
He pointed out that in higher plants, 
the absorption and accumulation of 
phosphate from dilute solution requires 
active respiration, and that phosphate 
accumulation is markedly affected if 
metabolic activity is inhibited by reduc- 
tion of oxygen tension in the medium, 
by low temperature, or by poisons of 
the cytochrome system. 

JOSEPH SHAPIRO 
Limnological Research Center, 
University of Minnesota, 
Minneapolis 55455 

References and Notes 

1. G. V. Levin and J. Shapiro, J. Water Pollut. 
Contr. Fed. 37, 800 (1965). 

2. L. Farber, Ed., Standard Methods for the 
Examination of Water and Wastewatcr (Ameri- 
can Public Health Assn., New York, ed. 11, 
1960). 

3. K. A. Gilles, J. K. Hamilton, P. A. Rebers, 
F. Smith, Anal. Chem. 28, 350 (1956). 

4. H. R. Krause, Arch. Hydrobiol. 28 (Suppl.), 
282 (1964). 

5. E. R. Baylor and WV. H. Sutcliffe, Jr., Linmnol. 
Oceanogr. 8, 369 (1963). 

6. M. D. Kamen and H. Gest, in Phosphorus 
Metabolism, W. D. McElroy and B. Glass, 
Eds. (Johns Hopkins Press, Baltimore, 1952). 

7. E. D. Goldberg, Biol. Bull. 101, 274 (1951). 
8. N. Rautanen and P. Miikkulainen, Acta Cher. 

Scand. 5, 89 (1951). 
9. R. N. Robertson, Ann. Rev. Plant Physiol. 2, 

1 (1951). 
10. The cultures of Escherichia coli were kindly 

prepared by M. Dworkin. 

27 December 1966 

Functional Chloroplast 

Polyribosomes from Tobacco Leaves 

Abstract. Incubation of isolated to- 
bacco chloroplasts with ingredients re- 
quired for protein synthesis resulted in 
liberation of 70S ribosomes and poly- 
ribosomes that no longer sedimented 
with the chloroplasts. With increasing 
time of incubation, polyribosomes broke 
down to 70S monosomes. Similarly, 
microgram quantities of ribonuclease 
caused chloroplast polyribosomes to 
break down into monosomes. Both 
polyribosomes and 70S ribosomes that 
were isolated on sucrose density gra- 
dients and tested separately in cell-free 
systems were capable of protein syn- 
thesis; however, polyribosomes formed 
more protein per unit of RNA than 
monosomes did. 

Whether protein synthesis by isolated 
chloroplasts occurs on polyribosomes 
is a question that has not been an- 
swered satisfactorily. Using analytical 
centrifugation, Clark et al. (1) demon- 
strated polyribosomal aggregates, by 
Schlieren optics, when Chinese cabbage 
leaves were homogenized in the pres- 
ence of polyvinyl sulfate, a nuclease 
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inhibitor. Boardman et al. (2) con- 
firmed this observation for extracts of 
tobacco leaves but showed that poly- 
vinyl sulfate strongly inhibited protein 
synthesis by the isolated chloroplasts. 
In another study (3), these investigators 
concluded that monosomes were main- 
ly responsible for the protein-synthe- 
sizing activity in a chloroplast super- 
natant. The procedure they utilized was 
first to obtain a chloroplast supernatant 
by resuspending intact chloroplasts in 
a buffer of low molarity and then to 
centrifuge it at 17,000g. In their ex- 
periments, they measured the protein- 
synthesizing activity in the supernatant. 

In contrast to their procedure, we 
first incubated intact chloroplasts and 
then fractionated each incubated mix- 
ture into a 17,000g pellet and super- 
natant. By subjecting these supernatants 
to sucrose density gradient centrifuga- 
tion, it was possible to fractionate the 
materials that had synthesized protein 
and, simultaneously, to locate their po- 
sitions in the gradient by optical- 
density measurements. Further investi- 
gation showed that functional chloro- 
plast polyribosomes could be identi- 
fied in rapidly growing leaves of young 
tobacco plants. 

Chloroplasts were prepared from 
leaves of young tobacco plants by meth- 
ods already described (4). The chloro- 
plast pellet from 5 g of leaves was 
resuspended in 0.35 ml of a medium 
containing 0.025M tris-HCl (pH 7.8), 
0.015 M magnesium acetate, and 
0.004M 2-mercaptoethanol. To each 
suspension of chloroplasts was added 
0.20 ml of a combined reagent mix- 
ture that contained tris, (pH 7.8), 4.6 
,tmole; magnesium acetate, 4.6 /mole; 
KCl, 27.6 Smole; mercaptoethanol, 
2.6 ftmole; adenosine triphosphate, 0.4 
/mole; phosphoenolpyruvate, 2.5 Smole; 
pyruvate kinase, 50 jug; and a mixture 
of 0.02 Smole each of uridine, guano- 
sine, and cytidine triphosphates. Next. 
2 ftc (20 /J) of an amino acid mix- 
ture (uniformly labeled with C14 and 
having a specific activity of 0.1 
mc/0.067 mg) was added and incuba- 
tion was carried out for 1 minute 
(or longer, where stated) at 280C. The 
incubated mixture was immediately 
chilled in an ice bath and then centri- 
fuged at 17,000g for 15 minutes. All 
operations before and after incuba- 
tion were conducted at a temperature 
close to 00C. Portions (0.3 to 0.5 ml) 
of the 17,OO0g supernaltants were lay- 
ered directly on linear 5 to 20 per- 
cent sucrose density gradients that con- 

tained 0.015M magnesium acetate and 
0.025M tris-HCl, pH 7.8. Gradients 
were centrifuged for 2 hours in the 
Spinco model L-2 centrifuge at 24,000 
rev/min with the rotor coasting to a 
stop without braking. Contents of the 
gradients were pushed up by a 30 per- 
cent sucrose solution that was pumped 
into the bottom of the tube at a con- 
stant speed with, a motor-driven sy- 
ringe; they were then passed through 
a Vanguard automatic ultraviolet spec- 
trophotometer and the optical density, 
at 260 m/j, was monitored continuous- 
ly with a graphic recorder. The flow 
rate was 0.7 ml/min. Radioactivity in- 
corporated into protein in each frac- 
tion was precipitated by hot 5 percent 
trichloroacetic acid (TCA) (for 20 min- 
utes at 80'C) and collected on glass 
fiber filters. Precipitates were first 
washed four times with 5-ml portions 
of 5 percent TCA; this was followed 
by three 5-ml washes with 80 percent 
acetone. They were then dried under 
an infrared lamp before being placed 
in a vial with 5 ml of scintillation 
fluid; radioactivity was counted with 
a liquid scintillation counter. 

When intact chloroplasts were in- 
cubated with a mixture of uniformly 
labeled amino acids in the presence 
of the mixture of combined reagents, 
as radioactivity was incorporated into 
protein, about 50 percent of this radio- 
activity would no longer sediment at 
17,000g, whereas the other 50 percent 
did sediment with the chloropl'asts. This 
ratio of incorporated radioactivity 
which did not sediment at 17,000g 
to that which did sediment remained 
about the same whether incubation was 
for 5 or 30 minutes. The nonsedi- 
mentable incorporated radioactivity 
present in 17,000g supernatants that re- 
sulted from incubation periods of 1, 
5, and 15 minutes was fractionated 
on sucrose density gradients. Measure- 
ments of optical density (OD) revealed 
a broad peak of ribosomes that in- 
creased in amount without significant 
change in the OD profile as the time 
of incubation was increased. However, 
there was a marked change of the in- 
corporated radioactivity from the heavy 
ribosome regions to the monosome re- 
gion as the incubation period length- 
ened. 

The possibility was suggested to us 
that a polyribosome OD profile was 
being concealed and that it might be 
revealed by washing the chloroplasts 
before incubation for protein synthesis. 
Isolated chloroplasts were therefore 
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washed once by resuspending them 
in a small volume of buffered me- 
dium, containing 0.025M tris-HC1 (pH 
7.8) and 0.015M magnesium acetate, 
and again centrifuging the chloro- 
plasts into a pellet at 12,00Og for 10 
minutes. Similarly, the washed pellet 
of chloroplasts was resuspended in buf- 
fered medium and incubated, in the 
usual manner, with ingredients neces- 
sary for protein synthesis. As before, 
incubation with these ingredients re- 
sulted in incorporated radioactivity 
remaining in the supernatant after the 
washed chloroplasts had been centri- 

fuged at 17,000g. When the superna- 
tants from washed chloroplasts were 
fractionated on sucrose density gradi- 
ents, there was a marked change in OD 
profiles. Figure 1 shows the profiles of 
ribosomes obtained from both unwashed 
and washed chloroplasts. Incubation of 
washed chloroplasts with ingredients 
required for protein synthesis for 1 
minute resulted in release of clearly de- 
fined components, heavier than 70S 
monomers, into the 17,000g super- 
natant. Components larger than mono- 
somes constitute about 50 percent of 
the total extracted ribosomes, as deter- 

mined by measuring the relative areas. 
In this sucrose density gradient pro- 
file, aggregates as large as five ribo- 
somes were detected; in other profiles, 
aggregates of up to seven ribosomes 
have been observed. Figure 1 also 
shows that much of the radioactivity 
from washed chloroplasts was asso- 
ciated with polyribosomes but appre- 
ciable amounts were also found in the 
monosome regions. The specific radio- 
activity (counts per minute per unit 
of optical density at 260 m/A) of 
the polyribosomes was approximately 
twice that of monosomes and accounted 
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Figs. 1-4. Fig. 1 (top left). Effect of washing chioroplasts prior to incubation for protein synthesis and subsequent fractionation of 
the 17,000g supernatant by sucrose density gradient centrifugation. For radioactivity measurements, the gradient was fractionated 
into 17 1.5-mi portions. CPM, radioactivity in counts per minute; GD20, optical density at 260 it Fig. 2 (top right). Effect 
of ribonuclease on chioroplast polyribosomes; absorbency measurements. Washed chloroplasts were incubated for 1 minute for 
protein synthesis and were then centrifuged at 17,000g. The supernatant was divided into two equal portions and incubated at 
0WC for 1.0 minutes, one without ribonuclease and the other with 2 'Ug of ribonuclease per milliliter. Both portions were then 
fractionated by the sucrose density gradient techflique. RNAase, ribonuclease. Fig. 3 (bottom left). Effect of ribonuLclease on 
chloroplast polyribosomes. Same experiment as for Fig. 2 except that this gives the radioactivity measurements. Fig. 4 (bot- 
torn right). In vitro protein synthesis by chloroplast polyribosornes. Washed chloroplasts were obtained from 10 g of leaves 
and resuspended in 1.0 ml of 0.025M tris-HCI buffer, pH 7.8, that contained 0.015M magnesium acetate and 0.004M 2-mercapto- 
ethanol. A portion (0.2 ml) of the combined-reagents mixture (see text) was added; the suspension was maintained at 0C and 
then centrifuged at 17,000g for 15 minutes. The entire supernatant was applied to a linear, 5 to 20 percent sucrose density 
gradient (volume 25 ml) that contained 0.025M tris-HCl (pH 7.8), 0.015M magnesium acetate, and 0.004M 2-mercaptoethanol. 
After centrifugation at 24,000 rev/min for 2 hours, 20-drop fractions (approximately 0.5 ml) were collected. To each fraction 
was added 0.2 ml of a supernatant obtained by high-speed centrifugation (8), 0.1 ml of a combined-reagents mixture, and 0.5 yc 
of an amino acid mixture, uniformly labeled with C14; the final preparation was incubated for 45 minutes at 28?C. Radioactivity 
incorporated into protein was determined as described in the text. 
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for about 60 percent of the label in- 
corporated into the ribosomes. Al- 
though washing the isolated chloro- 
plasts resulted in about a 40-percent 
loss of activity, the washing procedure 
was routinely carried out in subsequent 
experiments, as it revealed more dis- 
tinctly the position occupied by heavy 
ribosomes in sucrose density gradients. 

The OD profile of the polyribosome 
region was shifted to the monosome 
region by pancreatic ribonuclease (Fig. 
2). This treatment also shifted much 
of the incorporated radioactivity from 
the polyribosome to the monosome re- 
gion (Fig. 3), although there appears 
to be a small amount of heavier mate- 
rial that is less sensitive to ribonuclease. 

With the evidence that polyribosomes 
could be detected by use of washed 
chloroplasts, the question arose wheth- 
er the polyribosomes could be released 
from washed chloroplasts and frac- 
tionated on sucrose density gradients 
before testing the fractions for their 
capacity to incorporate radioactivity 
into protein. It was not possible to 
release sufficient ribosomes for OD 
analysis by suspending washed chloro- 
plasts at 00C in a buffered medium 
of low molarity, according to the meth- 
od that Boardman et al. (3) used with 
unwashed chloroplasts. However, addi- 
tion of the mixture of combined rea- 
gents to the washed chloroplasts at 
0C caused release of ribosomes, gen- 
erally to about one-half the extent of 
the ribosomes released during a 1- to 
5-minute incubation at 28I C for pro- 
tein synthesis. By use of combined 
reagents at 00C, sufficient ribosomes 
were obtained in a 17,000g superna- 
tant to permit their fractionation by 
sucrose density gradient centrifugation 
prior to the incubation of each fraction 
with reagents necessary for protein 
synthesis. As shown in Fig. 4, the shape 
of the absorbency profile of the ribo- 
somes obtained in this manner is similar 
to that obtained in previous experi- 
ments in which labeled ribosomes were 
released from washed chloroplasts into 
the 17,000g supernatant as protein 
synthesis occurred. Figure 4 also shows 
that more of the protein-synthesizing 
activity was associated with the poly- 
ribosome region than with the mono- 
some region. 

This result may be compared with 
results obtained when washed chloro- 
plasts were first made to incorporate 
labeled amino acids, and the resulting 
labeled supernatant was fractionated 
by sucrose density sedimentation. The 
specific radioactivity of the polyribo- 
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somes was only twice that of mono- 
somes (Fig. 1). Apparently, most of 
the monosomes carry nascent, or com- 
pleted, polypeptide chains, and we as- 
sume that these monosomes arise by 
breakdown of the polyribosomes dur- 
ing protein synthesis. Longer incuba- 
tion periods, as well as mild treatment 
with ribonuclease, results in the con- 
version of both radioactivity and OD, 
originally associated with polyribo- 
somes, to monosome material. 

The polyribosome profile of tobac- 
co chloroplasts consists of a much 
smaller proportion of larger ribosome 
aggregates, in comparison with mono- 
somes, than those encountered in oth- 
er plant tissues (5) and other orga- 
nisms (6). It can be questioned, there- 
fore, whether the low yields of larger 
aggregates from the chloroplasts arose 
from nuclease action on the polyribo- 
somes during the extraction procedure. 
Boardman et al. (3) examined mixtures 
of reticulocyte polyribosomes and to- 
bacco chloroplast supernatants in the 
analytical centrifuge and concluded 
that chloroplast supernatants contain 
little active nucleases. Our chloroplast 
supernatants were also incubated with 

reticulocyte polyribosomes (7) at 00C 
for 15 minutes before resolving the 
mixture by sucrose density gradient 
centrifugation. The several humps of 
the reticulocyte polyribosomes ap- 
peared undegraded. Thus, it seems un- 
likely that the chloroplast polyribosome 
profile had been altered by nucleases. 

JANE L. CHEN 
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Antibodies to Rabbit Cytochrome c Arising in Rabbits 

Abstract. Antibodies reactive with rabbit cytochromne c have been observed 
in rabbits immunized with several heterologous cytochromes. Such antibodies have 
also been observed in rabbits immunized with rabbit cytochrome c conjugated 
to bovine gamma globulin. The serum of a rabbit immunized with human cyto- 
chrome c reacted with the cytochrome c of the same rabbit. 

The elicitation of autoantibodies by 
crude tissue preparations, either by 
autoimmunization or by heteroimmuni- 
zation, has been amply described (1). 
Autoantibodies have also been observed 
after autoimmunization or heteroim- 
munization with purified extracellular 
or cytoplasmic proteins such as thyro- 
globulin (2), y-globulin (3), and adeny- 
late kinase (4). We describe here the 
regular appearance of antibody reactive 
with a mitochondrial protein of the im- 
munized species. Rabbits immunized 
with a variety of cytochromes c from 
other species produced antibodies to 
rabbit cytochrome c prepared from a 
pool of several hundred rabbit hearts. 
Moreover, serum of a rabbit immu- 
nized with human cytochrome c re- 
acted with cytochrome c subsequently 
isolated from the same rabbit. We have 
also observed the formation of antibody 
to cytochrome c in rabbits immunized 
with rabbit cytochrome c coupled co- 

valently to acetylaited bovine y-glob- 
ulin. 

White New Zealand rabbits were im- 
munized by either of two methods 
(5). The tuna, turkey, and rabbit cyto- 
chromes c were injected as conjugates 
to acetylated bovine y-globulin while 
the human and horse proteins were in- 
jected as the free native proteins (5). 
Methods used for conjugation and for 
quantitative estimation of specific anti- 
body have been described (5); anti- 
body was estimated by a modification of 
the Farr technique with the use of 
1125-labeled cytochrome c, by precipitin 
analysis and by complement fixation. 

Cross reactions of antibodies elicited 
by a particular cytochrome c, with the 
cytochromes c of other species, were 
also investigated by measuring the com- 
petition between the homologous J125_ 

labeled protein and the heterologous un- 
labeled proteins for binding to antibody. 
On the basis of initial experiments 
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