported elseﬁnere, possibly because of the
-much longer tine intervais between successive readings
taken by other investigators. It is not believed to be. an.
artifest since-it was a consistent feature of all analyses
done.‘ It is of interest in this connection tnat Esposito
et ai; (1969) found two peaks of proteln synthesrs during

/_-/
Sporulation. The second peak occurred at a tima when

. »8porulation approached/the maximum percentage of-asci

- observed and coincided with a'period of ‘extensive 1lipid
: and colh _ : | -

occurred It El possible that these events are assocxated

with the deposition of -a fatty layer_on the spore-surface <

as reported by Mille d Hoffman-Ostenhof ) .

&

r * . . | -
; synthesis. In t s of the present work this may correspjjgjtﬁ:
to the period d ringnﬂpich the increase in RNA level. o .




+third extrack was negligible,~e considerable
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Changes in Residue Phosphorus

It is unllkely, in the writer s oplnlon, that the

‘incredsing amount of resrdue associated phosphorus is.

" indicative of the accumulation of a new sporulatron-speciflc

;compound. Evidence has been presented earller whlch

suggests that polyphosphates ara not always conpletely
removed by standard extraction procedures. A,merked 4ncrease

in the amount of residue phosphorus parallels the appearance

. of . spores in “the culture (Flg. 14§; no further lncrease

_ durlng spore maturation ie obserVed ‘This is 1nterpreted

as evidence that the spore envelope is consrderably more resxstant

“to extraction than the veqetative Gell envelope ‘and that of

developing ascus. ' The greatér resistangehmay be imparted
byhthe lipiads essociated with the outer spore_coat '/(
(Illingworth st al.1973). o e

During three successive extractions for DNA dccording

;to‘the methpd of Ogur and Rosen (1950), it was found that

while the amount ofﬁﬁv absorbing,materiel-present in’the

) B \ - L . . ’ . -
~phosphorus appeared in this-extrabt,,apprdximetel alfof

it ag orthophosphate} Since phosphoproteins are,resietant
to hydrolysis under the conditions employed the infarence .
is that the phosphorus extracted was part of an unextracted
polyphosphate f ction,_presumaply of hrgh molecular welght _

since they are {the most dirficult to solubilize. 'In.other -

words, we arxe probably dealing with -fraction 4 polyphosphates

A
-
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. which wera not extracted with the_normal method eecause of
the additional'rosistance.posed by the spore envelope. Tne

-

trne lovel of‘ftnction 4 would thon be not qs represented_in
' Figureilg but to/it wouid naVe to be edded-pett or all of
" the increaserin residue'phosphotuSiwhien‘oceurs‘frdm TB‘A; -
'onward (fig. 14, eurve'l)L " If this is so,‘then'the '
fluctuatibns’in the féﬁ: polyphosphete fractions dtring o
sporulation, with the exception of the initial period from‘
T, to Tz, conferm with the precursor—product relationship
.proposed earlie: nltheugn the magnitude of the_cﬁgnges is,
much snaller than that oceurring dnring'the_growtg7phase.

- o ’ :
Some General Comments on Problems of Data Interprotation

In any field of endeavoﬁr‘specific methoésybeéome
established with time, often with the precedent 6f‘nuch
usage obscuring/tneiq inherent limitations Qinilerly, it
is often found that hand in hand ‘with the creation cf an
established way‘of_ipterpretingfexperimental data, or
loeking at a specific problem, goes a tendency to try to
make new findings fit into tHe sccepted'pattern and much
| less critical thinking is emplque in examining alternate
possibilities of interpretation. _ _
In the study of polyphosphates several examples which A
' illustrate this attitude exist. The purpose.of these .

P

closing remarks is to- point‘out instances where a more

c:iticel attitude would be'desirable.
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E To this day repcrts on polyphosphates ebound wlth
references to (TCA~) soluble ang - (TCA-) inSOlUblL
-polyphosphetes,.termlnology which goes back to Juni et nl.
{1947). and wieme (1949). notwithstanding the fect that all
polyphosphates are (TCA-) soluble It hes been recognl-ed :

i carly that the " soluble polyphosphetes ara' of low molecular
weight (i Q. short chain}, end the “insoluble polyphosphetes .

of mucgh lerger everege molecular weight. As Ketchmann and

lvan Wazer (1954) have shown. polyphosphetes end protelns

v co-precipitete in solution The degree of co-precipitatlon

depends primarily on the chaln length of the polyphosphetos
l"but also on the pH of the medium and the type and si e of
proteins present. "In fact, proteine have been used to |
'_precipitete the synthetic polyphosphetes known as Graham's
‘-salt and Kurrol's salt since the 19th century. ‘Simllerly,

' Kuleevu(lQSS) hes shown nuclelc ecids and (longlchein)
_pol?phospbetes form lnsoluble:complexes‘auring»extrection
‘From this informetion it seems reasonable to suspect that
the resulte obtained using an ertificiel separation of the'
polyph phates into ‘"soluble" and "insoluble may ba

_ influe%ted significently by the phyeiological state of the )
orgenisms which are anelyzed. During periods of growth-
'limiting conditions such as exist etwstetionary pnese,‘thé _
size of the soluble polyphosphate pool mey appeer relatively

‘=lnrger simply because the emount of complexing or -

'lpreciplteting agent (RNA and proteins) present in the cell

w

-
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jls-much roduced'. Apparent shifts in pool sizes may o j
therefore be misleadlng unless a chaln length distrlbutlon
analysis oE each fractlon is made concurrentl} each tlme an
assay’ lS performed. To the writer' s knowledge all average
-_chain length determlnatlons of the varlous polyphosphate féﬁ_
'-fractlons hava been performed uslng extracts from cells
.whlch were grown according to the scheme preferred by each
indlvldual lnvestigator and the answers obtalned heve varied
widely. It may well be that part of the variance. was the
consequence of the growth regime.(and thus. the complexlng
.capacity of tue cells)' | |
Quite apart from the lnfluence of complexing egents e
it is not at all certain that the resistance of he cell |
-envelope to. extraction remains the same durlng growth (and

.

Sporulation) The evidence in the present case is that
_spores are much more rasistant to extraction than vegetative
cells. It seems not unreasonable to suspect that this

addeé resistance-may affact some .amponents of a-
heterogeneous population of molecules more than others,
that, for instance, transfer RNA may be affected less than
ribosomal RNA.. Nith polyphosphates it may mean that soma
'fractions_are incompletely extracted (as has been suggested.
in the present work) or, that perhaps the average molecular -
weight of the molecules making up a particular extract
changas. In eithex case misleading\conclusions are likely

‘drgun. | ' - _
. . o /\

v
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' Lastly, the writer feels far ‘too’ little attention'A

o has been paid to the problem of locali.ation and

compartmentation in relation to polyphoephate metaboliem. ’
The general attitude df most reeearchers in the field has
been to treat the synthesis and degradation (including
utilization) of polyphosphatee as a unified or closed
‘process, yet there is evidence that we may ba dealing with

o

polyphosphates within +the cell has been’ th subject of much

. & very heterogeneous systenf, The exact lozation of the

early epeculation., There is now good evidence that some of
the polyphosphates are localized in dietinct granules (for
roview, sea Widra, 1959) and in the nucleus (Grosaman and
Lang, 1962; Griffin, Davidson and Penniall 1965; Griffin
and Penniall, 1966; Penniall and Griffin, 1964). Indge
(1968) has shown that most long chain polyphosphates.are

‘associated with the vacuolar fraction and Weimberg and Orton

- {1965) have presented evidence that some polyphosphates may

‘be associated with the outer cell membrane. Most recently
Kulaev’ (1973) has reported that different polyphosphate
fractions can be £ound in dietinct locatione. but the
‘evidence presented is far from conclusive. ‘
Even by the most critical etandarde it appears that
there existe a Spatial eegregation of the polyphosphates in

the cell and it seems- reasonable to susgect that the

compartmentation reflects a difference in function. The
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-rquertion of course is does each compartment represent, at

”least eseeneially, one of the fractions we recognize as an

= extraction entity (e ga fractiﬁn 1) as Kulaev (1973) suggeete,-

Cor does it represent, esentielly, a crose section of all of"

- the extractable polyphosphates? If the formexr is th/,ceee

,igthe specific‘functional inVOlvement5of eech fraction in theC -

- general metabolism ought to be recognizable in terme of L‘\

.pbol size chenges and labelling'patterns. V%fy little work
along these 1ines hae been ‘done. If'the second aeeumption
is correct, and in the writer 8 opinion, it is the more

reaeonable alternetive, then answers to the.functional

specificity b: different compartments will be very difficult

T

. to'obtain.l Some of the ewvidence indiCating the possibility

. of finctional diversity has already been referred to earlier
_ (Matsuhashi, 1963; Ehrenberg,1961). The labelling patterns -
of the four polyphoephate fractions which were the basis of

" the precqrsor—product relationship postulated by Langen and

Liss (1958) and Langen, Liss and Lohmann (1962) showed that

polyphosphate frection lﬂnever approached that of fractions
2,3 and 4 either in specific activity nor in totel Cpm.

This was explained as being due to pool dilution™ by the

above authors, but the more reaeonable answer would be the '

.partial utilization of fraction 3 and 4 polyphoephetee or ,

the existence of mare than one pathway and/or locus of poly-

phosphate eynthesie. It was mentioned earlier that Ehrenbef@ (1961)

N .
- e - PO . . -
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- observed*an‘accumulation 0f‘fraction 2 pOIfbhosphates which
i couldﬂnot be ascribed to breakdown of long chain rraction
3 and 4. The'“pool dilution of Langen and LlSS (19:8)
may be due to simultaneous synthesis via’ two separate
pathways which may be spatially separated in the cell,.one
_utilizing labelled the- other unlabelled precursor.' An
example of partial separation of precursor pools was prOVlded"
by Langen and ﬂiss (19607 with ~ respect to orthophosphate.
:'After pulse 1abelling yeast cells they monitored the speCific'
‘acthLty of the cellular orthophosphate and the terminal phosphate
.group of ATP follqwing transfer of the washed cells to phosphate
free medium. ‘It was found that, the specific actiVitv of the
extractedQorthophosphate_even initially (i.e. at ?o) was
substantially lower than that of the orthophosphate in the
medium and declined rapidly during the first five minutes .
'in‘sgosphate free mediufr~~ The specific actiéity of the
.terminal phosphate group ofaﬁTP ‘during this time increased
initially. -to- épe level of the labelled orthophosphate in o
. the medium and subsequently declined gradually but remained - oo

significantly higher than the activity ofétne extracted

'orthophos hate pool for at least 10 minutes. The authors
. B €, ' ‘

explained these results by postulating t existence of

-

" . ‘the functional separation of the orthophosphate into two

pools one of which is much more actively i vead. in the

metabolic processés of the cell (and which includes the

I

. '

G .
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labelied phoephorus) while the other, unlabelled pooi7

part1c1pates only marglnally (i. e. has a neglmglble turnover).

It would appear that the same argument can he used to. explain:

the labelling pattern reported by Langen_and LlSS (l958);

i Langen, Liss‘end &ohmann (1962i-and Liss end‘Laﬁgen (1962) .

for polyphosphate fractlon 1. The rapld decllne of fractlon
2 during Sporulatlon observed in the present work can also
he 1nterpreted in terms of the spec1f1c 1nvolVement of
this fractlon 1n other metabolic processes as hes been
mentioned earlier. ' - . i o

_From the foregomng remarks it is clear that
clarlflcatlon of these uncertainties w1ll requrre a substant1a1
1nvestlgat1ve effort The. contrlbutlon of the present work : |
has been to show that 1arge scale changes in ‘the proportlon

of the vérlous polyphosphate fractions occur durlng growth

and sporulation and that these changes appear to be
: e

: correfEtEﬁ‘ﬁzth specific changes in the metabolism of the

cells. The exact nature of this igterrelationshipfremains
. \ ' . - ' .' "
to be determined. '



SUMMARY,

Polyphosphates accumulate durlng growth and reach
peak levels at the end of the growth phase._ At this stage
. they represent approxrmately 50% of all cell bhosphorus.

The 1n1t1al 1ncrease is the result of the accumulatlon
of long chain poiyphosphates ahd occurs at a tlme when RNA
levels begin t6 decline sharply.’,Durlng the continuing
increaee,in total‘oolyphosphate contehu the intermediate and
short chain components increase rapidly while the long chain
fractions decline. A scheme is proposed which attempts to

explain the‘fuhctional interre}ationship of the different
| fractions.

During the period of polyphosphate accumulation
orthophosphate decllnes to about 65% of the peak value obsexrved
Adurlng log phaseh)whlle phosphollplds remain unchanged
throughout ‘the. growth phase. T

Durlng sporulation yeast cells increase in dry _
weight by approxlmately 60%. The attainment .of 1argest dry
" weight coincides with the flrst appearance of spores in
-the cultures ALl four polyphosphate fractions decllne
during sporulation to a iow level; the appareht decline

becomes most pronounoed about the time maximal sporulation

is attained.

86



" Both orthobheéphate and phospholipids increase by

LSOQIWithin 6 hrs after transfer of cells ‘to sporulation

.. medium and remain unchanged thereafter until:5pordlatioh is}ﬂ;f'

completé.' RNA 1evels decline to approxxmately 65% of the.

T, value w1th1n 15 hrs and remain almost constant thereafter,
'.whlle the amount of extractlon resistant phosphorus

remaining in the cell residue inereases. The rate’ of ;
_increase of this fraction becomes- more pronounced with the
appeaxance of spores ana reflects the increasing extraction

resistance of the cells.

gt
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