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It is generally recognized that protein synthesis in reticulocytes,'-4 other mam-
malian cells,5-7 plant cells,8 and bacteria9' 10 occurs predominately on aggregates of
single ribosomes, referred to as polyribosomes. There is evidence from electron
micrographs of thin sections of whole cells,1' as well as fractions from sucrose
gradient analysis of cell lysates,"1-'3 to indicate that the polyribosomes are com-
posed of two or more individual ribosomes associated by a thin continuous filamen-
tous structure. It has been hypothesized that this filamentous structure repre-
sents a strand of messenger RNA to which ribosomes are attached and which directs
the sequential addition of amino acids to the growing nascent peptide chain.
Formation and dissociation of polyribosomes occur during certain stages of cellu-

lar development. Evidence has been presented to indicate that polyribosomes ap-
pear following fertilization and increase during the early stages of embryogene-
SiS.14, 15 Dissociation of polyribosomes accompanies the loss in capacity for pro-
tein synthesis which characterizes erythroid cell maturation.'6-'8

In the present investigation, polyribosome dissociation and formation in intact
reticulocytes has been studied by taking advantage of the fact that NaF inhibits
protein synthesis in reticulocytes and causes dissociation of polyribomes.19 Evi-
dence is presented that during incubation of reticulocytes in the presence of NaF,
polyribosome dissociation to 80S ribosomes and ribosomal subunits proceeds by
simple first-order kinetics for polyribosomes of all sizes. During this polyribosome
breakdown there is conservation of messenger RNA as indicated by the restoration
of protein synthesis upon removal of NaF from the cells. In these cells, polyribo-
some formation and restoration of protein synthesis to control rates occurs without
RNA synthesis. The kinetics of polyribosome formation suggest that this process
is not a reversal of the process of dissociation.

Materials and Methods.-Preparation and incubation of reticulocytes: The pro-
cedures employed are similar to those described in a previous paper' unless other-
wise noted. The reticulocytes were prepared from phenylhydrazine-treated rabbits
according to the procedures of Borsook et al.20 Following washing in a cold solution
containing 0.15 M NaCl and 1.5 X 10-3 M MgCl2, the cells were incubated in a
modified Krebs-Ringer bicarbonate buffered medium.' C14-leucine or C14-valine
was added in studies in which rates of protein synthesis were examined. Incuba-
tion was carried out in an atmosphere of air with agitation at the temperature and
for the times described for each study. NaF was added in the concentrations in-
dicated below. Control flasks contained comparable amounts of NaCl.

Isolation and characterization of ribosomes: The cells were lysed and the ribosomes
prepared from hemolysates by procedures described in detail else~yWe.;req' Ribo-
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somes where characterized by their sedimentation pattern in sucrose-density
gradients.1 The conditions of centrifugation for each experiment are indicated in
the legends for the figures.

Other determinations: The rate of oxidation of 6-C 14-glucose or uniformly labeled
C14-glucose by reticulocytes was determined as described elsewhere.21 Adenosine
triphosphate conicentrations of reticulocytes were determined by the method of
Kornberg.22

Results.-Inhibition of protein synthesis by NaF: Incubation of rabbit reticulo-
cytes with 10-2 VI NaF decreases the rate of protein synthesis. This decrease is
evident within 2 mim, and the rate is essentially zero after 10-20 miin incubation at
370 (Fig. 1). If this incubation is performed at 15'C, the decrease is evident at 10

min and the rate is essentially zero by
/0 40-50 min. The effect of NaF is con-
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FIG. 1.-Effect of NaF on the rate of protein NaF-treated cells: Reticulocytes were
synthesis in reticulocytes. Reticulocytes were
incubated at 37WC in the absence (open circles) incubated with Nal' for intervals up
or in the presence (solid line, closed circles) of to 120 min at 370 and then washed at
NaF. At intervals, cells were removed from the
NaF-containing mixture, washed, and reincu- 40, twice with a solution of 0.13 311
bated (broken line, closed circles). See text for NaCl, 0.005 ill MgCl2, and once with
experimental details. 1-0 \92 n newt

the Krebs-Ringer bicarbonate solution.
The cells were then reiiicubated at 370 in the complete medium with labeled
amino acids but without NaF. Protein synthesis begins after a lag period of about
5 mnin if reincubatioii is carried out at 370C, or after a lag period of about 20 miii
if reincubation is carried out at 150C. Upon reincubation of washed cells which were
preincubated with NaF, the rate of protein synthesis achieved is greater than
that of control cells which were incubated for the same period of time, and is
comparable to the initial rate of protein synthesis in control cells (Fig. 1).

Effect of NaF on polyribosomes: The NaF inhibition of protein synthesis in
reticulocytes is associated with a progressive dissociation of the polyribosomes (Fig.
2). This was studied in detail in cells incubated at 15° rather than 370, since poly-
ribosome dissociation proceeded more slowly at the lower temperature, making it
technically easier to obtain multiple samples during the period of change in poly-
ribosome content. There is detectable decrease in polyribosomes after incubation
for 4 min at 150. Analysis of the patterns of sedimentation of the ribosomes in
sucrose-density gradients indicates that each sedimentation class of polyribosomes
decays by first-order kinetics (Fig. 3). The disappearance of polyribosomes is as-
sociated with an increase in 80S ribosomes and ribosomal subunits without ap-
preciable loss of ribosomal material (Fig. 2). Each class of polyribosomes decreases
in amount independently of the decrease in amount of any other polyribosome class.
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4 L FIG. 2.-Effect of NaF on polyribosomes.
4\ 1i1 Sucrose-density gradient centrifugation pat--.3 1 1 .3 terns of sedimentation of ribosomes of hemol-l

ll. 2 ir L/ ysates prepared from reticulocytes incubated
_.2 2 l 29 at 15'C in the presence of NaF for the time

.1 I indicated. 0.5-1.0 ml of stroma-free hemol-
10 ~~~~~~~~satewas layered on a 26-mi 15-30%

sucrose gradient, prepared in 0.01 M KC1,
37 0.001 M MgC12, 0.01 M Tris, pH 7.4. Cen-

Z |fv|trifugation was performed for 165 min at 4.C.2 at 25,000 rpm in the SW 25.1 rotor of the
.2 46' / Spinco ultracentrifuge, model L2. At the
7' [ end of the centrifugation the gradients were

<
~~~ 11 g~~~ / J ~collected through a flow cell (2-mm light

path) of an automatic recording spectropho-
.21,/11tometer. The broken line on graphs for 11

o,0 min and 46 min indicates 2-fold multiplica-
tion, and that for 29, 37, 90, and 150 min, 4-

16' fold multiplication for the absorbance scale.
150 A larger volume of lysate was layered for the
150'/ 1l-min gradient than for the other time points.

In addition, the rate of disappearance does not vary greatly with the size of the poly-
ribosome. This similarity of the half-times for decay of the different classes of
polyribosomes implies that the probability of dissociating a polyribosome is in-
dependent of its size, i.e., a polyribosome consisting of six ribosomes dissociates as
frequently as a polyribosome consisting of five ribosomes, etc.
The disappearance of polyribosomes in reticulocytes incubated in the presence

of NaF is accompanied by a loss of labeled protein from the ribosomes. This was
demonstrated by studies in which the reticulocytes were incubated for 15 min at
370 in a medium containing C14-leucine and then NaF, 10-2 M, was added, and the
incubation continued for an additional 60 min. There was no detectable incorpora-
tion of amino acids into protein after 60 min. Polyribosome dissociation to 80S
ribosomes and ribosomal subunits continued after inhibition of protein synthesis.
During dissociation, the specific activity of the polyribosomes remained relatively
constant. There was no accumulation of labeled protein attached to the 80S
ribosomes. No detectable labeled peptides remained associated with the ribosomes
when the disappearance of polyribosomes is essentially complete.
Formation of polyribosomes: Restoration of protein synthesis in cells preincu-

bated with NaF is associated with the reappearance of polyribosomes. Poly-
ribosomes corresponding to S values of 123 or greater are detectable within 10 min
after reincubation of washed cells at 150 (Fig. 4). The proportion of ribosomes
sedimenting with S values corresponding to 123S and 149S rises relatively sharply
during the period between 10 and 20 min of reincubation (Fig. 5). Thereafter, the
proportion of the ribosomes corresponding to 123S tends to remain relatively con-
stant. The rate of formation of classes of polyribosomes, corresponding to S values
greater than 149, is almost linear during the periods of observation. Although rates
of protein synthesis comparable to that of the control are achieved within 20-30
min at 15'C, polyribosome formation comparable to that in control cells requires
longer periods of incubation (90 min or longer). Extrapolation of the curves in
Figure 5 back to the zero intercept suggests that there is a discrete time interval re-
quired for the formation of the larger polyribosomes. At 15° after the 173S poly-
ribosomes appear, there is an elapse of about 10 min before any 194S polyribosomes
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FIG. 3.-Semilogarithmic plot of the de- Sucrose-density gradient centrifugation pat-
crease in the proportion of the different terns of sedimentation of ribosomes of hemol-
classes of polyribosomes with time. These ysates prepared from reticulocytes which
data are derived from integration of the areas had been preincubated in the presence of
under the curves of distribution of the NaF, washed to remove the NaF, and re-
ribosomes sedimented in sucrose-density incubated at 15° without NaF. See text
gradients illustrated in Fig. 2. The half- for experimental details. Centrifugation and
times for decay of the different classes of collection of the gradients was performed
polyribosomes are: 123S, 15 min; 149S as indicated in the legend for Fig. 2. The
15 min; 173S, 15 min; 194S, 14 min; and broken line on the graph for zero time indi-
213S, 13 min. cates 2-fold multiplication of the absorbance

scale.

appear, and about another 15-min elapse before any 213S ribosomes appear (Fig. 5).
Polyribosome formation occurs in these reticulocvtes without detectable synthesis

of RNA. This is shown by studies in which the reticulocytes were preincubated for
120 min in a medium containing 10-2 M NaF. This resulted in dissociation of the
polyribosomes to 80S ribosomes and ribosomal subunits as analyzed by sucrose-
density gradient centrifugation of hemolysates prepared from aliquots of incubated
cells. The remaining cells were washed free of NaF by the procedure indicated
above, and reincubated in a complete medium free of the inhibitor to which 1 me
of p32 was added. Following incubation for 45 min at 370, during which period the
polyribosome distribution approached control levels, the cells were lysed and
ribosomes prepared from the hemolysate. The RNA was then purified from these
ribosomes and analyzed by the sucrose-density gradient centrifugation techniques
for the pattern of distribution of RNA and p312 radioactivity.1 There was no de-
tectable p32 associated with any fraction of the RNA.
Mechanism of action of NaF: The effect of NaF on glucose oxidation, on ATP

concentration, and upon rate of C14-amino acid incorporation into protein and
polyribosome dissociation were determined. Inhibition of oxidation of 6-C14_
glucose or uniformly labeled-C14-glucose to C1402 occurs at 30-45 min of incubation
at 150 in the presence of NaF. ATP concentrations fall progressively during in-
cubation in the presence of NaF. These data demonstrate the recognized effect of
NaF in blocking glucose metabolism by inhibition of enolase activity and, as a con-
sequence, inhibition of ATP generation.23 It would seem reasonable to assume that
inhibition of protein synthesis and polyribosome decay may be secondary to a block
in the generation of high-energy phosphate compounds. This was further evalu-



VOL. 53, 1965 BIOCHEMISTRY: MARKS ET AL. 1441

ated by studying the effect of various in- 614
8

hibitors which are known to interfere with
w

S

energy generation. Incubation of reticu-
locytes in the presence of 6.6 X 10-i M di- 4 194
nitrophenol, 5 X 1O- M sodium cyanide, -

0213 8
or 6.6 X 10-s M iodoacetamide caused Z

inhibition of protein synthesis and dissocia- a s o
A

tion of polyribosomes to 80S ribosomes --
and ribosomal subunits (Table 1). After 0 20 4 60.
60 min of incubation at 370, the degree of TIMEIN MINUTES
polyribosome breakdown observed in the FIG. 5.-Polyribosome formation in intact

reticulocytes. These data are derived from
presence of dinitrophenol, sodium cyanide, integration of the areas under the curves of
or iodoacetamide is similar to that which distribution of ribosomes sedimented in
occurred in the presence of NaF. sucrose-density gradients illustrated in Fig. 4.

Discussion.-The studies demonstrate that in intact reticulocytes NaF inhibits
protein synthesis and causes a dissociation of polyribosomes to 80S ribosomes and
ribosomal subunits. Polyribosomes form, and protein synthesis is restored after
removal of NaF. This has provided a system which permits investigation of
polyribosome structure and function in relation to protein synthesis in intact cells.
Polyribosome dissociation continues after inhibition of protein synthesis. This

indicates that protein synthesis is not required for polyribosome breakdown in
intact cells. This finding is in contrast with observations24' 25 in the cell-free system
which were interpreted as demonstrating a strict dependence of polyribosome break-
down on protein synthesis. During polyribosome formation, the rate of protein
synthesis reaches control levels, at a time when polyribosome content is considerably
less than that of control cells. This suggests that polyribosomes can vary in their
efficiency in protein synthesis. This has been previously indicated by the findings
of a decreased specific activity of polyribosomes as erythroid cells mature,16 18 and
of a decrease in capacity for protein synthesis of polyribosomes of cells from subjects
with thalassemia major.26 It appears that the functional activity of messenger
RNA is not simply determined by its association with ribosomes to form polyri-
bosomes.
The process of polyribosome dissociation is not a reversal of the process of poly-

ribosome formation. The dissociation of polyribosomes, under the present ex-
perimental conditions, proceeds by first-order kinetics. The rate of dissociation for

TABLE 1
EFFECT OF VARIOUS INHIBITORS ON PROTEIN SYNTHESIS AND

POLYRIBOSOME CONTENT OF RETICULOCYTES
Protein synthesist Polyribosomes$

Addition* (cpm/mg hemoglobin/hr) (% of total ribosomes)
NaCl, 10-2 M 3200 70
NaF, 10-2 M 260 18
DNP, 6.6 X 10-3 M 20 10
NaCN, 5 X 10-3 M 50 5
IAA, 6.6 X 10-3 M 725 25

* Reticulocytes were incubated as described in text, with the additions as indicated. Abbre-
Viations: DNP, 2,4-dinitrophenol; IAA, iodoacetamide.

t C14-valine was employed as the labeled amino acid precursor. Incubation was for 1 hr at
370. Other details of the procedure are indicated in the text.

I The proportion of total ribosomes which are polyribosomes was determined by integration
of the area under the curves of the sedimentation patterns of the ribosomes in sucrose-density
gradients,
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polyribosomes of different size is similar. This result implies that when a polyri-
bosome dissociates, it does not break down into other polyribosomes, but rather
appears as 80S ribosomes or ribosomal subunits. These data suggest that dissocia-
tion of polyribosomes occurs as a single event which involves each ribosome in the
polyribosome complex at essentially the same instant. The data do not favor a
model which involves the sequential loss of single ribosomes from the polyribosome
complex. Of course, sufficiently rapid sequential loss of single ribosomes is formally
equivalent to a single event. The fact that NaF inhibits the formation of high-
energy compounds suggests that a substance such as ATP or GTP is involved in the
maintenance of the polyribosome complex. However, the mechanism by which
NaF causes polyribosome dissociation is not established.

In contrast to the dissociation process, the formation of polyribosomes correspond-
ing to sedimentation coefficients greater than 149S appears to occur as a conse-
quence of the addition, at discrete time intervals, of single ribosomes to form the
next heavier class of polyribosomes. This suggests that polyribosomes are forming
by sequential addition of single ribosomes. The relatively long time (10-15 min
at 150) which elapses between the appearance of the larger classes of polyribosomes
further suggests that several events may be involved in this process. The fact
that the pool size of polyribosomes corresponding to 123S, and, to a lesser extent,
to 149S tends to remain relatively constant throughout the period of formation of
polyribosomes of heavier size would be consistent with this model, in that the rate at
which these classes of polyribosomes are being formed and the rate at which they
are growing to the larger polyribosomes is equal.

Polyribosome formation after NaF-induced dissociation proceeds without detect-
able RNA synthesis, and the rate of protein synthesis is restored to the initial control
levels. These observations indicate that during polyribosome breakdown there is
preservation of messenger RNA. Thus, messenger RNA can be conserved in a
cell without being involved in protein synthesis. Under appropriate conditions,
it can reassociate with ribosomes with resulting formation of functional polyribosome
complexes. This may have an analogy in sea urchin eggs. During development of
sea urchin eggs, "maternal" messenger RNA, which was presumably inactive in the
unfertilized eggs, appears to account for essentially all of the synthesis of protein
which occurs in the early period following fertilization.27-29
Summary.-Incubation of reticulocytes with NaF is associated with inhibition

of protein synthesis and dissociation of polyribosomes to 80S ribosomes and ribo-
somal subunits with loss of nascent protein chains from the ribosomes. Removal of
NaF from the cells is associated with restoration of polyribosomes and restoration of
protein synthesis to control rates. The present evidence indicates that the process
of polyribosome dissociation is not a reversal of the process of polyribosome forma-
tion.
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Communicated by C. B. Anfinsen, April 21, 1965

The primary event following the administration of adrenocorticotropic hormone
(ACTH) is the immediate increase in steroid synthesis by the adrenal gland.1 Pre-
vious studies by numerous investigators suggested that this action of ACTH was
the result of specific activation of enzymes.2' 3 However, studies showing that
puromycin or chloramphenicol blocked the stimulation of corticosterone synthesis
by ACTH suggested that protein synthesis was involved in this process.4 5 But


