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SummlaIrylr. Acetate was incorp)orated by C'h/lorcll(i pyrlOiis(iosa into nonvolatile water-
soluble comIl)OunIds (amiino aci(ds, organic acids and( carbohydrates) \vith [)H optiluill be-
tween 4 ancd 5. Incorporation into lipid wvas maximial at p)H i7.5. The lproportion of
iiicorporate(l acetate in lipid was not significantly affected by acetate concenltrationi anil
chlorophyll concentration in the ranges tested. Illumination of Chlorell(/ durinig acetate
metabolism ilicreased the synithesis of lipid with concomitant (lecirease ini the synthesis of
\water-solul)le compounds. Nitrate aIndI amimioiniumii ioins ha(l essenltiallv nio effect oni ace-
tate metabolismi. InInibition by nitrite was greater on the synthesis of lipid. Illumina-
tion rev-erse(l the gross inhibition by nitrite, btut altered the (distrilutlion of incorporate(l
label in favor of the water-soluble compounds.

'I'he relationship of svntheses of lipid anid water
soltluble acii in clhlorol)1ast prel)arations has been
rel)ortedl (6). For fuirthier study oln the effects of
nitrogeni assinlilation on the pathwav of carbon metal-
ol]isism in l)lants, Chlor-ella pvyrcnoidosal has been tise(1
because ef its relative ease of manipulation, and( be-
cause restults obtained witlh the alga mav be of more
p)hysiological consequelence than studies with isolated
chloroplasts.

Relationship of lipid synthesis and nitrogenl metab-
olisni is ill(licate(l bv the changes in chenlical compo-
sition of algae suplpllie(l with different sotirces of
ni,trogen ( 9) Since illumination stimiulates both
niltrate reduiction ( 4 ) . and(l fattv aci(d synthesis (5,
10) one may sus)ect that und(ler certaiin conditions the
2 processes comlete for reduictanit. The wrork re-
lported in this l)al)er was (lesigne(l to assess the (legree
of competition tiio(ler photosynthetic and<l nonophoto-
syvnthetic conditioi's.

Materials and Methods

Cu(lti rc' of Ch/lor/la. TIshe ctulture of Clhlorella
/'ryrtoidosa was maint-ained uniider continuous illuni-
iniatioin on a mile(litiuim of 2 % agar in nodlifiedl Hoag-
land's ntitrieniit solution. Cells wvere grown in a tube
120 x .> cimi containiing mio(lifie( lI-loaglaiid's nutrient
soltitioii innoculatel with cells fromil the stock ctulture
( .). The culture was con,tinuously aerated at al)-
proximately 4 liters per miniuite with air whichi hadl
l.asse(l through activated clharcoal ani(l tlheni redis.tilled
wate,r. Illumination was l)rovi(le(l ly 2 30-w dlav-
light fluorescenit lamps niountedl 2. 5 cimi from the

' This investigation was supp)orted in part by a grant
(AP71 ) from the Division of Air Pollution, Bureau of
State Services, Public Health Service. and in part by
Cancer Researclh Fullds of the University of California.
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culture tube at each side. During cell niultipicationi.
the culture was maintained below absorbancv of 1 0
at 525 m,u b a(ldition of nutrienit solutioni. Cells
were harvested for experiniental \vork 4 to 7 dlaxys
after innoculation.

Reactioi .U!ixtlures. Approximately 100 ml of the
Chlor-ella cultture was centrifuigedl. alnd the niutrienit
solutioni discarded. The cells were washed by resus-
lension inl distille(d water followved by centrifugation.

an(d the washed cells were then resuispende(d in 5 nill
distilled water. 'I'he chlorophyll concentration was
determinedl b) a mo(lificatioll of Arnonxs methiodI (1).
The aliquot of Chl/orella sulspensioli was shiakeni withi
1 1m1l methanol :chloroform (2:1, v/v) to break the
cells, 19 nml acetone was then addded and water to muake
a final volume of 25 ml. ChlIorophyll concentration
was then calculated froml the Ot) reading at 6.52 nu.
Reaction mixtures consisted of 0.5 mil 10-1 x\t buffer
(phosphate, pH 6.5 unless otherwise state(l), 0.5 ml
C/ilorella suspension, radioactive substrate, anid water
to make a fintal volume of 1.50 i ml. The reaction
mixtures, in glass stoppere(l centrifuge tubes, were
maintainied at 30° in a water bathl.

Ex-traction ai(l Assay. \\hen acetate was used as
a substrate, 4.5 il of imiethialnol: chloroformi (22: 1.
v/v ) was addedl at the end( of the reaction l)eriodl.
After vigorous sliakilig. 1.5 nil chloroformil was added,
the mixture sh,aken again anid theni centr-ifugedl to
form a chloroforimi layer and all aqueous layer (2).
h'l'e layers were separate(d by use of (lropping pipets.
The resi(lue was extracte(d with the chloroform:1meth-
aniol, and( wa,ter. The aqueous fraction was washed
-%vith 2 nil chloroformii an1d the cliloroformli fractioni
was washetl with wvater. The chloroform fractions
were combined, as were the aqueou.s fractions. T'he
vater soluble fraction was acidlified with 0.2 mil 0.2 -

HCI. Aliquots of the fractionis were (Iriedl on plan-
chets andl countedl with a Geiger Mfuller cotinter.
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WVhen glucose, malonate or mevalonate was used
as substrate, the incubation mixture was centrifuged
at the end of the experimental period and the super-
natant fraction containing the unused substrate was
discarded. The cells were washed by resuspension in
1.0 ml distilled water followed by centrifugation.
The washed cells were then extractecl as described
above except that the aqueous phase was not acidified.

The water soluble fractioni was fractionated in
some cases by chromatography oln a columni of Dowex
50 (H+) (10 X 0.9 cm). The water eluate contain-
ing organiic aci(ls and carbohydrates was chromato-
graphed onl Dowex 7 (formate) (10 X 0.9 cmll). The
water eluate from the latter column contained carbo-
hydrates. Amino acids were eluted fronm the Dowex
50 with 2 N NH4OH. Organic acids were eluted
from the Dowex 1 with 8 N formic acid. Radioac-
tivity of the fractions was assayed by counting a
dried aliquot with a Geiger Muller counter.

Reagen ts. Acetate-1-' 4C and glucose-U-1 4C were
obtaine(d from Volk Radiochemical Compani.

Results

Distribuitioni of Inicorporated Suibstrate. The ex-
periments to be described measured the proportions
of incorporated substrate found in lipid and nonvolatile
water-soltuible compounds. It was established that
variations in the amoun-t of Chlorella, in the range
0.02 to 0.18 mng chlorophyll per ml reaction mix-
ture, did not affect the distribution of incorporated
acetate. Variations in the concentration of acetate,
from 4.3 to 107 numnloles per ml reaction mixture,
showed that the percentage of incorporated label in
lipid was colistaint up to 60 m/umoles/ml with a slight
decline at higher concentrations. The time elapsing
between transfer of the Chlorella froni agar to the
ntArient solution and harvesting the cells affected
the proportion of label in the 2 classes of compounds.
In 1 experiment where cell's were harvested 3, 5, 7,
and 10 days after innoculation, the percentages of
incorporated acetate found in lipid were 78, 75, 55,
and 38 respectively. Consequently, the data obtained
are comparable only within a given experiment.

Illumination invariably stimulated lipid synthesis.
The (listribution of incorporated label in the water-
soluble fraction was 60 to 70 % in amino acids, 25
to 35 % in organic acids, and 5 to 15 % in carbo-
hy(drates.

Effect of pH otl Cairbonz Mlctabolisml. When ace-
tate was used as radioactive substrate, the total incor-
poration was maximi,al between pHis 4 and 5 (fig 1).
In this range the incorporation intio the water-soluble
compounds was approxiniately 10 tinies that of the
inicorporation into lipid. The pH miiost suitable for
incorporation of acetate into lipid was 7.5, wheii the
incorporation of acetate into non-volatile water-sol-
uble compounds was onily twice that into lipid.
When glucose was used as radioactive subsitrate, the
pH optima for incorpoTration into water-soluble com-
pounds and lipid were 8.0 and 7.5, respectively. For
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FIG. 1. Effect of pH oni acetate metabolism. The
reaction mixtures contained 50timoles buffer, 143
nVqumoles acetate-1-14C, and 0.5 ml Chiorella suspension
(0.08 mg chlorophyll) in a finial volume of 1.50 ml.
Incubation was for 25 minutes at 300 under laboratory
light conditionis.

further experiments. p)H 6.5 (phosphate buffer) was
chosen as standard since at this pH both lipid anid
nonvolatile water-soluble compouncds were signifi-
caintlv labeled.

Neither malonate nor mevalonate was significantly
incorpora:ted into lipid at any pH tested.

Carbon Metabolism in the Presence of Nitrogenouis
Coinpounds. The influence of nitrogenous com-
pounds on the metabolism of acetate and glucose is
shown in table I. Aimlmonium ions consistently caused
a slight stimulation of 'incorporation into the water-
soluble fraction, primarily amino acids, but had essen-
tially no effect on lipid synthesis. Nitrate affected
neitiher the metabolissm of acetate nor glucose. The
concentration of ni'trite used was inhibitory when
the reaction vessels were not illuminated. Inihibition
of acetate metabolism was observedl at concentrations
of 10-4 M nitrite and above in darkness. Although
inhi,bition of incorporation into 'both water-soluble
and lipid fractions was observed, inhibition of lipid
synthesis was invariably more severe. At nitrite con-
centrations higher than 10-4 M, the inhibition observed
with reaction mixtures in darkness could be reversed
by illumination. The presence of nitrite during ace-
tate metabolism in the light was always accompanied
by a change in the distribution of incorporated ace-
tate. As compared to controls, the incorporation
into lipid was less. Inhibition of acetate metabolism
by hydroxylamine was observed at concentrations of
10-5 M and higher.
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Table 1. Comiparison of Acetate antd Glutcose Mletabolisml
in, the Presenicc of Nitrogenous Comtpounds

Th-te reaction mixtures conitained 50 ,lmoles phosphate buffer pH 6.5, 0.5 ml Chlorella suspenision (0.09 milg chloro-
phyll), either 32 m,moles acetate-1-'4C or 89 nirmoles glucose-U-14C, and nitrogenouscoinpounds as indicated at final
concenitrations of 2.5 X 10-2 Mi, in a fiinal volume of 1.50 ml. Inicubation was for 25 minutes at 30° under laboratory
light coniditions.

mn,tgnoles incorporated/miig chlorophyll
Acetate

H.,O Soluble

8.5
,54.3
8.7
15.2
70.0

Lipid

162
165
13.6
35.7
164

Total

220.5
219.3
22.3
40.9

234

Glucose
H.,O Soluble

595
608
317
283
651

Lipi(d Total

67.3 662.3
70.9 678.9
6.9 323.9

44.9 326.9
68.1 719.1

Table II. A cette 3 htaboli7s, in the Presenice of0 Nitrogic iois (.oniponniids and Illiomii(otionl
The reaction mixtures containied 50 ,umoles phosphate buffer pH 6.5, 32 mnirtioles acetate-1-14C. 0.5 ml.l Chiorella

suspensic-n (0.23 mg chlorophyll), and(l nitrogen compounds as indicate(d at a final concentration of 2.5 X 10-2 MI.
The final reactioni volume was 1.50 ml. Illumination was wrovided by 2 300-xw spot lamps, dark vessels being pro-
tected by aluminum caps. Incubation was 25 minutes at 300.

Acetate incorporated, mnumoles/mg chlorophyll

Lipid

32.8
30.4
7.0

11.1
31.7

TGtal

47.4
44.9
13.3
16.3
51.2

L-ight
H.,( Soluble

10.2
13.2
22.6
8.1

13.5

Lipid

70
66.6
51.6
22.3
64.5

Total

80.2
79.8
74.2
30.4
78.0

Effects of concurrenit illuiminicationi and supply of
nitrogenouls comiipoutlnds are shown ini table II. Ini

the colntrol, nitrate, or am,monium treatments. the
resuilts are consistenit with observations malde
Wfihen the physiological variations were made sepa-

ratelv. Nitrite inhibition in the absenice of illumina-
tioIn is tNypical inl that lipid synithesis was inhibited
more than the synthesis of water-soluble com)potiinds
(79 % as opposed to 57 %). UInlder illumnination, the

inihibition by nitrite strikingly changed. Total incor-
poratioln was inhibited onily 8 %, whereas the inhibi-
tioin was 72 % in the unillunmtinated sample. Illum-
ination reversed the gross inihibition of acetate metal)-
olismii but wvithout restoring the balance between lipid
syinthesis anid the synvthesis of water-soluble com-

p)oundls. Hydroxylamine inhihition of acetate incor-
poratioll was Observed both ini darkniess anid liglht.

Discussion

'I'he effects of p1i oni ilncorporation of acetate 1)
(Chlore/la miay b)e explaiile(l )y the fact that the utldis-
sociate(l acid penetrates niiore rapi(llv thanl tihe ace-

tate ioni (3). Of the substrate penietrating, a greater
proportion is incorl)orate(l inito lipid as the pH is
raised to 7.5 possibly because of greater availability
of bicarbonate for the carboxylationl reaction in fatty
acid synthesis.

The knowledge that illuminationi of photosynthetic

tissue stimlliulates niitrate reduction (3), anid lipid svn-

thesis (5., 10) anid that lipid synthesis is stimutlated
tinldlerinitrogen starvatioln inldicate that photosynthet-
icallv produ1ced(l reductalit may be uisedl either for lipid
svnthesis or the several steps of niitrate re(lciction.
Reductioni of nitrite and hyIroxvlamine in reconi-

stitute(l chloroplast systems was mediated by ferre-
dloxin (7). On the other hanid. reducl-tion of niitrate
required FMN or F-AD. anid these cofactors couild

not be replaced by ferredoxin (8).
In the experiments reported in this )al)er. the

small effect of NH4, on the incorporation of acetate
intto lipid is to be expecte(l since there is little stimula-
tioin of amino acid synithesis and therefore little re-

quire-ment for reduotanit in its assimilation by gln-
tamilic (lehy(lrogeniase. The negligible effect of ni-
trate oni acetiate metabolism is surprising. Appar-
enitly anuy assimiflation of nitrate has ilot (diverte(l re-

(luctanit fromil the synithesis of lipid. Although as-

similation of nitrate was niot measured(l (dtring the
couirse of -the experiment, its as.similiation has been

assutmile(l sitnce it was lresent in the reaction miiixtuires

at the colicenitrationl use1d in growing the cells. The
effect of nitrite oni acetate nietabolisni was pro-

nouticed. Both in the light and(I in the (lark, lipid
synithesis was inhibited more than the synthesis of
water-soluible compounids, as w1ould 'be expected fromii
the 'diversion of reductant. The toxicity of nitrite
is almost completely relieved by illumination, pre-

Conitrol
NO.2
NO.,
N H.,OH
NH,,

D)ark

Conitrol
N O.,-
NO.,-
NH.,OH
NH,

H.,O Soluble

14.6
14.5
6.3
19.5

19.5
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sumably due to its more rapid assimilation in the
presence of reductant produced photosynthetically.
The large difference in the effects of nitrite and
nitrate may be related to the different mechanisms
for reduction (7, 8).
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