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An acyl carrier protein (ACP) dependent fatty acid synthetase (fas) from barley chloroplast stroma was 
purified five-fold by ammonium sulphate precipitation and gel filtration on Sephacryl S-300. The {~-ketoacyl- 
ACP reductase, ~-ketoacyl-ACP synthetase, acetyl-CoA:ACP transacylase and malonyl-CoA:ACP transacylase 
activities were resolved on the Sephacryl S-300 column with apparent molecular weights of respectively 125, 92, 
82 and 41 kilodalton. The fas activity exhibited an apparent molecular weight of 87 kilodalton resulting from the 
overlapping portions of the component activities. A fifth component of the active fas, ACP, was separated 
completely from the other four individual enzyme activities by the ammonium sulphate precipitation. When the 
fas purified by gel filtration was applied to a Ma-trex Gel Blue B column, the component activities were separated 
into two groups. A bound fraction contained all the malonyl-CoA:ACP transacylase whereas the [~-ketoacyl 
synthetase activity was exclusively present in the non-bound fraction. Neither the bound nor the non-bound 
fraction showed any fas activity alone, but complete reconstitution of fas activity was obtained when both 
protein fractio~ were combined. The barley chloroplast fas is therefore not a multifunctional protein but 
consists of at least five separable components. Characterization with respect to cofactor requirements was also 
performed. Variation of certain cofactor concentrations markedly altered the pattern of fatty acid synthesis. 

Abbreviations: ACP = acyl carrier protein; DTNB = 5",5-dithiobis(2-nitro benzoic acid); DT1 ~ = 1,4- 
dithiotreitol; Hepes = N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; HPLC = high pressure liquid 
chromatography; kD = kilodalton; Tricine = N-(Tris(hydroxy-methyl)-methyl)-glycin; SDS = sodium 
dodecyl sulphate. 
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1. INTRODUCTION 

While the chemistry of fatty acid synthesis 
seems similar in all organisms, different structu- 
ral organizations and molecular properties are 
recognized for the participating enzyme activi- 
ties. The latter are collectively referred to as fatty 
acid synthetase (fas) and have been isolated from 
a number of organisms including yeast, molds, 
bacteria, animal and plant tissues (I, 2, 20, 35, 
48, 49). Based on their structural features these 
fases can be divided into two major groups. In 
yeast and animals the catalytic units are mul'fi- 
functional polypeptides that sediment upon 
prolonged centrifugation at high g-forces and 
which can be purified to homogeneity without 
loss of any of the individual activities necessary 
for fatty acid synthesis. This form of fas behaves 
as a single structural and functional unit. By 
contrast, E.coli fas (I) does not sediment upon 
prolonged centrifugation, but is composed of a 
heat stable acyl carrier protein (ACP) and six 
monofunctional polypeptides which need not be 
physically associated for in vitro fatty acid 
synthesis. The requirement for free ACP distin- 
guishes the E.coli fas from the multifunctional 
multienzyme complex fases. ACP dependent 
fases have also been described in other bacteria, 
several plants and algae, but until now the E.coli 
and E.gracilis fases are the only systems in 
which the constituent enzymes have been shown 
to be easily separable. Nevertheless, higher plant 
fases have generally been assumed to exist as 
non-associated entities. This hypothesis is based 
mainly on their ACP dependence and their 
failure to sediment upon prolonged high speed 
centrifugation (49). This paper characterizes the 
soluble ACP dependent fas present in the stroma 
of barley chloroplasts and presents conclusive 
evidence that this fas is composed of monofunc- 
tional polypeptides separable from one other. 

lamps (2400 lux). E.coli strain B was purchased 
from Calbiochem. 

2.2. Chemicals 
Sodium (l-t4C)-acetate (61.3 mCi �9 mmol-I), 

sodium(2-14C)-malonate (50.9 mCi �9 mmol -I) 
and (! -14C)_acetic anhydride (27.7 mCi. mmol -I) 
were purchased from the Radiochemical Centre 
(Amersham, England). The 5',5-dithiobis 
(2-nitrobertzoic acid), (DTNB) came from 
Fluka. Reduced nicotinamide-adenine dinucleo- 
tide phosphate (NADPH), coenzyme A (CoA), 
adenosine 5'-triphosphate (ATP), N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid (Hepes), 
dithiotreitol (D'FI'), N-(Tris(hydroxy-methyl)- 
methyl)-glycin (Tricine), cytochrome c, hen egg 
albumin, human transferrin and rabbit muscle 
aldolase were obtained from Sigma and the 
reduced form of nicotinamide-adenine dinucleo- 
tide (NADH) was a product of the United 
Breweries (Copenhagen). The Ma-trex Gel Blue B 
was from Amicon, while DEAE Sepharose CL 
6B, Sephacryl S-300, Sephadex G-10, G-50 and 

-G-75, Blue Sepharose CL 6B, ribonuclease A 
and chymotrypsinogen A were supplied by 
Pharmacia, Sweden. The S-malonyl-N-capryl- 
cysteamine was a gift from Dr. JEss KnUDSEN, 
University of Odense, Denmark. The Bio-Rad 
Protein Assay kit was from Bio Rad Laborato- 
ries, USA. Ferritin and catalase were products of 
Boehringer and Worthington Biochemical cor- 
poration respectively. Diketene and crotonic 
anhydride, bovine serum albumin, cellulose thin 
layer chromatography plates (5552) came from 
Merck, pantethine from Calbiochem. DEAE- 
cellulose ion exchanger material (DE 52) was 
supplied by Whatmarm. Unless otherwise stated 
all reagents were analytical grade. 

2. MATERIALS AND METHODS 
2.1. Biological materials 

Seeds of barley (Hordeum vulgate L. cv. 
Bonus) were germinated and grown on moist 
vermiculite at 21 ~ for 6 days in complete 
darkness. Greening seedlings were obtained by 
illuminating the dark grown seedlings for 6 
hours with Osram L-Fluora model 120-W77 

2.3. Synthesis and purification of substrates 
The CoA after reduction by NaBH4 and 

purification by DEAE cellulose chromatography 
was desalted on a Sephadex G 10 column (2.5 • 
90 cm) equilibrated in 3 mM-HC1. (I - t 4C)-acetyl- 
CoA was then prepared from the purified CoA 
and (1-14C)-acetic anhydride (46), and chroma- 
tographed on a DEAE cellulose column (22). 
(2-14C)-malonyl-CoA was synthesized (43), the 
reaction being followed by testing aliquots on 
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cellulose TLC plates developed in l-butanol: 
acetic acid:water 5:2:3 (v/v/v). The excess CoA 
was removed by reaction with DTNB (10). 
Separation of the resulting mixture of (2-14C) - 
malonyl-CoA and the mixed disulfide of DTNB- 
CoA was accomplished by column chromato- 
graphy using DEAE cellulose (22). The malonyl- 
CoA fractions were pooled and lyophilized 
before desalting on a Sephadex G- i 0 column (2.5 
x 90 cm) equilibrated in 3 mM-HC1. Acetyl- 

CoA was prepared by the same procedure as the 
labelled compound except that acetic anhydride 
was substituted for the (1 - 14C)-acetic anhydride. 
Malonyl-CoA was prepared from S-malonyl-N- 
capryl-cysteamin (12). 

Concentrations of all four CoA derivatives 
were determined either by measuring the absor- 
bance at 236 and 260 nm (12) or by measuring 
free and esterified thiol groups using DTNB (! 3). 
The specific activities of (l-14C)-acetyl-CoA and 
(2-14C)-malonyl-CoA were 5.3 and 6.4 mCi �9 
mmol -I, respectively. To determine the purity of 
the l~-labelled substrates high performance 
liquid chromatography (HPLC) was used (26). 
That is, the CoA derivatives were chromato- 
graphed on a RCM-100 radial PAK-A reversed 
phase octadecyl column (Waters Assoc., Mil- 
ford, Mass.). A mobile phase of 50 mM-sodium 
phosphate (pH 5.3):methanol; 23:2 (v/v) was 
employed (9). The retention times for malonyl- 
CoA, CoA and acetyl-CoA were 2.5, 4.7 and 
12.7 rain, respectively, using a flow rate of 2 
ml.min -I. The HPLC analysis revealed that 
(2-14C)-malonyl-CoA comprised more than 
98 % of the total radioactivity in the sample. The 
remaining radioactivity eluted with a retention 
time of 1.6 rain, corresponding to that of free 
malonic acid. Only trace amounts of free CoA 
(<0 .5%)  were present. In contrast, (i-14C) - 
acetyl-CoA contained two contaminating species 
eluting at 15.2 and 28.4 min. These two peaks 
contained 33 and 2.8 % of the total radioactivity, 
respectively. 

Acetoacetyl-pantotheine was synthesized from 
reduced pantotheine and diketene (39). ACP 
purified from E.coli (36) was judged by sodium 
dodecyl sulphate (SDS) polyacrylamide gel elec- 
trophoresis to be a homogeneous preparation. 
Acetyl-ACP, acetoacetyl-ACP and crotonyl- 
ACP were prepared by reacting reduced ACP 
with 100-fold molar excess of acetic anhydride, 

diketene and crotonlc anhydride, respectively 
(21). Malonyl-ACP was prepared by reacting 
reduced ACP with 2-fold molar excess of S- 
malonyl-N-capryl-cysteamin (12). 

2.4. Plastid Isolation and enzyme preparations 
Leaves were harvested, wrapped in alumi- 

nium foil and cooled on ice. All subsequent 
procedures were carried out at 4 ~ A total of 2 
kg leaves was homogenized in a blender with 
replaceable razor blades (27); per 200 g leaves, 
500 ml of media (0.6 M-glycerol; 0.1 M-Tricine- 
NaOH at pH 9.0) was used. The homogenate 
was squeezed through a single layer of 31 ~m 
mesh nylon gauze and then filtered through 
another identical gauze layer. The filtrate was 
centrifuged for 5 min in a Sorval RC 2B 
centrifuge at 4,080 • g, and the plastid pellet 
was suspended in 45 ml of resuspension medium 
(0.3 M-glycerol; 0.1 M-Tricine-NaOH at pH 9.0; 
2 mM-DTT; i mM-MgC12). Rupture of plastids 
was accomplished by passing them through an 
ice cold Amicon French pressure cell at 8,000 
psi. The homogenate obtained was centrifuged at 
226,000 • g for 45 min in a Beckmann model 
L5/75 ultracentrifuge using a Ti 50 rotor. 
Further fractionation of the stroma proteins in 
the supernatant was achieved by (NH4)2SO4 
precipitation. (NH4hSO4 was added gradually 
with stirring to 40 % saturation and the solution 
left stirring for an additional 30 min, before 
centrifugation at 10,000 • g for 30 min. 
Additional (NH4)2SO4 was added to the resulting 
supernatant until 70 % saturation was obtained. 
Stirring and centrifugation followed as pre- 
viously. The 40-70 % precipitate was dissolved 
in l 0 ml suspension medium (0.3 M-glycerol; 0. l 
M-Tricine-NaOH at pH 9.0; 2 mM-DTr). Before 
assaying the (NH4)2SO4 precipitated proteins for 
enzyme activities, they were desalted on a 
Sephadex G-50 column equilibrated in suspen- 
sion medium. 

2.4.1. Gel filtration of 40-70 % (NH4)2S04 
precipitated stroma proteins 

The (NH4)2SO4 fractionated protein solution 
was layered on top of a 5 x 91 cm Sephacryl 
S-300 column previously equilibrated with 
suspension medium. The column was eluted 
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with a flow rate of 60 ml. hr -j and the eluate 
continuously scanned for absorption at 280 nm 
using a Model 2089 UVICORD III (LKB 
Instrument, Sweden). Fractions of 9.5 ml were 
collected. Those found to contain fas activity 
were pooled and concentrated by pressure 
dialysis in an Amicon cell fitted with a PMI0  
Diaflo ultrafiltration membrane (Amicon, 
Mass.). Little or no loss of activity occurs during 
14 days if the proteins are stored in this 
concentrated form at -20  ~ The obtained 
protein material is subsequently referred to as 
S-300 fas (protein fraction having fas activity 
after passage through S-300). 

2.4.2. Fractionation of the S-300 fas on M'dtrex 
Gel Blue B 

111 mg of S-300 fas (35 ml)was loaded onto 
a Ma-trex Gel Blue B column (2.5 • 12 cm) pre- 
equilibrated with suspension medium at a flow 
rate of 20 ml �9 h -j. The column was washed with 
suspension medium until no further proteins 
could be eluted. The proteins that did not bind 
(non-bound protein fraction) were concentrated 
to 20 ml by pressure dialysis using a PM 10 
membrane. The bound proteins were eluted with 
suspension medium containing 1 M-NaCI and 
subsequently diluted ten-fold with the same 
medium before concentration with a PMI0  
membrane to a final volume of 9 ml. To obtain 
an aliquot of non-bound protein completely free 
of Blue B bound material, 5 ml of the non-bound 
protein was reloaded onto the regenerated Blue B 
column using a flowrate of 12 ml �9 h -I. The first 
two thirds of the resulting non-bound protein 
peak was pooled and concentrated to 19 ml on a 
PM 10 membrane before carrying out reconstitu- 
tion experiments. Regeneration of the Blue B 
column was done by washing the column with 6 
M-urea in 0.5 M-NaOH followed by enough 
starting buffer to reach the desired pH. 

2.4.3. Preparation of barley ACP 
Partially purified ACP was obtained from 

barley chloroplasts using a slightly modified 
procedure to that employed by SIMONI et al. (47) 
for the purification of spinach ACP. After 
fractionating the isolated stroma proteins to 
709/0 (NH4)2SO4, as detailed above, the final 

supernatant served as an ACP source either 
immediately or after storage at -20  ~ The 
supernatant was placed in a 90 ~ waterbath for 
15 min and then transferred to an icebath for 
cooling. The denatured protein was removed by 
centrifugation. The new supernatant was adjus- 
ted to pH 1.0 by addition of concentrated HC1 
and left overnight at 4 ~ whereupon the acid 
precipitable proteins were collected by centrifu- 
gation. Pelleted protein was suspended in a 
minimum volume of 20 mM-Hepes at pH 7.0 
containing 2 mM-DTT. The solution was adjus- 
ted to pH 7.0 with 2 M-NaOH, thereafter it was 
homogenized and centrifuged. The tenacious 
precipitate was discarded and the conductivity of 
the supernatant adjusted to 5 mS by addition of 
20 mM-Hepes at pH 7.0, 2 mM-DTF previous to 
loading on a DEAE Sepharose CL 6B column 
(I.5 • 10 cm) equilibrated in the same buffer. 
The column was washed with the buffer until no 
further absorbing material at 280 nm eluted, and 
the ACP was recovered by eluting with a 250 ml 
linear gradient from 0.0 to 0.7 M-NaCI in 20 
mM-Hepes at pH 7.0, 2 mM-DT'I'. Fractions of 
2.8 ml were collected with a flowrate of 12 
ml .  h -I. 

2.5. Enzyme and protein assays 
2.5.1. Fatty acid synthetase 

Three radioactively labelled substrates were 
used to assay activity of the fas. Unless otherwise 
stated the assay mixture for each labelled 
substrate was as follows: (1-14C)-acetate, the 
assay mixture contained 5.0 ramol sodium 
phosphate buffer at pH 7.9, 10 ramol bicarbo- 
nate, 0.082 lamol (i-I~S~)-acetate (5 rtCi), 20 
nmol CoA, 2 lamol ATP, 0.5 lamol NADH, 1.0 
/amol NADPH, 50 rag E.coli ACP, I ramol 
MnC12, I ramol MgCI2 and enzyme plus 
suspension medium in a final volume of 0.8 ml. 
(2-t~S)-malonyl-CoA, 64 nmol of (2-14C)-malo- 
nyl-CoA (132,000 dpm), 20 nmol of acetyl- 
CoA, 1 rJmol NADPH, 0.5 ramol NADH, 50 lag 
E.coli ACP, 5 lamol 0.1 M-sodium phosphate 
buffer at pH 7.9 and enzyme plus suspension 
medium in a final volume of 0.8 ml. (l-I~S) - 
acetyl-CoA; additions were the same as in the 
(2-I~)-malonyl-CoA assay except that 64 nmol 
of cold malonyl-CoA and 11.6 nmol of ( I - i ~)_ 
acetyl-CoA (135,000 dpm) were used. The latter 
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two labelled substrates were used preferentially 
so as to avoid the question of the presence or 
absence of active acetyl-CoA synthetase and 
acetyl-CoA carboxylase which are required 
when labelled acetate is the precursor. The pH in 
the standard assay mixture was 8.7. Reactions 
were initiated by enzyme addition and after 15 
min incubation in a 27 ~ shaking waterbath 
they were terminated by addition of I ml 40 % 
(w/v) KOH. Following base hydrolysis at 90 ~ 
for 30 min, the assay mixtures were acidified by 
addition of l ml 4096 (v/v) H2SO4. A cold 
carrier solution of free fatty acids (20 lag each of 
C12, 14, 16. Is, 20 and 22) was added and the fas 
products extracted with three x 3 ml portions of 
n-hexane or n-pentane. The solvent was evapora- 
ted under a stream of nitrogen and the residue 
dissolved in I ml n-hexane. Aliquots of 200 lal 
were transferred to scintillation vials, and 10 ml 
of Instafluor (United Technologies Packard, 
Illinois, U.S.A.) was added before quantitation 
by liquid scintillation counting. 

The free fatty acids were converted to their 
methyl or butyl ester derivatives by reaction with 
diazomethane or BF3-butanol, respectively. Sepa- 
ration and quantitation of the resulting ester 
derivatives were performed by radio-gas liquid 
chromatography analysis as detailed previously 
(37). Stainless steel columns (3.2 m m x  152 
cm) containing either Silar 10C on 100/120 
mesh Gas-Chrom Q (Applied Science, Pennsyl- 
vania) or 5% SE 30 on 110/120 mesh 
Anakrom' ABS (Analabs) were used with a 
temperature programme of 2 ~ �9 min -I from 
150 to 240 ~ 

To study the effect of sodium arsenite it was 
dissolved in suspension medium lacking DTI',  
and the pH was adjusted to 8.7 with 2 M-HC1. 
400 lal fas solution (I ,04 mg protein) was pre- 
incubated' with the appropriate amounts of 
arsenite for 7 rain at 27 ~ The pre-incubation 
volume was adjusted to 500 1Jl with suspension 
buffer. To initiate fatty acid synthesis a mixture 
of substrates and cofactors dissolved in 100 ~1 
was added. Thereafter, the standard procedure 
using (2-14C)-malonyl-CoA for assay of fas as 
detailed above was carried out. Where stated the 
spectrophotometric assay as described for fas II 
by H~NDRmN and BLOCH (21) has been used 
except that equal amounts of NADPH and 
NADH were employed, 

2.5.2. Acetyl- and malonyl-CoA:ACP 
transacylases plus barley A CP 

The malonyl- and acetyl-CoA:ACP transacyl- 
ase activities were estimated by allowing the 
transfer of the respective acyl groups from 
(2-14C)-malonyl-CoA or (I -14C)-acetyl-CoA to 
ACP and measuring the acid precipitable radio- 
activity (21). The assay mixture for acetyl- 
CoA:ACP transacylase contained 50 rig E. coil 
ACP, 7.5 nmol of (I-14C)-acetyl-CoA (5.3 laCi. 
lamol-t), 5 lamol of 0.1 M-sodium phosphate 
buffer at pH 7.0, ! ~mol DTT, 0.1 ramol ethyl- 
diaminetetraacetate and enzyme in a total vo- 
lume of 250 lal. Incubation time was 10 min at 
27 ~ The assay mixture for malonyl- 
CoA:ACP transacylase was similar except for 
the substitution of 1.6 nmol of (2-14C)-malonyl- 
CoA (6.4 ~Ci �9 lamol -I) .for acetyI-CoA and that 
the final volume was 100 lal. Incubation time 
was 1 min at 27 ~ Reactions were initiated by 
addition of labelled substrate and terminated by 
addition of 0.4 ml icecold I 0 % perchloric acid 
(v/v). Then 20 lal of 10% (w/v) bovine serum 
albumin was added and the precipitated protein 
pelleted by centrifugation, The pellet was washed 
twice with 1.0 ml of icecold 2 % (v/v) perchloric 
acid and subsequently dissolved in 0.65 ml 1 M- 
NaOH. After ten minutes incubation at room 
temperature the reaction mixture was transfer- 
red quantitatively to a scintillation vial_ Ten ml 
of DIMILUME-30 (United Technologies, Pack- 
ard) were added before counting. 

Large scale labelled transacylase product 
preparations for use as substrates were prepared 
by scaling up the above assays I I-fold. That is, 
transacylase mixtures were incubated at 30 ~ 
for 30 min. The acid precipitable proteins were 
pelleted and washed six times with 1 ml portions 
of icecold 10% (v/v) perchloric acid. The 
washed pellets were then dissolved in 2 m- 
Tricine at pH 9.0 and immediately thereafter 
used as a substrate in fas assays. Fractionation of 
large scale malonyl-CoA:ACP transacylase incu- 
bation mixtures was done by gel filtration on a 
Sephadex G-75 column (1.6 • 56 cm) equilibra- 
ted in 10 mM-sodium phosphate at pH 7.0, 2 
mM-DTT. After 30 rain incubation the reaction 
mixture was applied directly to the column and 
eluted with a flow rate of 10 ml �9 h -I. Fractions 
of 3.5 ml were collected and aliquots counted in 
a Model LS 3155T Beckmann scintillation 
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counter. The assay mixture for barley ACP was 
the same as for malonyl-CoA:ACP transacylase 
except that 100 lal S-300 fas and barley ACP 
were used in place of malonyl transacylase and 
E.coli ACP. The total volume was 250 pl and 
the incubation time 5 rain. Results are compared 
to those for pure E.coli ACP. 

2.5.3. ~-ketoacyl-ACP synthetase 
[~-ketoacyl-ACP synthetase was assayed at 25 

~ by measuring the increase in absorbancy at 
303 nm due to formation of acetoacetyl-ACP 
from acetyl-ACP and malonyl-ACP (21). Reac- 
tion mixtures contained 12 nmoles of acetyl- 
ACP, 14 nmoles of malonyl-ACP, 12 m o l e s  of 
MgCI2 and enzyme. Suspension medium was 
added to give a total volume of 650 ft. The 
reaction was initiated by addition of malonyl- 
ACP, to the sample but not to the blank, and 
absorbancy changes were measured with an 
Aminco-Chance-DW-2a dual wavelength re- 
cording spectrophotometer against the blank. 
Under these conditions the assay was linear for 
more than minutes over a wide range of enzyme 
concentrations. 

2.5.4. B-ketoacyl-A CP reductase 
I~-ketoacyl-ACP reductase activity was mea- 

sured at 25 ~ by following the decrease in 
absorbancy at 340 nm due to the NADPH 
mediated reduction of acetoacetyl-ACP or aceto- 
acetyl-pantotheine (1). Reaction mixtures con- 
tained enzyme, 200 nmol of NADPH and 20 
nmol of acetoacetyl-ACP or 510 nmol of 
acetoacetyl-pantotheine. Suspension medium 
was added to give a total volume of 650 lal. The 
reaction was initiated by addition of the acetoace- 
tyl derivative to the sample but not to the blank. 
Absorbancy was determined as described above. 

2.5.5. Protein determination 
Protein was determined by the Lowry proce- 

dure (34) using bovine serum albumin as a 
standard or alternatively according to BRADFORD 
(6) USing a Bio-Rad protein assay kit I with 
gamma globulin as the standard. 

Table I 

Cofaetor requirements for the fatty acid synthetase 
Isolated from the stroma of barley chloroplasts. 

Addition Total cpma) 96 of 
( x 104) control 

complete 138 100 
- ACP 29 21 
- ATP < ! < 1 
- NADPH 71 5 ! 
- NADH 149 108 
- CoASH 12 9 
- MnCI2 137 99 
- bicarbonate 138 100 

a) (1-laC)-acetate was used as the radioactive precur- 
sor (see section 2.5.1). 

3. RESULTS 
3.1. Incorpomtlon of labelled acetate into fatty 

acids by chloro#ast enzymes 
Barley chloroplasts isolated and processed in 

the glycerol medium at pH 9.0 yield a highly 
active fatty acid synthesizing stroma fraction. 
The cofactors necessary for fatty acid synthesis 
by this stroma fraction when using (1-14C) - 
acetate as a precursor are shown in Table I. We  
observed an absolute requirement for ATP and 
CoA, a partial requirement for ACP and 
NADPH but no requirement for NADH and 
bicarbonate. These results indicate the presence 
of an endogenous pool of cofactors in the stroma 
fraction. 

Table II 

Effect of cold malonyl-CoA on the incorporation of 
(1-14C)-acetate into fatty acids using the S-300 fasa). 

Malonyl-CoA Total incorporated b) 
(nmol) (pmol) (cpm) 

0 0.3 210 
12 58.9 37,120 

120 83.7 52,790 

a) The fatty acid synthetase isolated from the stroma 
of barley chloroplasts has been partially purified by 
gel filtration on Sephacryl S-300, see section 2.4.1. 

b) (!-14C)-acetate was used as the labelled substrate in 
the fas assay as described in section 2.5.1, except 
that cold malonyl-CoA was added as indicated. 
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Further purification of stroma proteins was 
done by ammonium sulphate precipitation follo- 
wed by Sephacryl S-300 gel filtration of the 40-  
70% (NH4)2SO4 precipitate. The preparation 
assayed before and after the gel filtration step 
were similar in their ability to incorporate 
(2-14C)-malonyl-CoA or (I - J 4C)-acetyl-CoA into 
fatty acids, but the latter (S-300 fas) could no 
longer synthesize labelled fatty acids from 
(1-t4C)-acetate. This may be explained as fol- 
lows: Acetate is known to be converted to acetyl- 
CoA by acetyl-CoA synthetase in the presence of 
ATP, Mg ++ and CoA (32), while malonyl-CoA 
is formed from acetyl-CoA carboxylase in the 
presence of ATP, CO2, Mn ++ and Mg § (38, 
49). To incorporate (l-14C)-acetate into fatty 
acids, the chloroplast localized acetyl-CoA syn- 
thetase, acetyl-CoA carboxylase and fas activities 
mtist be present simultanously. Gel filtration on 
Sephacryl S-300 can potentially separate either 
the acetyl-CoA synthetase and/or the acetyl- 
CoA carboxylase from the S-300 fas. These 
possibilities have been discriminated among by 
incubating S-300 fas with (l-IKT)-acetate in the 
presence and absence of cold malonyl-CoA. The 
data presented in Table II show that (1-14C)- 
acetate is incorporated into fatty acids by S-300 
fas only when cold malonyl-CoA is supplied. 
The S-300-fas preparation, in other words can 
activate acetate to acetyl-CoA, but it can not 
carboxylate the latter to form malonyl-CoA. 
Thus acetyl-CoA synthetase activity is still 
present iri the S-300 fas whereas acetyl-CoA 
carboxylase activity is absent. 

3.2. Partial purification of the chloroplast 
stroma fas 

A summary of the purification of the soluble 
fas isolated froha barley chloroplasts is given in 
Table III. The 99 % of the fas activity which was 
precipitated by 40-70 % (NH4)2SO4 was totally 
dependent upon addition of exogenous ACP. In 
accord with these results, the ACP dependent 
fases from potato tubers (23), avocado mesocarp 
plastids (52) and Euglena gracilis (10) were 
precipitated at 40-65, 35-65 and 35-70% 
(NH4)2SO4 saturations, respectively. The multi- 
functional, A'CP independent fas from E. gracilis 
(10), by contrast, was precipitated preferentially 
by 0-25 % (NHahSO4 saturation. The total units 

of fas activity increased substantially upon 
(NH4)2SO4 precipitation. Presumably, this is due 
to removal of inhibitors or substrate scavenging 
substances present in the stroma fraction. When 
the 40-70% (NH4)2SO4 precipitated stroma 
preparation was fractionated by the S-300 
column (Figure 1), the protein separated into 
three major peaks henceforth referred to as peaks 
A, B, and C in accord with previous terminology 
(29). The light green color of peak A suggests the 
presence of chloroplast membrane fragments, 
while peak B is known to contain ribulose-bis- 
phosphate carboxylase and peak C to contain 
glutamate 1 -semialdehyde aminotransferase acti- 
vity (29). Fas activity eluted symmetrically in 
peak C (Figure 1), and was found to be purified 
five-fold compared to the initially isolated 
stroma fas (Table liD. 

3.3. Separation of single component activities 
of the fas by gel filtration 

3.3.1. Enzyme activities 
In addition to assaying for fas activity, 

aliquots from the fractions of the Sephacryl 
S-300 column were tested for the following 
enzyme activities; acetyl-CoA:ACP transacylase 
(Figure 2), malonyl-CoA:ACP transacylase (Fig- 
ure 2), [~-ketoacyl-ACP synthetase (Figure 3) and 
[~-ketoacyl-ACP reductase (Figure 4). These four 

Table III 

Partial purification of the fas from the stroma of 
barley chloroplasts by ammonium sulphate fractio- 
nation and gel filtration chromatography. 

(units. mg-t) Total units 

Stroma 1.8 2557 
(NH4)2SO4 

0-40% 0.4 52 
40-70 % 4.4 3751 
70-100% 0.0 0 

S-300 11.5 1797 

a)(2-14C)-malonyl-CoA was used as the labelled 
substrate for the fatty acid synthetase as detailed in 
section 2.5.1. Protein was determined by the 
method of BRADFORD (6). One unit of enzyme is 
defined as the amount catalyzing the incorporation 
of 1 nmol of malonyl-CoA into fatty acids �9 15 
min-I. 
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Figure I. Sephacryl S-300 gel filtration of 40-70% ammonium sulphate precipitated chloroplast stroma 
proteins. 

The precipitated proteins were dissolved in 10 ml suspension medium (0�9 M-Tricine at pH 9.0, 0.3 M- 
glycerol, 2 mM-DTT) when loaded onto a 5 x 91 cm Sephacryl S-300 column. Proteins were eluted with the 
same medium. The eluate was scanned at 280 nm for protein (solid line) and 9.5 ml fractions collected. Fas 
activity was determined in the presence ( x - - - x )  or absence ( O - - - O )  of exogenous ACP using malonyl-CoA 
as the labelled substrate (see section 2.5.1). I nmol = 1939 cpm. 

activities were localized almost exclusively in the 
C peak. This was expected as fas activity is 
located there (Figure I). The order of elution of 
the activities was ~-ketoacyl-ACP reductase, ~- 
ketoacyl-ACP synthetase, fas, acetyl-CoA:ACP 
transacylase and malonyl-CoA:ACP transacy- 
lase. A similar elution profile for the two latter 
enzymes in E.coli have been shown by ALBERTS 
et al. (1). An almost complete separation of the 
~-ketoacyl-ACP reductase and the ~-ketoacyl- 
ACP synthetase was obtained by lowering the 
flowrate and increasing the effective column 
length using recycling chromatography as sum- 
marized in the legend to Figure 5. 

3.3.2�9 Molecular weight estimations 
The Sephacryl S-300 column was calibrated 

with marker proteins and the approximate 
molecular weights obtained for the ~-ketoacyl- 
ACP reductase, and t~-ketoacyl-ACP synthetase, 
fas, acetyl-CoA:ACP transacylase and malonyl- 
CoA:ACP transacylase equal 125, 92, 87, 82 
and 41 kilodalton (kD), respectively (Figure 6). 
These numbers represent average values obtain- 
ed from several runs, in that the elution volume 
determined for a single component could differ 
slightly from run to run, whereas the actual 
elution order of the activities always remained 
the same. The observed molecular weights for 
the total and the partial fas activities leads to the 
conclusion that the measurable fas activity 
recovered from the column arises from the 
overlapping of the individual component activi- 
ties. Thus, exclusive of ACP, the barley chloro- 
plast fas consists of at least four separable 
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enzymes. In support of the molecular weight 
estimate given for the malonyl-CoA:ACP trans- 

Figure 2. Elution profiles of acetyl-CoA:ACP transa- 
cylase ( x - - - x )  and malonyI-CoA:ACP transacylase 
( O - - - O )  activities which have been partially 
separated by the S-300 column used in Figure I. 

Aliquots (200 and 10 IA) of the fractions were 
analyzed for the two enzyme activities which are 
expressed as cpm transferred from (I-14C)-acetyl- 
CoA (I nmol = 10960 cpm) or (2-14C)-malonyl- 
CoA (1 nmol = 13235 cpm) to ACP respectively (see 
section 2.5.2). 

acylase, one of us (P. B. HoJ) has analyzed a 
protein fraction containing this enzyme by SDS 
polyacrylamide gel electrophoresis. Only two 
closely positioned bands stained with Coomassie 
blue in a region corresponding to a molecular 
weight very similar to that obtained upon gel 
filtration. Our molecular weight estimations for 
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Figure 3. Elution profiles of acetyl-CoA:ACP transacylase ( x - - - x )  and [~-ketoacyl-ACP synthetase ( � 9  - - -  � 9  
activities which have been partially separated by the S-300 column used in Figure I. 

The [~-ketoacyl-ACP synthetase activity is given as the change in absorption at 303 rim. min-t x 10-3. 600 lal 
was used from each 9.5 ml fraction (see section 2.5.3). AcetyI-CoA:ACP transacylase activity is expressed as in 
Figure 2. 
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Figure 5. Recycling gel filtration chromatography of the 40-70 % ammonium sulphate fractionated chloroplast 
stroma proteins separates the ~-ketoacyl-ACP synthetase and ~-ketoacyl-ACP reductase activities. 

The precipitated proteins were dissolved in I 0 ml suspension medium and loaded onto a 5 • 44 cm Sephacryl 
S-300 column. The C peak therefrom was loaded continuously onto a second 5 x 91 cm Sephacryl S-300 
column. Both columns were equilibrated and eluted with suspension medium at a flow rate of 30 ml. hr-I. Inlet 
and outlet of the latter column were connected through a peristaltic pump and the protein recycled before the C 
peak was collected. Aliquots of the collected 9.5 ml fractions were assayed for the indicated enzyme activities as 
detailed in Figures 3 and 4. ~-ketoacyl-ACP synthetase activity is expressed as in Figure 3. t~-ketoacyl-ACP 
reductase activity is expressed as the change in absorption at 340 nm. min-t • 10-3. 600 lal was used from each 
9.5 ml fraction. 
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Figure 4. Elution profiles of acetyl-CoA:ACP transacylase ( x - - - x )  and ~-ketoacyl-ACP reductase ( � 9  - - -  �9 ) 
activities which have been partially separated by the S-300 column used in Figure 1. 

The enzyme activity for the ~-ketoacyl-ACP reductase is given as the change in absorption at 340 nm. min-I 
• 10-2. 300 /21 was used from each fraction (see section 2.5.4). AcetyI-CoA:ACP transacylase activity is 

expressed as in Figure 2. 

this enzyme are thus quite similar to the 36 kD 
reported for the E.coli enzyme (42). Likewise, 
our estimate for the I~-ketoacyl-ACP synthetase 
is close to the values (80 and 85 kD) reported for 
the two ~-ketoacyl-ACP synthetases in E.coli 
(15). Molecular weight estimates for the same 
enzymes from E. gracilis (21), however are 
markedly greater (160 kD for the malonyl- 
CoA:ACP transacylase and 118 kD for ~- 
ketoacyl:ACP synthetase). This difference may 
result from physical interaction among some or 
all of the component activities in Euglena 
gracilis. 

3.3.3. ACP 
ACP a fifth component of barley chloroplast 

fas has also been studied. The ACP was 
separated from the other four component activi- 
ties by (NH4)2SO4 precipitation. The supernatant 
resulting from 70 % saturation of the chloroplast 
stroma proteins was heat treated, acid precipita- 
ted and the ACP was purified by ion exchange 
chromatography (Figure 7). When  the malonyl- 
CoA:ACP transacylase based assay was used to 
locate ACP in the eluate, two closely positioned 
peaks were obtained. An elution profile exactly 
parallel to the former was obtained when the 

Kay 
cytochrome c 

ribunuclease A 

/ / chymotrypsinA 

" ~ /  ~ ovalbumin 
0.6 malonvl~ / ,malonyl , ~ / human transferrin 

transacylase ~------~,~" / -  
, - ~ / rabbit aldolase 

0.4 a'cetyl transacylase ~ / JI 7 
fatty acid / / / ~ , , , , ~ v /  ferritin 

synthetase -~- / / ~ . / / I  
0.2 ~_ k t ~ t h e t a s e  ~ / ~ .  ~._--- ribulose- p-Ke~oacyl symne~ase / ~ bisphosphate 

~-ketoacyl reductase / carboxylase 
v , , , I . . . . .  , , , ~ I , , , , ,  
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Figure 6. Calibration of the 5 • 91 cm Sephacryl S-300 column for determination of approximate molecular 
weights. 

One, two or three standard proteins (20-50 mg each) with known molecular weights were dissolved in 10 ml 
suspension medium and gel filtrated using the same conditions as those for the ammonium precipitated stroma 
proteins. The elution volume for the individual proteins was determined by continuous scanning at 280 nm. 
Total volume, Vt, of the column was 1787 ml and the void volume Vo = 640 ml. Ve is the elution volume of the 
protein. The data are plotted according to LOCASlO et al. (33). 

Kav = Ve'--Vo 
Vt--Vo 
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Figure 7. Elution profile of barley ACP from a DEAE Sepharose CL 6B ion exchange column. 
The presence of barley ACP in the 2.8 ml fractions was determined by measuring ACP dependent S-300 fas 

(Z~-- -z~)  and malonyl-CoA:ACP tranacylase ( I - - - O )  activities. Fas activity was measured under the 
~tandard conditions using (2-14C)-malonyl-CoA, except that only 11.6 nmoles (167,000 dpm) were used (see 
section 2.5.1). The malonyl-CoA:ACP trasacylase assay was performed as described in the last paragraph of 
section 2.5.2. Optical density at 280 nm ( x - - - x )  and conductivity ( O - - - O )  of the fractions were also 
determined. 

fractions were tested for their ability to replace 
E.coli ACP in fatty acid synthesis. F r o m  these 

results we conclude that ACP is present in the 
stroma of  barley chloroplasts. Fatty acid synthe- 
sis by S-300 fas was absolutely dependent upon 

the presence of  A C P  and was found to increase 
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linearly with the amount  of  barley ACP added. 
An analogous profile of  E.coli ACP after passage 

through an ion exchange column has been 
reported previously (I 7). The reason for this 
double headed curve for the barley ACP is not 
clear, but if  the heat treatment is omitted and the 
2-propanol extractable proteins chromato- 
graphed on the same column the ACP activity 

elutes as a single symmetrical peak. 

Figure 8. Reconstruction of S-300 fas after separation 
of the enzyme activity into a bound and a non-bound 
protein fraction by affinity chromatography on M~- 
trex Gel Blue B. 

x - - - x  fas activity in either the bound or non- 
bound protein fraction. O - - - O '  fas activity when 
equal volumes of bound and non-bound protein 
fractions were combined; total volume shown on top 
horizontal axis. 100 lal bound = 90 lag protein and 
100 lal non-bound = 56 lag protein. Fas activity is 
expressed as cpm incorporated into fatty acids from 
(2-a4C)-malonyl-CoA. I nmol = 1939 cpm. 
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Figure 9. I~-ketoacyI-ACP synthetase activity in the 
bound ( x - - - x )  and non-bound ( O - - - O )  protein 
fractions from the Mgtrex Gel Blue B column (see 
Figure 8). 

Enzyme activity is expressed as change in absor- 
bancy at 303 rim- min-3 x 10 -4. 
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Figure 10. MalonyI-CoA:ACP transacyiase activity 
in bound ( x - - - x )  and non-bound ( O - - - � 9  ) protein 
fractions from the M~trex Gel Blue B column (see 
Figure 8). 

Enzyme activity is expressed as cpm transferred 
from (2-14C).malonyI-CoA to ACP. 1 nmol = 
13235 cpm. 

3.4. Reconstitution offas 

Our results obtained with Sephacryl S-300 gel 
filtration indicated that barley chloroplast fas is 
composed of discrete unifunctional enzymes, We 
have explored this aspect of the fas structure 
with the aid of dyeligand column chromato- 
graphy. The S-300 fas was fractionated using a 
Ma-trex Gel Blue B column into non-bound and 
bound proteins. Figure 8 illustrates the enzyme 
response curves obtained when increasing con- 
centrations of non-bound protein, bound protein 
and the two in combination were assayed for fas 
activity. Clearly neither of the fractions catalyzes 
fatty acid synthesis alone. Combination of the 
two specified protein fractions actually resulted 
in a fas with increased specific activity compared 
to that of the S-300 fas, for which a number of 
explanations could be suggested. We conclude 
that at least two component activities have been 
separated completely from each other, one being 
localized in the non-bound fraction, the other in 
the bound fraction. The two protein fractions 
were then assayed for the presence of individual 
enzyme activities. Initially the [~-ketoacyl-ACP 
synthetase was found exclusively in the non- 
bound fraction and the malonyl-CoA:ACP 
transacylase exclusively in the latter as shown in 
Figures 9 and 10, respectively. The non-bound 
fraction was unable to catalyze fatty acid 
synthesis when supplied with E.coli malonyl- 
CoA:ACP transacylase or chemically prepared 
malonyl-ACP, which indicated that a second 
component activity must be present in the bound 
fraction. This has been identified as the [~- 
ketoacyl-ACP reductase. 

The only previous study supporting the view 
that a plant fas may be made up of several 
components excluding ACP was carried out 
using a fatty acid synthesizing system isolated 
from lettuce chloroplasts (7)~ The fas was 
fractionated by isoelectric precipitation at pH 
5.0. The soluble fraction was devoid of fas 
activity, whereas the precipitated fraction gave a 
measurable activity. Combination of the two 
fractions, however, stimulated fas activity six- 
fold on a protein basis. 

3.5. General lmr~rt ies  of S-300 fas 

The activity of S-300 fas increased linearly 
under the standard fas assay conditions with 
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Figure I I. Time course of fatty acid synthesis using 
880 og of S-300 fas under standard assay conditions 
with (l-14C)-acetyl-CoA (see section 2.5.1). I nmol 
= 10960 cpm. 

respect to time (Figure 11) and protein at 
concentrations higher than 100 lag (Figure 12). 
In the stroma preparation, however, 500 lag 
proteins were required to obtain measurable 
activity. 

Interestingly, the pH optimum for the S-300 
fas was approximately 8.3 in the Tricine 
medium (Figure 13). This rather alkaline pH 
optimum is also characteristic for another barley 
chloroplast enzyme, namely glutamate-l-semi- 
aldehyde aminotransferase (28). Since the thio- 
ester bonds in malonyl-CoA and acetyl-CoA are 
quite labile, the pH of the standard fas assay 
incubation medium (8.7) might be considered too 
high. To investigate this question we determined 
the rate of thioester hydrolysis by spectrophoto- 
metric DTNB measurements (13). Fifteen min 
incubations with DTNB and suspension medium 
gave identical results in the presence and absence 
of acetyl- or malonyl-CoA indicating that no 
measurable hydrolysis of the CoA-derivatives 
occurred during the standard assay. 
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Figure 12. Fatty acid synthesis as a function of S-300 
fas protein concentration under standard assay 
conditions using (2-14C)-malonyl-CoA (see section 
2.5.1). I nmol = 1939 cpm. 

3.5.1. Cofactor requirements 
We could characterize the S-300 fas since 

(NH4)2SO4 precipitation and S-300 gelfiltration 

0 ! 

7 @ 
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Figure 13. Effect of incubation pH on S-300 fas (I 
mg) activity using (2-14(3) malonyl-CoA as labelled 
substrate (see section 2.5.1). 

The pH values indicated are those of the reaction 
medium during incubation as measured by a pH 
meter. All reactions were performed in Tricine 
buffer. I nmol = 1939 cpm. 
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Figure 14. S-300 fas requires ACP, in this case from 
E. coli, for fatty acid synthesis. 

Malonyl-CoA was used as labelled substrate in the 
fas standard assay (see section 2.5.1). I nmol = 1939 
cpm. 
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Figure 16. Malonyl-CoA is required by the S-300 fas 
for fatty acid synthesis. 

Fas activity was measured under the standard 
assay conditions using (I-14C)-acetyl-CoA (see sec- 
tion 2.5.1). I nmol = 10940 cpm. 

completely removes low molecular weight cofac- 
tors from the initially isolated fas containing 
stroma preparation. The S-300 fas showed an 
absolute requirement for ACP (Figure 14), 
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Figure 15. Acetyl-CoA is required by the S-300 fas 
for fatty acid synthesis. 

Fas activity was measured under the standard 
assay conditions using malonyl-CoA except that only 
11.6 nmoles (167,000 dpm) was added (see section 
2.5.1). 1 nmol = 13532 cpm. 
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Figure 17. Pyridine nucleotide requirements of the 
S-300 fas. 

Standard conditions using both (2-14C)-malonyl- 
CoA (64 nmoles) and (I-1~2)-acetyl-CoA (11.6 
nmoles were employed) to measure fas activity (see 
section 2.5.1). In experiments where only one 
nucleotide was added the amount of that nucleotide 
is specified; NADPH ( - x - x - ) ,  NADH ( - O - O - ) .  
In experiments where both NADPH and NADH 
( � 9  � 9  were used, the amounts of each nucleotide 
were exactly one half of the total values indicated on 
the horizontal axis. 
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acetyl-CoA (Figure 15), malonyl-CoA (Figure 
16) as well as NADPH and NADH in combina- 
tion (Figure 17). The S-300 fas was saturated 
with E.coli ACP at a concentration of 35-45 rag �9 
0.8 ml -I. This is in good agreement with results 
obtained for the ACP dependent fas in E. gracilis 
(14) and potato tuber (23). The absolute require- 
ment for acetyl-CoA shows that malonyl-CoA 
decarboxylase activity is absent in the partially 
purified S-300 fas. Furthermore, the chemically 
synthesized (2-I~S)-malonyl-CoA must be free of 
contaminating (2-taC)-acetyl-CoA, in accord 
with the HPLC analysis. 

3.5.2. Substitution of acetyl- and malonyl- 
CoA :A CP transacylase products for 
acetyl- and malonyl-CoA 

The (1 - 14C)-acetyl-CoA and (2- l aC)-malonyl- 
CoA substrates for S-300 fas can be replaced by 
the labelled acid precipitable products formed 
during the acetyl- and malonyl-CoA:ACP tran- 
sacylase assay reaction, respectively (see section 
2.5.2.). The results when these substrates 
individually were the only source of label in fas 
assays are shown in Table IV. When either 
labelled substrate was used, the distribution of 
labelled fatty acyl chains synthesized was identi- 
cal to that obtained when labelled acetyl- and 
malonyl-CoA are used (results not shown). Due 
to the excess amount used in the transacylase 

Table IV 

Incorporation of transacylase reaction products into 
fatty acids a). 

incubation mixture, addition of ACP was not 
necessary in these fas assays. 

Using the spectrophotometric fas assay chemi- 
cally synthesized acetyl-ACP and malonyl-ACP 
were shown to substitute for acetyl-CoA and 
malonyl-CoA. ACP was not required when both 
CoA derivatives were simultaneously substituted 
for by their ACP analogues. The products of the 
acetyl- and malonyl-CoA:ACP transacylase reac- 
tions therefore appear to be acetyl- and malonyl- 
ACP, respectively. Further support for this 
contention was obtained when another large 
scale malonyl-CoA:ACP transacylase reaction 
mixture was applied directly to a Sephadex G-75 
gel filtration column (see section 2.4.1.). Two 
completely separated radioactive peaks were 
obtained, one eluting in the protein region as 
judged by molecular weight markers, while the 
unreacted (2-JaC)-malonyl-CoA eluted in the salt 
region. When aliquots of the protein peak were 
subjected to SDS polyacrylamide gel electropho- 
resis only one major band occured upon staining 
with Commassie blue. This band had the same 
Rfvalue as E.coli ACP. When the product of the 
acetyl- and malonyl-CoA:ACP transacylase reac- 
tions from E.coli was gel filtrated on Sephadex 
G-75 a similar elution profile was obtained, and 
the first radioactive peak shown to be (2-14C) - 
malonyl-ACP or (l-t4C)-acetyl-ACP, respecti- 
vely (49). Finally chemically prepared acetyl- 
ACP, acetoacetyl-ACP and crotonyl-ACP, 
which are the first protein bound C2- and Ca- 
intermediates in E.coli de novo fatty acid 
synthesis, were found to completely replace 
acetyl-CoA as the primer in the synthesis of fatty 
acids from (2-14C)-malonyl-CoA catalyzed by 
S-300 fas. 

Acid precipitable Fatty acids 
Experiment reaction product synthesized 

(cpm) (cpm) 

1 42,404 8,390 
2 61,200 14,115 

a) Synthesis of fatty acids was measured as described 
in section 2.5.1 with the following modifications. 
In the first experiment 75 nmol of cold malonyl- 
CoA was used with the 14C-labelled product from 
the acetyl-CoA:ACP-transacylase reaction, while 
in the second experiment 90 nmol of acetyl-CoA 
was used with the 14C-labelled product from the 
malonyl-CoA:ACP-transacylase reaction. 

3.5.3. Pyridine nucleotides 
NADPH can serve as an inefficient electron 

donor for fatty acid synthesis catalyzed by S-300 
fas, whereas NADH cannot do so at the 
concentrations tested (Figure 17). Optimal acti- 
vity, however, is obtained when both pyridine 
nucleotides are present together at a total 
concentration of 500 nmoles per assay. This 
synergistic effect of NADH and NADPH in de 
novo fatty acid synthesis has also been reported 
for the ACP dependent fases from E.coli (53) 
and safflower seeds (24) as well as for the ACP 
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independent fases from yeast, Mycobacterium 
smegmatis  (54) and E. gracilis (16). It has been 

suggested (16, 53, 54) that this stems from 
different pyridine nucleotide requirements of  the 
two reductive steps in fatty acid synthesis; 
namely, N A D P H  and N A D H  serve as specific 
reductants for the ~-ketoacyl-ACP reductase and 

the enoyl-ACP reductase, respectively. In the 
present studies when assaying S-300 fractions 
for ~-ketoacyl-ACP reductase activity, identical 
elution profiles were obtained with acetoacetyl- 
ACP and acetoacetyl-pantotheine as the thioester 

component.  Reduction of both substrates readily 
took place with N A D P H  as electron donor, 
whereas the enzyme was completely inactive 

with N A D H .  Thus, as in E.coli (I) the ~- 
ketoacyl-ACP reductase of  the barley chloroplast 
lacks specificity toward the acetoacetyl-thioester 

but exhibits strict specifity toward the reduced 
pyridine nucleotide. In view of the latter plus the 
synergistic effect between N A D H  and N A D P H  
observed with the S-300 fas, we predict that the 

barley chloroplast enoyl-ACP reductase will 
show a pronounced preference for N A D H .  

Very interestingly both N A D P H  and N A D H  

dependent enoyl-ACP reductase activities have 

been demonstrated in E.coli (53). The former is 
unstable and inactive at pH values > 8.0, while 
the latter is highly active in the pH region 6-9.  

The synergistic effect of  the pyridine nucleotides 
in fatty acid synthesis was much more pronoun- 
ced in E.coli at pH 9.0 than at pH 7.0. The S-300 

fas has not been tested for synergistic effects at 
pH 7.0. The possible existence of  two enoyl re- 
ductase activities with different pH optima and 
pyridine nucleotide requirements, however, 
could account for the lack of a pronounced N A D H  

requirement found in some plant systems (40, 
45) when assayed at pH values lower than 8.7. 
On the other hand, since the observation that 

barley fas requires N A D H  only became apparent 
upon purification of  the crude s troma fraction, 
we suggest that the lack of  a N A D H  requirement 
reported for castor bean (45) and spinach 

preparations (40) might be due to the presence of  
endogenous N A D H .  

3.6.  Product of (as 

A comparison among the fatty acids synthe- 
sized by the chloroplast's stroma, ammon ium 

sulphate and S-300 fractions is presented in 

Table V 

Per cent distribution of radioactivity in the products of fatty acid synthetase (fas) at various stages during 
purification. 

Fas source and substrate 

Fas products 
(chain lengths) 

10 12 14 16 17 18 20 

Total cpm 
( x 10-4) 

Stroma 
(1- t4C)-acetate I I 2 I1 2 77 6 223 
(I - 14C)-acetyl-CoA 3 2 2 19 - 74 - 4.5 
(2-i 4C)-malonyl-CoA 2 2 2 15 - 79 - 4.9 

35-70 % (NH4)2SO4 a) 
( I - 14C)-acetate - - - 18 2 80 - 380 

S-300 
(I - 14C)-acetyl-CoA - - - 18 - 80 2 3.3 
(2-) 4C)-malonyl-CoA - - 2 41 - 57 - 6.1 
(2-14C)-malonyl-CoA - - - 21 - 79 - 7.9 

a) The stroma proteins were precipitated in this case with 35-70 % ammonium sulphate and desalted before 
assaying on a Sephadex G-50 column equilibrated in suspension medium 

- = not detectable. 
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Figure 18. Effect of arsenite on the synthesis of 
stearic and palmitic acid by S-300 fas. 

Malonyl-CoA was employed as labelled substrate 
under standard assay conditions (see section 2.5.1). 
Ratios given are based on a minimum of 4,000 cpm. 
Note: incubation medium contained 2.5 mM-DTT. 

Table V. Stearic and palmitic acids are the major 
components and regardless of purification stage 
constitute more than 86 % of the total radioacti- 
vity incorporated under standard assay condi- 
tions. This is in marked contrast to intact 
chloroplasts from barley, where palmitic and 
oleic acid represent more than 90 96 of the fatty 
acids synthesized, whereas less than I 96 of the 
label is found in stearic acid (J. D. MIKKELSEN, 
unpublished results). The relative amounts of 
palmitic and stearic acid synthesized are very 
reproducible except when (2-1~)-malonyl-CoA 
was used as a precursor with the S-300 fas (Ta- 

ble V). The reason for this is not clear, but may 
perhaps be explained as follows: In several plant 
systems such as potato tuber (23), avocado (19), 
developing safflower seeds (24) and spinach 
chloroplasts (40), two independent systems are 
apparently responsible for the synthesis of 
palmitic and stearic acid. An arsenite insensitive 
de novo system forms palmitoyl-ACP (the 
palmitoyI-ACP synthetase), while an arsenite 
sensitive elongase produces stearoyl-ACP from 
palmitoyl-ACP by addition of one C2-unit (24). 
Indirect evidence for the existence of two such 
independent enzyme systems in the barley S-300 
fas has come from inhibitor studies with 
arsenite. As shown in Figure 18 the ratio of 
stearic to palmitic acid synthesized is drastically 
reduced (from 2.45 to 0.09) when the concentra- 
tion of arsenite is increased from 0 to i0 mM. 
The total amount of palmitic acid synthesized 
remained constant up to 8 mi-arsenite. Given 
that the elongase is more labile than the 
synthetase in other aspects also might explain the 
variability in the product pattern obtained with 
S-300 fas under apparently identical conditions. 
In support of this is the observation that several 
plant fases have been reported to loose their 
ability to synthesize stearic acid upon partial 
purification (19, 49). 

3.7. Factors affecting the distribution of fatty 
acids synthesized by S-300 fas 

Although constant under the standard assay 
conditions, the pattern of fatty acids synthesized 
could be greatly influenced by alterations of the 
substrate concentrations. Figures 19 and 20 
show the results obtained when the absolute 
concentrations of acetyl-CoA and malonyl-CoA 
were varied. At a low acetyl-CoA level, stearic 
and palmitic acids are by far the major products, 
whereas with increasing acetyl-CoA concentra- 
tions the pattern changes so that synthesis of the 
Ci4 and shorter fatty acids is elevated. Varying 
the malonyl-CoA concentration had the opposite 
effect with regard to the proportions of the Ci6 
and C 18 fatty acids. The latter was enhanced with 
increasing malonyl-CoA concentrations. Al- 
though different S-300 fas preparations have 
been used for the two analyses in Figures ! 9 and 
20 repeated experiments with malonyl-CoA 
have confirmed the same marked tendency. It is 
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Figure 19. Effect of the acetyl-CoA concentration on 
the composition of the fatty acids synthesized by 
S-300 fas. 

The assay for fas activity was carried out as 
specified in the legend for Figure 15. Acetyl-CoA 
concentrations employed; white bars = 5 nmoles, 
dotted bars = 30 nmoles and black bars = 120 
nmoles per assay. Distributions are based on a 
minimum of 23,000 cpm. 

more likely that the ratio between malonyl-CoA 
and acetyl-CoA rather than the absolute amount  
of  malonyl-CoA alone determines the fatty acid_ 

product distribution. Our observations are analo- 
gous to those obtained with yeast (5) or animal 

multifunctional enzymes (8, 18), but differs from 
those reported for the avocado (19) and potato 
tuber systems (23). The effect of  pyridine 
nucleotide levels on product distribution is 
evident f rom the data in Figure 21. Low levels of  
pyridine nucleotides favor short chain acids 

while higher levels shift the pattern towards long 
chain fatty acids. No  keto or unsaturated fatty 
acids were detected at low pyridine nucleotide 

levels. Whether  mono- and poly-ketoacids actu- 
ally are formed and subsequently broken down 
during the following base hydrolysis, could not 
be determined using the present analytical 

systems. The fatty acyl products and distribution 
thereof with barley ACP and E.coli ACP seem 

identical (results not presented), confirming the 
report of  SIMONI et al. (47) who  made a similar 
comparison between E.coli and spinach ACPs. 

W h e n  the E.coli ACP concentration was varied 
f rom l0 to 100 lag per assay the fatty acid 
product distribution remained reasonably con- 
stant, although the prominence of  the shorter 
chains was increased at the higher ACP levels. 
Finally, changing the pH of the assay in the 

range 7.1-8.7 did not perturb the product 
composition. This result is different from that 
obtained with the potato tuber fas (23). 
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60-  
6o 

0 50-  ~ 50  40. i 40 
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014 016 018 
Figure 20. Effect of malonyl-CoA concentration on 
the composition of the fatty acids synthesized by 
S-300 fas. 

The assay for fas activity was carried out as 
described in the legend to Figure 16. The amounts of 
malonyl-CoA used per experiment were; white bars 
= 25, dotted bars = 100 and black bars = 180 
nmoles per assay. Distributions are based on a 
minimum of 2,000 cpm. 

010 012 014 016 018 
Figure 2 I. Effect of pyridine nucleotide concentration 
on the compositions of the fatty acids syntehsized by 
S-300 fas. 

The assay for fas activity was carried out as 
described in legend to Figure 17. The combinations of 
NADPH and NADH were; white bars = 25, dotted 
bars -- 75 and black bars = 500 nmoles of each 
pyridine nucleotide per assay. Distribution are based 
on a minimum of 7,000 cpm. 
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4. DISCUSSION 
De novo fatty acid synthesis in the stroma of 

the barley chloroplast is carried out by a complex 
of enzymes termed fas. In a series of reactions 
the primer acetyl-CoA is elongated by seven or 
eight C2-units mediated by malonyl-CoA. Five 
of the component activities of barley chloroplast 
fas have been partially separated. (NH4)2SO4 
fractionation yielded ACP, gel filtration and/or 
affinity chromatography allowed partial or 
complete severance of acetyl-CoA:ACP transa- 
cylase, malonyl-CoA:ACP transacylase, I~-ketoa- 
cyI-ACP reductase and t~-ketoacyl-ACP synthe- 
tase while gel filtration chromatography gave the 
S-300 fas. From our successful recombination 
experiments with separated fas components plus 
characterization of the S-300 fas preparation, we 
conclude that barley chloroplast fas is similar to 
the fas found in E. coli and to one of those in E. 
gracilis. In these systems all of the component 
enzyme activities have been shown to exist as 
discrete monofunctional polypeptides using con- 
ventional methods of protein purification ( I, 15, 
21, 42, 53). Although easily separable in vitro, 
the component activities of the E. coli fas are not 
likely to be randomly distributed in vivo within 
the bacterial cell. Rather, they are probably 
organized as a multienzyme complex which 
includes ACP (5). In the following discussion we 
use the definition of multienzyme complex given 
by KIRSCHNER and BISSWANGER (3t) which is 
based on the association of enzyme activities 
regardless of whether they are components of 
one or more polypeptides. In the former case it is 
a monofunctional multienzyme complex and in 
the latter case it is a multifunctional multien- 
zyme complex. The suggested model is supported 
by the observation that while ACP interacts 
specifically and consecutively with acetyl- 
CoA:ACP transacylase, malonyl-CoA:trans- 
acylase, ~-ketoacyl-ACP synthetase, ~-ketoacyl- 
ACP reductase, ~-hydroxyacyl-ACP dehydrase 
and enoylacyl-ACP reductase, no free acyl-ACP 
intermediates are found in E. coli cells (5). ACP 
has been reported to be preferentially associated 
with the cell membrane (5). This association, 
however, must be quite loose as ACP is easily 
obtained from the soluble fraction and does not 
remain with the membrane fragments during 
isolation. 

Presumably in vitro the E. coli, E. gracilis and 

barley chloroplast fases are also assembled into 
multienzyme complexes where the intermediates 
are retained within the complex during the 
complete reaction sequence. If they were not so 
organized, all of the intermediates of the reaction 
sequence would have to encounter the next 
component enzyme by free diffusion throught 
the incubation medium. One line of  evidence 
supporting this contention comes from the 
similarity of the kinetic parameters of the ACP 
independent, multifunctional and the ACP de- 
pendent, monofunctional fases from E. gracilis 
(14). The multienzyme complex model would 
also explain why fatty acid synthesis by the 
barley chloroplast fas only takes place above 
given protein concentrations. When in E. gracilis 
the ACP dependent, monofunctional fas was 
preincubated with ACP prior to initiation of the 
fas reaction with malonyl-CoA, both a higher 
initial and maximal rate of fatty acid synthesis 
were observed (14). This was taken to indicate 
that ACP plays a very important role in 
organizing the enzymes of this ACP dependent 
fas. Similar results have recently been observed 
using the fas from soybean cotyledon chloro- 
plasts (44). In marked contrast the fas from 
spinach chloroplasts was not activated by prein- 
cubation (44). The difference of the latter system 
from the others mentioned may indicate that the 
active form of the spinach chloroplast fas is a 
considerably more stable system. While the just 
cited results infer that the component activites of 
the named ACP dependent fases exist as 
multienzyme complexes in vitro, the physical 
forces involved in this process may differ. In E. 
gracilis an apparently very strong physical 
association prevented the severance of the ~- 
ketoacyl-ACP synthetase and enoyl-ACP reduc- 
tase activities by a gel filtration procedure similar 
to that employed for the barley chloroplast fas. 
Further kinetic studies using the isolated compo- 
nents purified to homogeniety have to be 
performed to conclusively determine the exact 
organizational form of the various ACP depen- 
dent fases. 

Whereas the ACP component in bacteria, 
green algae and plant fases is readily dissociable 
from the other components, the amino acids of 
this entity are part of the multifunctional 
polypeptides composing these systems from 
animals, yeast and molds (35). ACP from the 
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latter fases, which can only be released by 
proteolytic cleavage (25, 41), has a molecular 
weight that ranges from 6 to 16 kD (25). These 
sizes are similar to that of ACP from plants (9.5 
to I 1.5 kD; 49), E.,gracilis (10.4 kD; 11) and 
bacteria (8.7 and 9.5 kD; 49). If the animal, yeast 
and mold fases are attacked by proteases during 
their isolation, a high molecular weight fas 
dependent upon ACP can result, as reported for 
example for M. smegmatis (2). Thus dependence 
upon ACP by a newly isolated fas cannot by 
itself serve to discriminate between a mono- and 
multifunctional, multienzyme fas complex. 

An approximate total molecular weight of 
609 kD for the barley chloroplast, multienzyme 
fas complex can be calculated from the sum of 
the molecular weights of its monofunctional 
components. From present results: 125 kD, [~- 
ketoacyl-ACP reductase; 92 kD, [g-ketoacyl-ACP 
synthetase; 82 kD, acetyl-CoA:ACP transacyl- 
ase; and 41 kD, malonyI-CoA:ACP transacyl- 
ase. The molecular weights for the remaining 
polypeptides were approximated from E. coil 
(25, 53): 9 kD, ACP; 170 kD, [~-hydroxyacyl- 
ACP dehydrase and 90 kD enoylacyl-ACP 
reductase. The 609 kD value can be compared 
with the reported molecular weights of 400 to 
590, 2000 and 2300 kD of the multifunctional, 
multienzyme fas complexes isolated from ani- 
mals, M. smegmatis and yeasts, respectively 
(48). The animal fases are composed of two 
identical subunits (a2), that from yeast of six 
copies of txvo non-identical subunits (a6~6) while 
that from M. smegmatis has been estimated to 
have six to eight copies of a single subunit (ct6 or 
Or8). 

Germinating peas (3, 4) and etiolated E. 
gracilis cells (30) are reported to contain both a 
soluble and a microsomal fas. The membrane 
bound fag fron~ etiolated E. gracilis has been 
studied in great detail. It provides substrates for 
the acyl-CoA and aldehyde reductases that 
synthesize aldehydes, primary alcohols and 
esters which are the major lipid components of 
etiolated E. gracilis (30). Which fas synthesizes 
the membrane lipids of the etiolated E. gracilis 
cells has not been determined. The presently 
studied barley chloroplast fas indubitably has the 
capability to synthesize the Ci6 and Ci8 fatty acyl 
chains used in constructing the skeleton of the 
chloroplast membranes. Whether the same fas 

also provides the acyl precursors for the other 
lipids such as those of the cytoplasmic membra- 
nes and epicuticular waxes is unknown. Perhaps 
a membrane fas is involved. Thus far none of the 
conditions explored has induced this fas to make 
chains with more than 18 carbons in significant 
amounts. Whether this is due to our ignorance 
with regard to cofactors, specific substrates of 
effectors, or whether S-300 fas represents only 
part of a more extensive and/or  compartmentali- 
zed lipid synthesizing machinery, including C is 
to C32 elongases and membrane bound fases for 
example, will be a major concern of our 
continuing studies. 
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