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Abstract-The presence of an enzyme capable of mcorporatmg 35S0,z- mto 3’-phosphoadenosme S’-phospho- 
sulphate has been demonstrated m Ochrornona~ dumca and 0 malhamensl~ This system probably includes the 
cnzymcs ATP sulph‘tte ‘tdenyltransferase. E C 2 7 7 4 and ATP adenylsulphate 3’-phosphotransferase, E C 
27125 

INTRODUCTION 

THE ALGA Ochromonas damca, a member of the Chrysophyceae, synthesizes considerable 
quantities of a hitherto unknown class of polar lipids, the chlorosulpholiplds.1p5 There are 
two series of chlorosulphohplds; the most abundant consists of docosane-lJ6disulphate 
and its chlorinated derivatives having from 1 to 6 chlorine atoms replacing hydrogen 
atoms on the ahphatlc chain whilst the least abundant consists of tetracosane-1,15-disul- 
phate and its mono- to hexa-chlorinated derivatives. 

It has been suggested6 that the chlorosulpholiplds are synthesized by way of docosane- 
1,14-dlol and tetracosane-1,15-dlol, the primary and secondary hydroxyl groups of which 
are then sulphated by “active sulphate” (3’-phosphoadenosine 5’-phosphosulphate; PAPS). 
In order to prove that PAPS 1s the donor of the sulphate m chlorosulpholipid biosynthesis 
it 1s necessary to show that 0. danica IS capable of, (a) forming PAPS from sulphate, and 
(b) transferring the sulphate moiety of PAPS to a chlorosulphohpld precursor. The pur- 
pose of this paper is to show that 0. damca and the closely related 0. malhamensis, which 
also appears to synthesize sulphohplds of the type found in 0. danica,‘,’ are capable of 
forming PAPS from sulphate. 

’ MAYERS, G L and HAINES, T H (1967) Biochemistry 6, 1665 
* MAYERS, G L , POUSADA, M and HAINES, T H (1969) Bmchemrstry 8,298l 
3 HAINES, T H , POUSADA, M , STERN, B and MAYERS, G L (1969) &o&em. J 113,565 
4 ELO-YX?F, J. and bGE!AX,. P R. (.!.949).Prcx NY a!/& &!_ si .s f&%7 
5 ELOVSON, J and VAGELOS, P R (1970) Biochemistry 9,3 110 
6 MOONEY, C L , MAHONEY, E M , POUSADA, M and HAINES, T H (1972) Bmhemtstry 11,4839 
’ HAINES, T H and BLOCK. R J (1962) .I Protozool 9,33 
8 HAINES. T H (1965) J Protozool 12, 655 
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The formation of PAPS from morgamc sulphate and adenosme 5’-triphosphate (ATP) 
m bacteria, fungi, animals9 CIzlo~ellu p~~refrOr&.s~,l ’ and Eugle~m grucrl~~’ ’ and higher 
plants’ 2 requires the activity of three enzymes, ATP sulphurylase (ATP: sulphate adenyl- 
transferase, E.C. 2 7 7.4) APS kmase (ATP. adenylsulphate 3’-phosphotransferase, E.C 
2 7 1 25) and pyrophosphatase (pyrophosphate phosphohydrolase, EC 3 6 1 1) which 
catalyse reactions (1) (2) and (3) respectively. 

ATP + SO,‘- = APS (adenosme 5’-phosphosulphate) + PPi (1) 

APS + ATP = PAPS + ADP (2) 

PPi + H,O G 2P1 (3) 

The equihbrium of reaction (1) is very unfavourable for APS synthesis, bemg about lo-* 
for the yeast enzyme at 37^ and pH 8 The reaction is however pulled m the direction of 
APS synthesis rn L’ZUO by the rapid removal of the products of the reaction, APS by reaction 
(2) and morgamc pyrophosphate by reaction (3).’ 

RESULTS AND DlSCUSSION 

Incorporation of 3 5 SO,’ - mto APS and PAPS by cell-free preparation of Ochromonas 

(a) damca LIU~/ 0 malhamensis 

Aliquots (1 ml) of an 860009 supernatant fraction of logarithmic phase cells of 0 dunlca 

and 0 malhamensls were incubated under anaerobic conditions and m the absence of hght 
for 2 hr at 30” with 50 pmol ATP, 2.5 prnol MgCI,, 25 /lrnol mercaptoethanol, 150 I_IC~ 
3sSOq2- one unit of pyrophosphatase and 50 pmol of either Tris buffer. pH 8 5, or phos- 
phate buier, pH 7 5 Incubation under anaerobic conditions and m the presence of mer- 

captoethanol protected the cell-free system from air oxidation: the same conditions were 
shown to be required for PAPS formation by cell-free extracts of Chlo~llu pyrenoidosa.l(’ 
Incubations were carried out m darkness to prevent any possible degradation of PAPS 
to PAP and sulphite by the light-dependent reaction reported by Asahi.13 Radioactive 
substances formed durmg mcubation were separated from each other and from residual 
35S042p by high voltage paper electrophoresis Radioscans of the electrophoretograms 
showed two zones with mobihties. relative to 35S041--. similar to those reported for APS 
and PAPS l4 Then- identity was confirmed by comparison of their electrophoretic beha- 
viour with those of authentic AP35S and PAPS3”S (see radioscan 5. Fig 1) formed biosyn- 
thetically with a rat hver enzyme system.is Radioactive zones correspondmg to APS and 
PAPS were cut from the electrophoretograms, eluted and assayed for radioactivity by 
hquid scmtillation countmg Table 1 shows the results of a number of such experiments. 
The “complete mcubation mixture” (mcubation 1, Table 1) always produced a radioactive 
zone correspondmg to PAPS and less frequently one correspondmg to APS The mcorpor- 
anon of 35S042 mto PAPS was rather better with the 0 rl~rtlca cell-free preparation than 

“I HOLX~N R C and SCHIFF, J A (1969) Arch B~ochen~ BIO~/IJ,S 132, 151 
‘I DAVIES,‘~ H, MLR~~K, E I and GOODWIN. T W (1966) BIOL~~I)I J 98.369 
” MERCLR. E 1 and THOMAS, G (1969) Ph~to~he~t~~r~~~ 8, 2281 
” ASAHI, T (1964) Bmchzm B~oph~,> 4~ ta 82, 58 
I4 SEG~L, I H and JOHNSON, M J (1963) Arch B~ochenz B@IJT 103, 216 
” BANYLRJEE. R K and Ro\ A B (1966) Vol Phormad 2, 56 
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with that of 0. malhamensis. Tris buffer, pH 8.5, proved rather better than phosphate 
buffer, pH 7.5, with the cell-free preparations of both algae; the reason for this difference 
is probably one of pH rather than the nature of the buffer itself smce it has been shown 
that the pH optimum of APS kinase in yeast is 8.5-9.0.16 The “boiled enzyme” and “no 
enzyme” controls (incubations 2 and 3, Table 1) failed to produce any AP35S or PAP3’S; 
the only radioactive material detected after incubation was residual 35S042-. The “boiled 
pyrophosphatase” and “no pyrophosphatase” controls (incubatrons 4 and 5, Table 1) sup- 
ported an incorporatron of 35S042- into PAPS some 4-5 times lower than did the com- 
plete incubation mrxture, showing not only the rmportance of pyrophosphatase in the 
PAPS-synthesizing system but also the hkely presence of some pyrophosphatase in the 
algalcell-free preparations. Subsequent experimentatron with the 0. danica cell-free prepara- 
tion showed that best incorporation of 35S042- into PAPS was obtained when 50 ,nmol of 
ATP were present in a complete incubation mixture whose other components were present 
in the quantities given above. No PAP35S could be detected when 5 or 10 pmol of ATP 
were present and very little at the 75 pmol level; however when 30 pmol of ATP were present 
about 25% of the PAP35S found at the 50 pmol level was obtained. Similarly it was found 
that a 2 hr incubation period gave the greatest yield of PAP35S. The quantity of PAP3% 
produced increased steadily with increasing incubation time up to 2 hr but then fell away to 
85% of the 2 hr value after 3 hr presumably due to the presence of PAPS-degrading enzymes 
in the cell-free preparation. Such enzymes occur widely in both animal and plant tissues 
and include 3’-nucleotrdases,‘7*’ * 5’-nucleotidases’ 7 and APS- and PAPS-sulphohyd- 
raseslg which can result in poor apparent incorporation of 35S042- into PAPS when 
crude enzyme preparations are used. 

TABLE 1 INCORPORATION OF 35S042- INTO 3’-PHOSPHOADENOSINE 5’-PHOSPHO- 
SULPHATE BY CELL-FREE PREPARA~ONS OF Ochromonas damca AND 0. 

malhamenszs 

Incubation 
mixture 

Radioacttvlty (dpm) m 3’-Phosphoadenosme 
5’-phosphosulphate* 

0 danrca 0 malhamensts 
T&t Phosphateb Trts” Phosphate” 

(1) 23 215 12000 15600 10500 
(2) 0 0 0 0 
(3) 0 0 0 0 
(4) 5600 3700 3200 1800 
(5) 5000 1500 2500 1000 

* In some experiments a radioactive zone co-chromatographmg with auth- 
entic APS was observed Its radioacttvtty was 5-10% that of PAPS. 

t Average pf four experiments. 
(1kComplete system. 1 ml enzyme preparation, 50 pmol buffer; 50 pmol 

ATP; 25 pmol mercaptoethanol; 150 &i 35S042-, 1 umt pyrophosphatase, 
(2kBotled enzyme preparation; (3)-Minus enzyme preparation, (4)- 
Boned pyrophosphatase, (5)-Mmus pyrophosphatase, (atEnzyme pre- 
pared and Incubated m Trts buffer, final pH 8.5, (hkEnzyme prepared and 
Incubated m phosphate buffer, final pH 7 5 

I6 ROBBING, P W. and LIPMANN, F. (1958) J Bzol Chem 233,681 
r7 ROBBING, P W. and LIPMANN, F (1957) J Blol Chem 229,837 
‘s BRUNNGRABER, E G (1958) J Bzol Chem 233,472. 
I9 ABRAHAM. A and BACHHAWAT, B K (1964) Indtan J Btochem 1, 192 
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EfSect of‘nwlyhdate, chromate and tungstate on the mcorportrtmn of 35SOsz- rnto APS and 
(b) PAPS by a cell-free prcpuratlon of Ochromonas damca 

Bandurskl et al ” showed that ATP sulphurylase is relatively non-specific with respect 
to the anion which participates m reaction (I); all the group VI amons ~111 substitute for 
SO,‘-. However when molybdate, chromate or tungstate are Incubated with ATP and 

ATP sulphurylas;, AMP and pyrophosphate result. It IS assumed that ATP sulphurylasc 
catalyses the formation of the adenyl-amon anhydnde but that the latter IS very short-hved 
and breaks down to yield AMP and the anion. These amons arc therefore competltlve inhl- 
bitors of ATP sulphurylase and ~111 thus inhibit the incorporatlon of 35SOJz- into APS 
and hence mto PAPS 

(5) Authentic APS and PAPS 
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FIG 1 RADIOSCANS OF PAPER ELEC TKOPHORETOGRA ns SHOWIW THHI E I 61 CT OF MOLYfmATI ON THE IVCOK- 

PORATTON OF 35So,2- INTO APS AND PAPS BY A Ct LL-FRtt PRtpARATlON OF Ochiorriorza, dtrnrtu 
The 0 dan~cu cell-free preparation (I ml) was Incubated anaeroblcally m d&It kness lor 2 hr with 50 Limoi 
Tr~s buffer, 50 pmol ATP, 25 pmol MgC12, 25 ltmol mercdptoethCtnol I SO /KI -‘iSO+’ 1 umt of pq’ro- 
phosphatase and 0 ;Lmol (l), 0 006 jtmol (2). 0 06 I’rnol (3) and 0 6 imiol (4) of sodium molt hdate (final 
~012 ml, final pH 8 5) The 3SS-labelled compounds produced we!-e separated b\ paper electrophore\ls 
An authentic sample of AP35S and PAPa5S formed from 3’S0, 1~) d r,ct lrver &r! mc prcpzat~ori a 4’1 

also run on the same paper electrophoretogrdm for cornpnr~~on pu~povx (51 

The effect of molybdate. chromate and tungstate at three different conccntratlons 
(3 x lo-“, 3 x 10e5 and 3 x IO-’ M). on the ablhty of the 0 ria\zr~r cell-free preparation 
to incorporate 3sS0,2 mto PAPS was exammed Ahquots (1 ml) of the cell-free prep- 
aratlon were incubated under anaerobrc condltlons and ln the absence of light for 7 hr at 

“’ BAvoCRsK[ R S, W~r.w~x,, L Ci dnd ASAHI. T (1956) J 3ru C IICIII So< 78. hlOS 
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30” with 50 pmol ATP, 25 pmol MgCl?, 25 pmol mercaptoethanol, 150 &i 35S042-, 1 
unit of pyrophosphatase, 50 pmol Trts buffer, pH 8.5, and each of the inhibitors at the con- 
centrations given previously. The result of the molybdate experiment is shown in Fig. 1. 
Traces 14 depict radioscans of high voltage electrophoretograms of the incubation mix- 
tures containing no molybdate, 3 x lop6 M, 3 x 10e5 M and 3 x 10e4 M molybdate re- 
spectively. Trace 5 is a radioscan of authentic AP35S and PAP35S separated on the same 
electrophoresis run. It is apparent from the radioscans that molybdate inhibits APS and 
PAPS synthesis and that the degree of inhibition increases with increasing concentration 
of molybdate. The AP35S and PAP35S zones were eluted and radioassayed by liquid scm- 
tillation countmg. It was found that 3 x 10W6 M molybdate brought about a 36.4% inhibi- 
tion of 35S0 2- mcorporation mto PAPS whilst 3 x 10e5 M and 3 x 10W4 M molybdate 
caused 50.7 &id 67.3% inhibition respectively The same pattern of results was obtained 
with chromate and tungstate. The former amon brought about the following mhibitions: 
3 x 10e6 M, 64.4%; 3 x 10m5 M, 75.4% and 3 x 10e4 M, 100% whilst the latter brought 
about 19.7’/& 38.1% and 58.5% inhibition respectively at these concentrations. 

The results of the experiments carried out m sections (a) and (b) are entirely consistent 
with the presence of a PAPS-syntheslzmg system m 0. dunzca and 0 malhamensis. The 
fact that addition of pyrophosphatase to the cell-free preparations increases the incorpor- 
ation of 35S0 2- into PAPS whilst group VI anions, known inhibitors of ATP sulphury- 
lase, decrease ;t strongly suggest that the enzymes concerned are ATP sulphurylase, APS 
kinase and pyrophosphatase. 

Since these algae are capable of forming PAPS from sulphate it is likely that Hames’ 
suggestion’ that PAPS IS the immediate source of the primary and secondary sulphates 
of the chlorosulphohpids is correct. 

EXPERIMENTAL 

BIologlcal material Ochromonas damca Prmgshelm 93312 and Ochromonay malhamensu Prmgshelm 933/1a cul- 
tures were obtained from the Culture Collection of Algae and Protozoa. The Botany School, Cambridge Both 
algae were grown in shake culture m the hght at 25” on the chemically defined heterotrophlc media of Aaronson 
and Baker l1 

Preparatton ofcell-free enzyme system Algal cells were harvested m the logarlthmlc phase of growth by centn- 
fugatlon at 20009 for 10 mm They were then washed with either 0 1 M Tns-HCI, pH 7 0, contammg 50 mM mer- 
captoethanol or 0 1 M phosphate buffer, pH 7 0, contammg 50 mM mercaptoethanol Cells washed m the former 
soln were then resuspended m it (5 ml/g wet wt) and disrupted m a French pressure cell The cell crush was then 
centrifuged at 860009 for 1 hr at 0” The resulting supernatant was dlalysed for 3 hr at 4” against 0 05 M Trls 
buffer, pH 9 0, contammg 50 mM mercaptoethanol Cells washed with the phosphateemercaptoethanol buffer 
were put through a slmdar procedure save that they were dlsrupted m 0 1 M phosphate buffer, pH 7 0, contammg 
50 mM mercaptoethanol and their supernatant fraction dlalysed against 0 05 M phosphate buffer, pH 8 0, con- 
taming 50 mM mercaptoethanol The dlalysed supernatants were used as the cell-free enzyme system The protem 
content of the cell-free preparations was determined by the Bmret method” and was always m the range 25- 
35 mg/ml 

Incubation ofcell-free enzyme system Ahquots (1 0 ml) of the enzyme preparations were used m all mcubatlons 
and were nuxed with 1 0 ml of a soln containing all other reagents, the total vol of all mcubatlons was therefore 
2 ml In the experiments described m section (a) the enzyme preparations were Incubated with 50 pmol Trls buffer, 
pH 9 0, or phosphate buffer, pH 8 0, 50 ~~rnol ATP, 25 llrnol MgCl,. 25 pmol mercaptoethanol, 150 &I 
35S0 *- and 1 unit of pyrophosphatase The 35S0,2- was supphed by the Radiochemical Centre, Amersham, 
as an4aq soln (pH 6-8. carrier free) Pyrophosphatase was obtained, as a crystalhne suspension m 3 M 
(NH,),SO,, from Boehrmger Co (London) Ltd The final pH of the mcubatlon mixtures which utlhzed Trls as 
the buffering system was 8 5 whilst that for the mcubatlon mixtures which utilized phosphate was 7 5 In the 
experiments descrlhed In sectIon (h) the enlyme preparations were Incubated with 50 /lmol of Trls buffer. 
pH Y 0. 50 jcmol ATP 25 jtmol MgCI? 25 ~cmol mcrcaptoethanol I50 /ICI ‘iSO,’ I umt 01 pyrophosphatase 

” AARONSON, A and BAKER, H (1959) J Protozool 6,282 
** GORNALL, A G, BARDAWILL. C J and DAVID, M M (1949) J &ol Chem 172,751 
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