
take of sodium by the gills of goldfish in 
fresh water. 

In an attempt to reconcile the data 
currently available on the ion-regulatory 
activity of the caudal neurosecretory 
system in teleosts, we suggest that the 
urophysis may release two neurohor- 
mones: one which favors active ion 
transport in the normal direction and 
another that either inhibits the normal 
active transport or stimulates active 
transport in the opposite direction in 
response to abnormal osmotic circum- 
stances. We are currently obtaining 
electrophysiologic data, of the kind de- 
scribed herein, on the effects of altering 
the internal osmotic environment by in- 
travenous injections of saline solutions 
of various kinds. Results to date indi- 
cate the presence of two types of caudal 
neurosecretory fibers in individual 
Tilapia. One type, corresponding to the 
fibers stimulated by a hypertonic ex- 
ternal environment, is depressed by in- 
travenous injection of sodium-free hy- 
potonic solution and stimulated by a 
subsequent injection of saline contain- 
ing ten times the normal sodium chlor- 
ide concentration; the other type of 
fiber shows exactly the opposite re- 
sponses. It is possible that the first type 
of fiber is associated with an increase 
in total ion flux in a direction opposite 
to normal, whereas the second enhances 
normal osmoregulatory processes. 

However, the situation regarding ion 
regulation by the urophysis must re- 
main only conjectural for the present. 
It is assumed that impulse conduction 
by neurosecretory fibers (see 6, 7) bears 
an essential relation to neurohormone 
release, but this logical assumption has 
yet to be firmly established (8). 
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Translational Control of Protein Synthesis in a Cell-Free 
System Directed by a Polycistronic Viral RNA 

Abstract. Observations with RNA isolated from the RNA virus indicate 
that regulation of protein synthesis occurs during translation. At least three 
electrophoretically separable proteins, one of which lacks histidine, appear as 
a result of adding purified viral RNA to a cell-free extract of Escherichia, 
coli. This establishes that the RNA contains at least three cistrons. Com- 
parison of the kinetics of appearance of the proteins that do and do not con- 
tain histidine reveals a control mechanism which determines the temporal 
order and the frequency of translation of each cistron. Such translational con- 
trols at the stage of message use provide additional devices for regulating 
protein synthesis which can supplement those functioning at the transcription 
step where genetic messages are produced. 
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Currently accepted views of how in- 
formation flows from the genome to 
the protein-synthesizing machines sug- 
gest two possible sites at which con- 
trols can be inserted. One is at the 
step (transcription) which produces 
the complementary RNA copies which 
serve as genetic "messages." The other 
would be where the genetic "messages" 
are translated into the protein mole- 
cules. Regulation of both production 
and use of message are not mutually 
exclusive and both mechanisms can, 
in principle, coexist. Recent experi- 
ments with the "gal" (1) and "lac" 
(2) loci of Escherichia coli have shown 
that inducers of specific enzyme syn- 
thesis stimulate the accumulation of the 
particular messages complementary to 
the homologous genetic regions. These 
results suggest a control of gene tran- 
scription. We now describe experi- 
ments from RNA from an RNA virus 
in a cell-free system showing that there 
is regulation at the point of protein 
synthesis. 

An RNA molecule which can be 
translated into two or more proteins 
may be referred to as a "polycistronic" 
message. This concept immediately 
raises the possibility of regulated use 
in terms of the order and relative fre- 
quency of translation of the component 
cistrons. The RNA message fraction 
has been shown to contain molecules 
big enough to act as a code for several 
proteins (3, 4), an observation con- 
firmed with other systems (5, 6). It 
has been proposed (7) that such poly- 
cistronic messages could arise from the 
continuous transcription of contiguous 
cistrons belonging to the same "oper- 
on." A simple physical basis is thus 
provided for the "operon" concept (8). 

The RNA viruses guarantee the ex- 
istence of polycistronic molecules and 
also provide a convenient material for 
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their experimental analysis. Data on 
mutations of tobacco mosaic virus (9) 
show that viral RNA determines the 
amino acid composition of the coat 
protein. Further, it seems very prob- 
able that replication of viral RNA is 
mediated by an RNA-dependent RNA 
polymerase (10, 11). Suggestive sup- 
porting evidence (12, 13) has recently 
appeared without, however, proof of 
RNA dependence. Available evidence 
(14, 15) makes it highly unlikely that 
a polymerase of this sort already exists 
in uninfected cells. The RNA poly- 
merase discovered by August et al. 
(16), is not a likely candidate for 
fabricating specific heteropolymers. 
While it is stimulated by RNA, it ap- 
parently cannot catalyze the synthesis 
of anything but polyadenylate and the 
end product is uninfluenced by the 
'"primer." We therefore predicted (10) 
that the structural program of the new 
polymerase is coded in the RNA of 
the virus particle. From these argu- 
ments, a viral genome must contain 
cistrons for at least two proteins, and 
hence all viral RNA molecules must 
be polycistronic. We present direct 
supporting evidence for this conclu- 
sion. 

If a new polymerase must be syn- 
thesized before RNA replicas appear, 
the incoming viral RNA must obvi- 
ously serve as a message and must fur- 
thermore be conserved while being 
translated into protein (10). The pre- 
diction of conservation was confirmed 
(17) through the use of double label- 
ing (N15 and P32) and by showing that 
the two isotopes can be recovered in 
the same RNA strands at the end of a 
complete lytic cycle. 

Our principal concern here is with 
the conclusion that viral RNA must 
contain a device which dictates the 
number of times a particular cistron is 
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translated. This deduction follows as 
a numerical consequence of the number 
of coat protein subunits needed to com- 
plete a virus particle compared to 
other proteins specifically required for 
viral maturation. A specific example 
is the RNA bacteriophage (MS,2) 
which is similar in many of its prop- 
erties to the f2 bacteriophage (18). Its 
RNA is approximately 1 X 106 (19) 
in molecular weight and supplies the 
code for at least three proteins. One 
is the coat protein, another an RNA- 
dependent polymerase (20), and the 
function of the third has not been 
identified. The molecular weight of the 
coat-protein subunit is about 20,000, 
and there are approximately 200 such 
subunits per particle. Since the normal 
burst size of this virus is between 1000 
and 10,000 per cell, between 2 X 105 
and 2 X 106 coat-protein molecules are 
made per cell per lytic cycle. It is 
difficult to imagine that an equal num- 
ber of polymerase molecules are syn- 
thesized. The same argument would 
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apply to any other enzyme or protein 
not included as a component of the 
mature particles. This situation virtu- 
ally demands a mechanism which in- 
sures that the cistron for the coat pro- 
tein be translated more times than those 
which correspond to some of the other 
proteins. It seems likely that this de- 
vice would be built into the RNA mole- 
cule and could operate even outside 
the cell. 

We now raise the problem of wheth- 
er evidence for a control mechanism of 
this sort can be detected in an in vitro 
system. Clearly one requirement for 
an experimental resolution is the ability 
to distinguish the coat protein from the 
the others. This possibility is provided 
by the RNA bacteriophage MSt2 since 
its coat protein lacks histidine (19). 
Consequently, histidine can be em- 
ployed as a marker to detect the ap- 
pearance of histidine-containing pro- 
teins synthesized under the direction of 
the viral RNA. With this device one 
can readily compare the kinetic details 

0 50 
IALG RNA 

Fig. 1. Characteristics of amino acid incorporation in cell-free extracts of E. coli. 
General reaction conditions and method of measuring incorporation: The volume of 
the reaction mixtures was 0.25 ml, containing 0.04M tris HC1, pH 7.8; 0.011M mag- 
nesium acetate; 0.008M /,-mercaptoethanol; 0.032M KC1; 0.002M ATP; 0.0004M GTP; 
0.012M phosphoenolpyruvate; 50 ug of pyruvate kinase per milliliter; 4 x 10-5 mole 
of each of the 20 amino acids, and 1/5 volume of the supernatant obtained from cen- 
trifugation at 30,000g. Reactions were carried out at 35?C, and all mixtures were 
incubated for 20 minutes before labeled compounds or RNA fractions were added. 
Incubations were terminated by adding 3 ml of 7 percent PCA, and then heated at 
90?C for 15 minutes. The resulting precipitates were centrifuged, dissolved in 0.5 ml 
of 0.1M NaOH, and reprecipitated with 4 ml of 10 percent TCA. The precipitate was 
then transferred to a Millipore filter and washed with three 10-ml portions of 10 per- 
cent TCA. After drying, the radioactivity was assayed in a liquid scintillation counter 
(23). (A) Kinetics of incorporation: Uniformly labeled amino acids, 4 x 105 count/ 
min per milliliter (0.166 mc/mg) were added at zero time with 100 tg of RNA of 
the purified phage of MS,2 (21). At intervals, 0.1-ml samples were removed and 
treated as described. (B) Effect of RNA concentration: A series of the aforementioned 
reaction mixtures (0.25 ml) were set up and the indicated amounts of RNA (micro- 
grams) added along with C14-labeled valine, 4 x 105 count/min (100 jcc/uimole). The 
reaction was allowed to proceed for 60 minutes at 35?C, and then the mixture was 
prepared for radioactive counting. 
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of the appearance of coat and non-coat 
proteins. 

Nathan et al. (21), using the cell- 
free system of Nirenberg and Matthaei 
(22), showed that the RNA of f2 
stimulates the incorporation of amino 
acids into proteins similar in their pep- 
tide chromatographic and electropho- 
retic patterns to the coat protein. Also, 
proteins which contain histidine are 
formed. We have confirmed these find- 
ings with RNA isolated from MSs2. 

Comparison of the kinetics and the 
time of entry of histidine and some 
other amino acid commonly contained 
in protein should provide definitive in- 
formation on the presence or absence 
of order and regulation in the synthesis 
of the proteins directed by the viral 
RNA. 

In thinking about possible outcomes, 
one must recognize that order versus 
randomness in the translation of a set 
of cistrons involves questions of time, 
frequency, and the relation of these to 
location in the RNA molecule. Thus, 
consider the coat protein cistron and 
two others arranged in some sequence. 
The following possibilities can be 
imagined: (i) no preferred order of 
translation and the frequency of trans- 
lation is equivalent for all three cis- 
trons; (ii) a preferred order and the 
translation frequency is equivalent for 
all three cistrons; (iii) no preferred 
order but the number of translations 
per unit time is considerably greater 
for the coat proteins; (iv) a preferred 
order and the translation frequency for 
the coat-protein cistron is considerably 
higher than for the others. 

Mechanisms similar to i and ii are 

unlikely in the cell since they predict 
that equal numbers of all three types 
of protein molecules would be syn- 
thesized per unit time. They could, 
however, occur in a cell-free system, 
and they can be distinguished only by 
limiting the experiment to a time in- 
terval comparable to one translation of 
each of the cistrons. In any long-term 
experiment both mechanisms would 
have similar kinetics of appearance for 
all three proteins. From the third 
mechanism one would predict that pro- 
teins containing histidine should begin 
appearing at the same time as the coat 

protein which does not contain histi- 
dine. However, the relative rate of 
formation of the coat protein would be 
higher and would remain constantly so 

throughout the period of active syn- 
thesis. Finally, the fourth mechanism 
would imply a break in the rate of ap- 
pearance of histidine-containing pro- 
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teins. The position of the break would 
depend on the temporal order in which 
the cistrons become active. 

In standardizing our experiments, ac- 
tive extracts were always prepared 
from cells of Escherichia coli strain B 

growing in the logarithmic phase on a 
modified Penassay medium (23). This 
strain cannot be infected with the RNA 

bacteriophage MSf2. After washing 
with cold buffer the cell paste was ground 
with 2.5 times its weight of alumina and 
extracted with 2.5 volumes of 0.01M 
tris, pH 7.8, containing 0.01M mag- 
nesium acetate, 0.06M KC1, 0.006M 

P-mercaptoethanol, and 5 u/g of deoxy- 
ribonuclease per milliliter. The result- 

ing extract was cleared by centrifuga- 
tion at 10,000g for 10 minutes and the 

supernatant was centrifuged at 30,000g 
for 30 minutes. The final supernatant 
was dialyzed for 4 hours against 0.01M 
tris, pH 7.8 containing 0.01M magne- 
sium acetate, 0.06M KC1, and 0.006M 

/3-mercaptoethanol. Such extracts had 
an optical density at 260 myt of 180 
and could be stored frozen for several 
months without losing activity. Each 
reaction mixture contained /s volume 
of extract. All other experimental de- 
tails are described in the figure le- 
gends. 

The kinetics of incorporation of 
amino acids by such extracts are shown 
in Fig. 1A and indicate that incorpora- 
tion is linear for about 30 minutes, 
and then declines. Further, the sys- 
tem becomes saturated (Fig. lB) when 
the reaction mixture contains approxi- 
mately 50 /xg of phage RNA. From 
these results comparisons of rates of 

incorporation of different amino acids 
are best confined to the linear period. 

In the comparison of the incorpora- 
tion of histidine with some other amino 
acids, a number of precautions must 
be exercised. To obviate irrelevant 
kinetic differences which might occur 
from one preparation to another, two 
different isotopes (for example H' and 
C1) have been used to identify the 
two amino acids being compared. The 

incorporation of both in the same reac- 
tion mixture can then be followed by 
measuring radioactivity in a liquid- 
scintillation spectrometer and, thus, 
each amino acid serves as an internal 
control of the other. Under these cir- 
cumstances observed kinetic differences 
can be accepted as real and interpreta- 
ble. Further, the specific activities of 
the amino acids used must be adjusted 
to the extent of their incorporation so 
that the sensitivities of the observa- 
tions of the two are comparable. Final- 
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ly, background activity, unassociated 
with synthesis specific to viral RNA, 
can be eliminated by incubation of the 
ribosome preparation (in our experi- 
ments, 20 minutes) with all necessary 
supplements prior to adding the viral 
RNA and the labeled amino acids. 

Because of their central importance, 
two deductions made in the introduc- 

tory paragraphs merit direct test to in- 
sure that our data are relevant to the 

translation of polycistronic RNA. First 
it must be shown that the viral RNA 
added, and not some polynucleotide 
synthesized under its direction, is ac- 

tually serving as the message and sec- 
ond that it is polycistronic in vitro. 

To check the first point, the simul- 
taneous incorporation of UTP"3 (uridine 
triphosphate with P32 in the nucleotide 

phosphorous) into polynucleotide and 
C1 labeled valine into protein was com- 

Table 1. Effect of viral RNA on the incorporation of P3-labeled UMP and C"4-labeled valine. 
Details of the reaction conditions and the common supplements are described in the first 
section of Fig. 1. When included, 160 /Ag of purified RNA (per milliliter) from MS?2 was 
added. The final specific activity of the C"4-valine was 10 gcc/,tmole and 14 m,mole of UTP32 
at 6 X 107 count/min per micromole was also added. After 40 minutes at 35?C, the incuba- 
tion mixture was divided into two equal portions. P32 was counted in the precipitate formed 
in cold 10 percent trichloroacetic acid (TCA), and after washing with the same acid on 
Millipore filters. C14 was counted after the usual hot perchloric acid (PCA) extraction, solu- 
tion, reprecipitation, and so forth, described for Fig. 1. 

Incorporation 

Time (min) Viral RNA UMP'2 C"-valine 

count/min mtLmole count/min mitmole 

0 71 22 
40 - 1193 0.018 46 0.006 
40 + 866 0.014 2592 0.64 

z 
0 

10 + 10 20 
FRACTIONS 

Fig. 2. Electrophoretic separation of components synthesized under the influence of 
viral RNA. (A) One-half milliliter of reaction mixture, as described in Fig. 1, was 
incubated for 20 minutes; H:-labeled leucine (final specific activity 2.8 mc/,umole), 
and C'-labeled histidine (at 22 cuc/rumole) along with MS,2-RNA (160 Ag/ml) were 
added. After 60 minutes, 0.3 ml of the reaction mixture was adjusted to 5M urea, 
0.01M EDTA and 0.3M sodium acetate at pH 5.6. The material was then applied at 
the position indicated by the arrow to a 2 by 36-cm column of 40 g of "geon" (B. F. 
Goodrich Chemical Co.), and electrophoresis in 0.03M sodium acetate, pH 5.6; 5M 
urea; 0.01M EDTA was then instituted at 500 volts and 10 ma. After 24 hours, 2-cm 
sections of the geon column were cut out and the protein was eluted with 3 ml of the 
urea-EDTA-acetate buffer. Carrier protein (1 mg of serum albumin) was added to 
each fraction. Labeled material was precipitated with 6 percent TCA containing 0.5 
percent phosphotungstic acid, washed on Millipore filters, and counted in a liquid 
scintillation spectrometer. (B) Everything is as described for A except that labeling 
was only with HM-labeled leucine and S"-labeled coat protein was added to the mixture 
prior to application to column. The S"-labeled virus particles were prepared as de- 
scribed previously (15) for P"-labeling except that 7 mc of SI as SO-- was included, 
the MgSO4 in the medium being adjusted to 0.001M. The phage protein was purified 
by the acetic acid procedure (24). 
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pared in the presence and absence of 
viral RNA. Standard conditions, rou- 
tine for all experiments, were used 
with extracts from noninfected cells 
and where the supplements never con- 
tained CTP (cytosine triphosphate). 
RNA dependent polymerase is absent 
from cells which have not been ex- 
posed to virus (20) and, furthermore, 
its activity requires the presence of all 
four riboside triphosphates. Table 1 
summarizes the results obtained as de- 
termined by incorporation of UTP" 
into acid-insoluble material. While 
there is detectable incorporation, it is 
minute (less than 0.02 m,uM) and the 
amount of apparent polynucleotide syn- 
thesized is not increased by the addition 
of viral RNA. Further, the small 
amount of incorporation of UMP"3 is 

completely uncorrelated with protein- 
synthesizing activity. The same reac- 
tion mixture is virtually completely 
dependent on added viral RNA for 

incorporation of C"-labeled valine 
(Table 1). The observed stimulation 
of amino acid incorporation is appar- 
ently not accompanied by detectable 

synthesis of RNA specifically stimu- 

z 

z 
0 

lated by the addition of viral RNA. 
These results are clearly consistent with 
the conclusion that the added RNA is 

serving directly as the translatable mes- 
sage and is responsible for the observed 
stimulation of amino acid incorpora- 
tion. 

That the viral RNA is polycistronic 
would receive direct support by the 
demonstration that histidine is incor- 

porated into a protein (or proteins) 
separable from the coat protein. The 
insolubility of the coat protein in the 
usual buffers, and the tight ribosomal 
association of the histidine-containing 
proteins synthesized were eliminated 
by the addition of urea (SM) and ver- 
sene (0.01M). The synthesized pro- 
teins were then separated by electro- 

phoresis on columns of "geon" (Fig. 
2A). 

It is clear from the profiles of Fig. 
2A that there are three major compo- 
nents, indicated by the numbers 1, 2, 
and 3. The relative distributions of 
the histidine and leucine suggest that 

component 2 is either low in, or com- 

pletely lacks, histidine and may be 
identified with the coat protein. That 

o0 L 4-iLh-- - -L- U-L- -' - -a- - - t-6--- -4---- - 
-- - 4--fl 
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Fig. 3. Kinetics of incorporation of histidine labeled with H3 and valine labeled with 
C"'. (A) One milliliter of the standard reaction mixture (Fig. 1), 1.0 ml, was incu- 
bated for 20 minutes and HM-labeled histidine (final specific activity 1.1 mc/#mole 
and C"-labeled valine (final specific activity 8 /jc/fmole were introduced. At the same 
time, 160 jug of RNA purified from MS52 phage was added to one and omitted from 
a control. The specific activities chosen were determined by the proportion of the 
two amino acids incorporated and the efficiency of counting of C14 and H3. The points 
represent counts per minute (H3 or C14) in each 0.1 ml removed at the indicated time 
intervals. Only the counts for C'4 are shown in the control lacking RNA since those 
for the H3 were equally negligible. Each sample was prepared for counting as de- 
scribed in Fig. 1. Window settings for double counting were such that cross-channel 
contamination was 25 percent in the direction of C" to H' and 5 percent in the reverse 
direction. The same settings yielded similar results with SI and H3. (B) To the same 
reaction mixture that was used for the experiment in Fig. 3A, 1.6 mg of RNA from 
Escherichia coli was added. To increase the proportion of the message fraction, log- 
phase cells were incubated in growth medium for 30 minutes in the presence of 
chloramphenicol (50 ,g/ml). This has consistently resulted in a preparation of RNA 
extremely active in stimulating incorporation of amino acids. Again a control was run 
without added RNA. As shown, negligible amounts of histidine were incorporated and 
the same was true for valine. 
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this is the case is strongly supported 
by the results of the experiment de- 
scribed in Fig. 2B. Here the product 
of a reaction mixture labeled for 60 
minutes with tritiated leucine was 
mixed with S""-labeled coat protein 
purified from isolated viral particles. 
The resulting mixture was then sub- 
jected to electrophoretic separation. 
The S"?-labeled protein moves in the 
same position as peak 2. These re- 
sults would appear to establish that 
MSf2 viral RNA is polycistronic and 
contains cistrons which code for at 
least three protein components. Two 
of the components clearly contain his- 
tidine and the third is identifiable with 
the coat protein which lacks this amino 
acid. 

There is too much contamination of 
one peak by another in Fig. 2 to per- 
mit a meaningful approximation of the 
relative amounts of each component 
formed. An estimate can, however, be 
attained from a comparison of the in- 

corporation of molar amounts of his- 
tidine with that of some other amino 
acid. In a typical reaction run for 60 
minutes, 0.77 m/umole of valine and 
0.02 m/jmole of histidine were incorpo- 
rated. Thus for every 38 moles of 
valine, only 1 mole of histidine is used. 
On the basis of the 6 to 1 ratio of 
valine to histidine commonly found in 
protein, one would estimate that the 
ratio of the masses in peaks 1, 2, and 3 
is approximately as 1:12:1. If the 

comparison is made in terms of num- 
ber of molecules, the ratio is likely to 
increase further in favor of the coat 

protein in view of its very small mo- 
lecular weight. In any case, the data 
indicate preferential synthesis of a pro- 
tein which does not contain histidine. 

With the information available one 
can use the system to analyze questions 
of randomness and frequency of the 
translation mechanism. We now turn 
to the problem of sequential appear- 
ance of the classes of proteins which 
can be identified with the aid of histi- 
dine. When one compares the kinetics 
of entry into protein of HI-histidine 
and C"-valine, results are obtained as 
described in Fig. 3A. There is clearly 
no detectable lag in the time of entry 
of C"-valine into protein precipitable 
by hot acid. It is equally evident that 
there is a distinct lag amounting to 
about 6 minutes, before the appearance 
of proteins containing tritiated histi- 
dine. Similar experiments were per- 
formed with other amino acids and 
with the radioactive labels reversed 
(for example, HM-leucine and C"-histi- 
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incubated for 60 minutes at 35 C with 
H-labeled leucine, and 0.1 ml of another 
reaction mixture, incubated for 10 minutes 
at 35?C with C4-labeled valine, were 
mixed. They were adjusted to 5M urea 
and .01M EDTA and loaded on the 
column at the point indicated by the 
arrow. Electrophoresis and subsequent 
treatment for counting is as described for 
Fig. 2. 

dine). Again, there was a 5-to-6-min- 
ute lag in the incorporation of histidine 
and none with leucine. The lag can- 
not, therefore, be attributed to any 
difficulty in counting H3 in the pres- 
ence of excess C14 (see also Fig. 3B). 

The control preparations of Fig. 3A 
and 3B, to which RNA was not added, 
incorporated negligible quantities of 
either C14-valine or H3-histidine. There 
was the possibility that the system dis- 
criminated against the synthesis of his- 
tidine-containing proteins because of 
some defect which was restored within 
the 6-minute period. To check this 
eventuality, the experiment described 
in Fig. 3B was performed with the ex- 
tract described in Fig. 3A. In this com- 
panion experiment, however, RNA 
message from E. coli was added. Since 
this is a heterogeneous population of 
messages, initial preferential synthesis 
of a given protein type would not be 
expected. Figure 3B shows no differ- 
ence in entry times of histidine and 
valine. The difference observed in Fig. 
3A must, therefore, be ascribed to the 
viral RNA. 

It would be expected from Fig. 3A 
that early samples would be character- 
ized by a predominance of the protein 
that does not contain histidine (peak 
2). This expectation is realized as 
shown from the results in Fig. 4. Here 
an incorporation with C1-valine was 
terminated at 10 minutes and mixed 
with another sample allowed to incor- 

porate H'-leucine for 60 minutes. The 
H3 profile exhibits the presence of all 
three components. The C14 profile 
shows a strong peak 2, traces of peak 
1, and virtually no evidence of peak 3. 

The results described in Figs. 3A 
and Fig. 4 are inconsistent with any 
random translation of the cistrons in 
the viral RNA. Nor are they in agree- 
ment with an ordered translation with 
equal frequency for all cistrons. The 
data are most readily interpreted if the 
translating device performs its function 
sequentially and, in so doing, makes 
significantly more product from the 
coat-protein cistron than from the others. 
The fact that the appearance of the 
histidine-containing proteins is delayed 
suggests that, of the three correspond- 
ing to the major protein components, 
the coat-protein cistron is the first to 
be translated. The data do not elimi- 
nate the possibility that a cistron cod- 
ing for a minor protein component may 
precede the coat-protein cistron. 

Thus, it is indeed possible to exhibit 
evidence in a cell-free system for a 
type of translational regulation which 
is predictable from a numerical anal- 
ysis of what occurs in the intact cell. 
In a polycistronic message it deter- 
mines the temporal order and the num- 
ber of times a given cistron is used as 
a protein program. The experimental 
detection of translational regulation was 
made easier by the existence of poly- 
cistronic messages. It is clear, how- 
ever, that the control of translation 
frequency can also be exerted on mes- 
sages containing only a single cistron. 

It seems likely that this type of con- 
trol is not confined to the RNA viruses 
but may also regulate the translation 
of normal genetic messages. From the 
sizes observed, polycistronic messages 
are very likely to be found both in 
bacterial (3-5) and animal cells (6). 
Translational control would operate in 
addition to the transcriptional devices 
(1, 2). A degree of flexibility is pro- 
vided that might well have selective 
advantages. Thus, even if two loci 
generated messages in equal numbers, 
the corresponding proteins might be 
synthesized with very disparate fre- 
quencies. 

Various mechanisms can be pro- 
posed to account for the translational 
control devices detected. Although not 
the only one possible, the simplest way 
to explain the temporal order is to 
equate it to a corresponding linear 
sequential arrangement of the cistrons 
being translated. The frequency con- 
trol might involve feed-back inhibition 
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by product or some interaction between 
a component of the translating mecha- 
nism and a special sequence built into 
the message. This sequence may, in 
fact, be related to the intercistronic 
genetic punctuation. 

The results show that a further anal- 
ysis of the molecular basis of transla- 
tional regulation may now be attainable 
in the comparative simplicity of a cell- 
free system (25). 

Note added in proof: Since this 
manuscript was submitted a number of 
investigators independently reported 
similar conclusions concerning poly- 
cistronic messages at the 1963 Cold 
Spring Harbor Symposium. These in- 
cluded B. Ames and R. Martin, B. 
Guttman and A. Novick, A. Rich, I. 
Zabin, and N. Zinder. 

Y. OHTAKA* 
S. SPIEGELMAN 

Department of Microbiology, 
University of Illinois, Urbana 
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