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The hypothes is  t ha t  the nucleus is the  si te of synthesis  of prote ins  by  the cell is an 
a t t r a c t i ve  one because it would provide  an immed ia t e  associat ion be tween the pro te in  
specifici ty and the genet ic  sys tem,  bu t  i t  has found l i t t le  exper imen ta l  suppor t .  The 
results  of ce l l - f ract ionat ion s tudies  suggest  t ha t  a large par t  of the  p ro te in - syn the t i c  
~c t iv i ty  m a y  reside in the  RNA-con ta in ing  "mic rosomes"  or "basophi l i c  ne twork" ' , " .  
An impressive exper iment  b y  BR~CHE'r AND CH.kNTRENNE a showed tha t  when the 
nucleus was r emoved  from the algal cell, Acetabularia, pro te in  synthesis  as t hey  recast, red 
it r emained  unaffected for several  weeks. 

,quch a gradua l  decline, indica t ive  of an indirect  long- term act ion of the nucleus ~ 
was an t i c ipa ted  in the present  exper iments ,  which deal  wi th  the  effects of enucleat ion 
on pro te in  synthesis  in Amoeba proteus. The original  a im of the  s t u d y  was to corre la te  
this  wi th  o ther  changes tha t  were known to be t ak ing  pIace, since more informat ion  on 
enucleat ion effects is ava i lab le  for this  cell than  for any  othera,< v,s. Unexpec ted ly ,  
however,  we found a q u a n t i t a t i v e l y  s t r ik ing  impa i rme n t  of pro te in  synthesis ,  measured  
as incorpora t ion  of methionine ,  i m m e d i a t e l y  upon r emowd of the  nucleus. The resul ts  
suggest  tha t  in some kinds  of cells, at  least  some of the  p ro te in - syn the t i c  mechanisms 
are d i rec t ly  associated wi th  the  nucleus, and  this propos i t ion  is the  subject  of the  
following discussion. 

METHODS 

These exper imen t s  were pe r fo rmed  on the common uninuc lea ted  Amoeba proteus 9. 
The amebae  were cu l tu red  in an inorganic  med ium (differing somewhat  from tha t  used 
in our ear l ier  inves t iga t ions  1°) of the  following composi t ion :  KC1, 6.o mg;  MgSO4, 2.0 
rag; CaHPO4, 4.o mg per  l i ter  of py rex  dis t i l led water .  They  were fed by  periodic  add i t ion  
of Tetrahymena geleii which had  been grown on a p ro teose-pep tone  med ium and washed 
in the above  ameba  med ium before addi t ion  to the  cultures.  The Telrahymena cannot  
grow in the  a m e b a  med ium;  t hey  survive  and serve as fodder  for the  amebac.  

Groups of amebae  were washed free of o ther  organisms and left  in the  inorganic 
med ium for one day  before the  beginning of the exper iment .  Dur ing  this  period,  food 
con ta ined  in the  amebae  was d iges ted  and ass imila ted.  Then some of the  organisms 
were cut  in to  equal  halves  wi th  the  a id  of a fine glass needle leaving  a sample  of in tac t  
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cells. By comt)aring nuch'at{~(t and emlcleated half cells, mis inter t ) re ta t ions  dim to th(' 
eff{'cts {}f the cu t t ing  opcrati{}n may  1)e e l imina ted  from considerat ion.  The importane{, 
{}f employing  in tac t  amel)ae as an addi t ional  control  will he evident  in the lat~r dis 
c u s s i { } l L  

l nuned ia t e ly  af ter  cu t t ing  the cells, the first groups {}f enuelca ted  halves,  nuc lea ted  
halves and whole cells were t ransfer red  to inorganic  medium t{} which :}'~S labelled 
methionine  had 1)een added.  All of the cells were incuba ted  toge ther  in th{' same 
methionine  solut ion;  thus the externa l  methionine  concent ra t ion  is excluded as a vari 
able. The ac t iv i ty  {}f tim methioninc  solution was 1.5 t ~c per  ml. The cells remain{,d iI1 the 
mcthionine  solut ion for three h(mrs, and were then washed free from r ad ioac t i v i t y  1)v 
t ransfers  through inorganic medimn.  Th{! whole ceils, emmleated  halves  and nucleat{,(t 
halves were separa ted  and each group {containing 5 o-75 individuals)  was t}Iaccd on a 
p las t ic  t)lanchet and dried.  

In  a similar  manner ,  salnt)les of all three classes were removed from the inorganie 
medium at 24 holtrs, 48 hours, and 72 hours af ter  cu t t ing  and t)iaced in the 883 methioninc .  
In all case's, the incuhat ion in methionine  was of three hours dura t ion .  Thus, we are 
compar ing  methionine  incort)oration into whole amebae,  enuclea ted  halves and nu- 
c lea ted  halves i m m e d i a t e l y  af ter  cu t t ing  the cells and one, two and three days  af ter  
cut t ing,  ma in t a in ing  all under  the same s ta rva t ion  condi t ions  for the same t ime intervals .  

Tempera tu r e  was kept  at  21 ( "  th roughout  the exper iments .  
The ass ac t iv i ty  wits measured  with the aid of a windowless flow counter .  After  

to ta l  853 ac t iv i ty  was measured the amebae,  still moun ted  on the t)lanchets, wrrc 
ex t r ac t ed  with 5% tr ichloroacet ic  acid for five minutes  at  x7:(2 This t r e a tmen t  was 
f{umd by ext)er iment  to be ade{luate to remove all the TCA-soluble ac t i v i t y  (Tal)le I). 

"I" \lgIA~2 t 

EXTRACTION OF METIIIONINI(-35~-I.AIII~;LLI~213 AMEIIAE \VITH 5 {}£~ TP. ICHLC}R().\CETI{; ACID AF l 7 C 

7zmc  l¢~di{mtlivzl 3 Pcrcen: 
( m i m  /~,mnls min  cell) T ( ' A  insolltble 

{7 -t. ] 5 

(}.5 3.5 (} 84 
3.5 ° 84  

-' 3-55 8{} 
5 3.5(} 8;- 

i o 3.5 ° 84  
15 3-45 '~3 
25 3.3{7 So 

R E S U L T S  

In summariz ing  the results, we shall generally use the term "uptake" to refer to tile 
total amount  of ass recovered from cells that have been washed until no further radio- 
act iv i ty  can be removed.  The term "incorporation" will refer to :~:'S that is associated 
with material  that is insoluble in trichloroacctic acid (TCA). It is presumed that incorpo- 
ration of methionine into the TCA-insoluble fraction of the cell signifies its incorporation 
into proteins, but we have no independent proof of this. 

In discussing the data we shall not distinguish between net synthesis  and turnover,  
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since we would not expect any appreciable net synthesis of protein to take place under 
the starvation conditions we imposed 6. "Synthesis" will imply only incorporation of 
amino acid into protein, regardless of what is happening to pre-existing protein. It may 
be added that the existence of protein turnover in Amoeba proteus has been proved by 
A. I. COHEN, in an investigation that will be published elsewhere. Needless to say, different 
results, quantitatively, may be expected under other nutritional conditions, but these 
measurements of formation of protein under conditions where all but one amino acid 
must be derived endogenously should serve as a useful indication of the intensity of the 
synthetic processes. 

All of the data are summarized in Table II. This will show that the consistency of 
the results is such that averages will be instructive in the comparison of the three classes 
of cells, where the differences are large, but will not be as meaningful in evaluating time- 
trends within some of the classes. 

T A B L E  1I 

DATA ON UPTAKE AND INCORPORATION OF METHIONINE-358 BY WHOLE AMEFIAI', 
NUCLEATED HALF-AMEB.~E, AND ENUCLEATED HALF-AMEBAE 

E a c h  h o r i z o n t a l  c o l u n m  gives the results  of a single exper iment ,  and the  values  for the  three classes 
of cells n l a y  be  compared.  

Uptake  and incorporat ion of methionine-aSS 

Intact cells Nucleated halves Fmucleated halves T i m e  

/hours  after A rot. methionine Percenl A mr. methioninc Percent A rot. methionine Percent 
cuttin., dur ing  ~co ~ls'm n cell) (counts mtn  'cell) (counts rain cell) which cells incorporation zncorporation t .corporat ion 
were incubated --  TCA- inso l .  TCA- inso l .  7"(;,-1 insol. 

T C A -  -Too T C A  - zoo  T C A -  roe 
in methionine a~c,) Total insoluble Tota l  Total  Total  Total  insoluble i~tsoluble Tota, l 

o -  3 

3.5 ° 2.20 63 1.80 1.3o 72 0.52 0.05 re  
4-4 ° 3.7 ° 84 1.7o 1.55 9 ° 0 .79 0.25 32 
1"59 1.19 75 0.99 o.7o 7 ° o.5L o.14 27 
3.Ol 2.60 84 1.8o 1.2o 67 ° .71  ° . 3 I  45 
1.67 1.o 9 65 I.OO o .8 I  81 0.47 o. r6 37 

24 27 
1.2o 0.96 80 0.57 ° -42  74 0.30 o. I I  37 
1.68 1.o2 61 I . I I  0 .70 63 0.49 o. 19 39 
3.23 2 . 7 9  86 1.89 1-41 75 0.45 ° . r 4  36 
4.01 3.42 83 2.11 1.61 76 0.62 0.23 37 

48 5 r 

1.39 0.85 61 I . I 5  o.84 73 o.15 o.o5 33 
4.16 3.5 ° 84 1.73 ] .20  69 o . i 8  0.07 39 
4.02 2.85 71 1.92 1.5o 78 o.12 0.05 42 
3.2o 2.79 87 2.o8 1.61 77 o.21 o.o 7 33 
4.29 3 -16 74 2.15 1.42 66 0.35 o.13 37 

7 2 75 
3.05 2.29 75 ] .67  1.29 77 0.26 0.09 35 
4.00 2,77 69 1.97 1 .5I  77 o.21 0.05 24 
3 .o i  2.16 72 1.29 o.88 68 o. 14 o.o4 20 

Tile averaged values are given in Table III. Table III also gives the ratios of 
activities in the various classes. Such ratios are often misleading because of arithmetical 
distortion of insignificant differences, but will be of some use in the later discussion. 
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"I'A BIA'~ 111 

AVb]RAGb21) VALUt'2S OF U P T A K E  ANI)  I N C O I ~ P O R A T I O N  OF M E T H I O N l N E - 3 5 , ~  

AT VARIOLJS T I M E S  AI, 'TER C U T T I N G  Cb;I.I.S 

(\V = intact cells; N =~ Nucleated halves; 1:. = Enucleated halves} 

" [ ' o t a l  &[ l l l O t l l l t  

t a k e n  u p  

: \  111Ottll t 

incorporated 
into T('A-  
insoluble  material 

l ) e i -COl l t  

inc()rp()rated 

l f . u r s  a/h'r t tIIllHJ~ zi'll~'~t iHcltbgllcd 
ill lllt?~]liO?ll)l~'-a5. ~" 

" ; 21 27 I 'x 51 72 75 

\V -'.S3 -'.53 3.41 3.35 
N [ . 4  () I ..12 I .SO I "{)4 

E o.[)o o.47 o._,o o._,o 
\V/N 1 .q i.S 1. 9 2.o 
N Zl~ 2.4 3.o 9.o 8.2 

\ \ "  2. I [) 2 .O 5 -' 'f13 " ' 4  I 

N I. I I I .O 4 1. 31  [ . 2 3  

P; o.  ~8 o.  I 7 o . o 7  o . o ( )  

\V/N I i ( ) 2 , ( I ] i ( ) I . ( j 

N/E O. I 0 .  [ 1S. 7 2 0 . I )  

\V 7(> S I 77 7 4 
N 7 o 73 73 7.5 
I'/ 3() 3() 35 3 ° 

XX:  / N [ g ( ) I I [ I . ( ) ( ) . O ( ) 

N/l'; -'.5 _'.o e. t -'-5 

The exper imental  findings themselves are simply smnmarized 
I. Immediate effects o~ enuclcatiou, on lotal ~@talee. Effects observed dur ing the first 

three hours after cut t ing the shortest in terval  over which it is practicable to carry out 
a test -will be referred to as " immedia te" .  Dur ing  this period, the total  methionine uptake 
of ttle enucleated halves was lower than  that  of the nucleated halves by a factor of 2. 4. 

2. Immediate effects o~ el~ucle~tion ou itworporation. During the first three hours, the 
am.ouJzt of methionine  a~S incorporated into TCA-insoluble mater ial  by the enucleated 
half was only one sixth tha t  incorporated by the nucleated half. Comparing uptake with 
incorporat ion,  it is seen that  the enucleated half incorporated only 3o % of the methionine  
it had taken  up, while the nucleated half incorporated 75 % of the methionine it had 
taken  up. 

3. Time-d@emtence o/¢@lake. During the three day period over which the tests were 
made, dur ing which all of the cells were under  s tarvat ion  conditions, there was certainly 
no significant change in the rate of total  methionine uptake by nucleated half cells or 
whole cells. The averaged figures in "Fable I i I  suggest a rise in the rate of uptake at 48-5 I: 
hours and 72-75 hours, but  we are uncer ta in  as to whether  it is significant. 

The enucleated fragments showed a definite decline of total  methionine up take  
dur ing the three day period. 

4. Time-depemtence o~ incorlboralion. The percet#age of the methionine  taken up that  
was incorporated did not  change significantly with t ime in either the nucleated half 
(where it remained at 75) or the enucleated half (where it remained about  3o). i t  is 
possible that  the enucleated halves are showing a t rend toward a decline in percentage 
incorporat ion after three days, but  the data  are not numerous  enough to establish this. 
The decline in the amoul# of methionine  incorporated by the enucleated half is ahuost 
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entirely attributable to the decline in uptake. The latter was the only time-dependent 
process detected in this study. 

5. Compariso~2 o/ nucleated hal/-cells with intact cells. The nucleated half amebae, 
throughout the experiment, took up just half as much methionine in a given period as 
did the whole amebae and incort)orated just half as much. The percent incorporated was 
identical in both groups and constant with time. 

6. Amount o~ TCA-soluble/raction. The amount of TCA-soluble methionine ~'~S -or 
its low molecular weight derivatives -is computed from the difference between the total 
activity in the cell and the activity remaining after TCA extraction. These figures 
are given in Table IX:. It is evident that initial value for the TCA soluble fraction in the 
enucleated halves is not significantly different from the values observed in the nucleated 
halves. The amounts in the nucleated halves tend to be just 5o% of those in the whole 
amebae. 

T A B I , E  IV 

AVERAGED AMOUNTS OF TC:\-SOLUBLE ACTIVI'rY 

(in ~ oun t s /minu te /ce l l )  

Hours a/tot culling ~,hen incuhaled 
in methionine-a55 

0-.; 21 27 -I S 51 72 75 

I n t a c t  cells o.67 o.48 o.78 o.04 
Nuc lea ted  ha lves  0.35 0.38 o.49 o.4I 
E n u c l e a t e d  ha lves  o.42 0.30 o.13 o.14 

INTERPRETATION OF RESULTS 

The relationships between total uptake, total incorporation, and relative incorpora- 
tion require some further analysis before the conclusions can be drawn concerning the 
role of the nucleus. 

z. Relation between uptake and incorporation. The utilization of external methionine 
for the formation of protein must involve two stages: (I) the transport of methionine 
across the cell surface and possible conversion to TCA-soluble precursors and (2) 
~<nthesis of protein from amino acids available inside the cell. The percent incorporation, 
as given in the tables, will be the best basis /or comparing the synthetic capacities o~ &,o 
groups o~ cells, being a measure o~ their utilization o~ methionine that has entered. The data 
show that enueleation reduces percent incorporation by a factor of about 2.5. 

2. Effect o~ enucleation on uptake. Time-dependence. If initial uptake is limiting, then 
total incorporation--which has usually been measured in experiments of this type ,'~ -will 
not necessarily yield an accurate picture of synthetic capacity. This shows clearly in the 
present case. The total incorporation of methionine into protein declines rapidly with 
time in the enucleated cells suggesting a progressive deterioration in the synthetic 
mechanisms. But we see that the percent incorporation does not decline significantly in 
the same three day period. The decline in total incorporation may, therefore, be considered 
to reflect a reduced ability to supply methionine to the synthetic machinery, and not a 
depression of the machinery itself. 

The time-dependence of uptake is readily interpreted in the same way as other time- 
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dependent  effects ~,v. I t  m a y  be assumed tha t  it  is governed by  a process outside the  
nucleus tha t  requires a con t r ibu t ion  from the nucleus for its main tenance .  In  this  case, 
the  reasoning is obvious,  since the act iv i t ies  of the cell surface will pa r t ly  de te rmine  
up take .  Since there is no evidence tha t  the surface undergoes  a physical  change upon 
enucleat ion s, it  seems more l i ke l \  tha t  the decline in up t ake  reflects the decreasing 
ac t iv i ty  of one or more enzymes tha t  are involved  in an act ive t r anspor t  n~echanisnL 

3. Effecl o~ in corporalion ot~ ztpta/,'c. We  el)serve tha t  the to ta l  ut) take shows an 
appa ren t  inunedia te  decrease upon enucleat ion,  hy  a factor  of 2. 4. Is th is  to be in te rp re ted  
as a direct  coupl ing of nuclear  function with the up take  mechanism ? We wouht, if the  
nucleus were control l ing the  up t ake  mechanism direct ly ,  expect  to see this  reflected in 
the T(?A-solul)le fraction,  but  such is not  the case. Table IV shows the soluhle fraction to 
be about  the  same in the nuclea ted  and e lmcleated  halves  dur ing the first three hours. 
The immedia te  (as opposed to the  t ime-dependent )  effect of enueleat ion on to ta l  up take  is 
reflected only in the amount  of methionine  [tlCOf/)OY~g~t?({. This is shown in another  way, 
by the fact t ha t  the N /E  rat io  for percent  incorpora t ion  (2.5) is v i r tua l ly  identical  with 
tha t  for total  up t ake  (2.4). From this it is permissible  to conclnde that  iJzcorporalic, n 
governs ¢@tctlce. 

This resul t  is not  difficult to expla in  if we assume tha t  the ent rance  of methioninc  
agains t  a concent ra t ion  grad ien t  approaches  a l imit  de te rmined  by  the internal  concen- 
t ra t ion  of the " f ree"  fornL Therefore,  cont inued ent rance  will be governed by  the rat{, at  
which the "f ree"  form is renloved by  incorpora t ion  into protein.  

If incorpora t ion  governs pene t ra t ion ,  it  is not  necessary to pos tu la te  any  immedia t e  
effect of cmmleat ion on pene t ra t ion .  Moreover,  the six-fold difference in the  total  amount  
of methionine  incorpora ted  by  the nuc lea ted  and enuclea ted  halves would be a spurious 
ind ica tor  of an effect of enuclcat ion on synthes is  (where there  is a 2.5-fold effect). 

4. N.ttclcatcd halves vs. inJact cells. The finding tha t  the total  incorpora t ion  by  in tac t  
cells is twice t ha t  by nuclea ted  halves  is one tha t  would be p red ic ted  from a cyloplasmic 
local izat ion of the  incorpora t ion  mechan i sm.  To expla in  these results  in such a way, as to 
be conlpa t ib le  with nuclear  local izat ion of a considerable  pa r t  of the  swl the t i c  mechanism 
requires an addi t ional  assuml)tion. One possil)le assumpt ion is tha t  the  synthe t ic  
mechanism is sensit ive to co,zcvJ~lration of precursor.  In  this  case, the amoun t  tha t  could 
be incorpora ted  over  an apprec iable  t ime would depend on the amom# of precursor  
replenishing the reservoir ,  represented  by  the TCA-soluble fraction.  We have given 
reasons for assuming tha t  there  is an upper  l imit  to the  concent ra t ion  of "free" methionine.  
App ly ing  such a nlodel,  the volume of the  cell would de te rmine  the amounl i,~corflorated, 
and the percent incorporation would not  va ry  signif icantly.  

Perhaps  a more reasonable  assumpt ion  is t ha t  meth ionine  does not en ter  the cell in 
the form of a sui table  immedia t e  precursor  for synthesis .  If  a cy top lasmic  sys tem were 
required to convert  it  to a precursor,  then the to ta l  ac t iv i ty  of a nucleus-centered syn- 
thesis would be l imi ted  by  a cy top lasmic  system,  and hence be propor t iona l  to the  
amoulK of cytoplas ln .  

The in t roduc t ion  of assumpt ions  such as these is just i f ied only, if all of the o ther  
evidence exce, p t  the compar ison of nuclea ted  halves  and whole ceils requires the con- 
clusion tha t  the nucleus 1)articipates d i rec t ly  ill p ro te in  synthesis .  This we shall  now 
c x a n l i n c .  
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DISCUSSION 

Enueleation experiments can yield results of four kinds: (I) no differences may be 
observed that can be related to the presence or absence of the nucleus, (i) there will be 
an immediate effect of the absence of the nucleus, (3) there will be no immediate effect 
but one that appears in time, or (4) there will be an immediate effect which is intensified 
with time. In attempting to assess the actual localization of processes in the cell nucleus, 
we are particularly interested in immediate effects, for an immediate effect of enucleation 
means either that the process under study is itself situated in the nucleus or can proceed 
onlv in conjunction with a process located there. 

In the present study, an immediate effect of enucleation on the incorporation of 
methionine into protein has been found. During the first three hours after cutting tile 
ameba in half, the enucleated half incorporates only 3o:','0 of the methionine that it has 
taken up from the medium; the nucleated half 75 Oo. 

It might seem unjustified to consider an effect observed during the first three hours 
to be immediate, but we see in this case that the percent incorporation does not change 
significantly during three days after cutting. Whether the absence of the nucleus would 
assert itself later in a more conspicuous decline in incorporation as the enucleated ameba 
degenerates remains to be tested. 

Such evidence of an immediate, relatively time-independent effect of enucleation in 
reducing the capacity of a cell to incorporate an amino acid into proteins, makes it 
difficult to reject the conclusion that protein synthesis in the nucleus itself accounts for 
the results. We have already seen, in a detailed discussion, that the two-fold difference 
in total incorporation between the whole ameba and the nucleated half can be accounted 
for. If the nucleus is not a center of protein synthesis, the only alternative is that a part 
of the protein synthesis in the cytoplasm would be directly coupled with some process 
centered in the nucleus, while another part, as we shall see, would not. 

Protein synthesis in the cytoplasm. The capacity of the enucleated half ameba to 
incorporate the methionine that it has taken up is not negligible. This leaves no doubt 
that the cytoplasm of Amoeba contains protein-synthetic systems. What is more sur- 
prising is that the capacity of emlcleated cytoplasm to incorporate into protein methi- 
onine that has entered the cell does not change conspicuously over a period of three days. 

The evidence is accounted for best by the hypothesis--one that already has much 
support -that the cytoplasm is capable of protein synthesis, and further that nucleus- 
associated synthesis and cytoplasmic synthesis are independent. The latter proposition 
must be qualified by the likelihood--to be discussed later-- that  the synthetic machinery 
in the cytoplasm is ultimately, on a long term basis, dependent on nuclear activity. 

The short-term independence of cytoplasmic and nuclear protein synthesis may 
apply only to the basal conditions of this experiment. For reasons that will be treated in 
the concluding section of this paper, a nucleus-dependence of cytoplasmic synthesis 
might he very evident during growth or in any situation that called for an increase of 
synthetic capacity. 

The N/E ratio of 2.5 for percent incorporation in nucleated and enucleated half- 
amebae may be superficially misleading as to the relative contributions of nucleus and 
cytoplasm in the ameba. A simple calculation shows that it implies that the nucleus is 
contributing about 40?,/0 of the methionine incorporation in the whole cell under the 
basal conditions of the experiment. 

ICe/ere~ces p. 34. 
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The amo~eni of methionine incorporated into tim enucleated half, in contrast  with 
percent incorporated, does decline with time, and we have, earlier in this paper, given 
reasons to conclude that  this is a t t r ibutable to a declining rate of entrance into tile ceil. 
This distinction is wor thy  of emphasis from the s tandpoint  of experimental design. If, 
as we have done in other  cases in the past, we had measured only total  uptake or total 
incorporation, we would haw~ come out with the conclusions that  the incorporation 
mechanism declined with time and that  there was an immediate effect on uptake as such. 
The former conchtsion is definitely not true over the three day period. The latter may  
possihly be true, but as we have shown, it is more likely that  tile apparent  immediate  
effect on uptake is merely a reflection of the established effect on incorporation. 

In view of the supposed association between RNA and protein formation, it is inter- 
esting to note that,  while the RNA level in the enucleated ameba is declining steadily, ~1,12 
it is declining no more rapidly than is theamo~t,#ofmethioninc incorporated in a given time. 

(;ompariso~z wilh dah~ o~l other cells. The earlier work on the localization of protein 
synthesis has been discussed* chiefly in terms of the at)pealing generalization that  the 
celI's proteins were of nuclear origin. The generalization has been rejected because of two 
lines of evidence. (r) Tracer experiments show that  when lahelled precursors are fed to 
a cell, the nucleus is not necessarily the site of the highest specific act ivi ty in the protein 
fractinnla, n. Moreover, protein synthesis has been obtained in nucleus-free homoge- 
nares1, la. (2) In dceiabularia, a type of cell very convenient for such studies, enucleated 
fragments were found to incorporate (10 2 into t)roteins as effectively as nucleated 
fragments a. The present work on d moeha certainly adds to the evidence that  the nucleus 
is not an exclusive center of protein synthesis in the ceil. 

I t  is now necessary, however, to trot tile question somewhat  differently. Is the 
nucleus a center of protein synthesis at all ? What  contribtttion does it make, quan- 
t i tat ively and qualitatively, to the cell's proteins ? If we review the tracer studies already 
referred to, especially those in which the tracer was fed to the intact  cell, and the cell 
fractionated later, they inform us that  the nucleus eotdd be a significant center of protein 
synthesis. Such experiments are designed to trace possible sources of protein. It  is 
reasoned that  a site where the protein has a lower specific act ivi ty cannot be the source 
of protein at a site where specific act ivi ty is higher. It is not  concluded that  the less ac- 
tive protein necessarily derives from the site where the act ivi ty is higher. The likelihood 
of independent  origin is always present, in the case of Amoeba, we now have good reason 
to believe that  nucleus-associated and cytoplasmic protein synthesis are independent.  
If we examine data  of some of the tracer experiments, we find that  the act ivi ty  recovered 
with tile nucleus is never negligible and in some cases the specific act ivi ty in the nuclear 
fraction is high as 1. and in one case higher 1'~ than that  in the cytoplasm. 

It is of interest that  both of the studies just cited concerned themselves with the 
effects of growth variables, and show that  the activities in the nucleus and the cytoplasm 
vary  independent ly  from each other. In  short, a review of the tracer data suggests tha t  
protein synthesis by the nucleus need not be insignificant. 

The case where the contr ibution of the nucleus to protein synthesis has appeared 
to be undetectable is tha t  of Acetabularia. No difference was found between the capaci ty 
of nucleated and enucleated fragments to incorporate CO 2 into protein carboxyl  groups, 
under  illumination, until  a hmg time after enucleation. Assuming that  the same relation- 
ship holds for the incorporation of preformed amino acids 1~, the results are in seeining 
contradict ion to those we have ohtained with Amoeba. 

lCe/ereJ~ces p..74. 



v o L .  1 7  (z955) R O L e  OF T H E  N U C L E U S  IN P R O T E I N  S Y N T H E S I S  3 I  

Enucleation experiments, along with certain limitations, are free from certain 
artifacts that are always a possibility in cell-fractionation studies. The case of A cetabularia, 
already cited, has provided the strongest reason for thinking that protein synthesis by 
the nucleus is quantitatively insignificant. The present data on Amoeba contradict this. 
While the easiest escape from the contradiction is in platitudes regarding species 
differences, the fact is that we are interested in neither Acetabularia nor Amoeba for its 
own sake, but in the possibility of extending the conclusions to other kinds of cells. It is 
obvious in every investigation that tile material under study is to some extent a "special 
case". In this instance, the differences between the two forms is worthy of closer 
examination. Unfortunately, no other kinds of cells have been used at all intensively 
for studies of the physiological effects of enucleation. 

In the first place, the amebae were studied under conditions where no growth was 
taking place, while the Aeetabularia were kept in the light and could grow even without 
a nncleus. Since growth would imply increase in cytoplasmic protein, the relative con- 
tribution of the nucleus might be less conspicuous. This is shown even in the data on 
liver 1~ where the apparent intensity of protein synthesis in nucleus and cytoplasm is 
equal, in the non-growing state, but where growth leads to a pronounced increase in 
specific activity in the cytoplasm without affecting the nuclear values. In other words, 
evidence of nuclear activity may be swamped out by the growing Aeetabularia. 

There are other inconsistencies between data on nuclear function in Acetabularia 
and in Amoeba, especially if we consider the effects of illumination on the former. In 
Amoeba, enucleation leads to an immediate drop in P32 uptake. In Acetabularia, 
according to HAEMMERLIN(; 17, there is no effect of enueleation on P32 uptake in the light, 
and the effect observed in darkness is reversed by light. In A mocha, LI NET AND BRACHET 11 
and also JAMES 12 have found that enucleation renders the cell incapable of maintaining 
an RNA level equal to that of the nncleated half. Recently, BRACHET AND SZAFARZ ls 
have reported that there is no detectable effect of enueleation on RNA turnover in 
Acetabularia. Whether the differences are intrinsic differences in the localization of 
function or consequences of different metabolic conditions under which enucleation 
studies are made in the two cases, the differences between the two are consistent. In 
every instance, Acetabularia seems to be relatively less sensitive to the effects of removing 
the nucleus. 

No immediate effects of enucleation have been reported, while in Amoeba at least 
two metabolic effects--on P32 uptake and methionine incorporation--have been found, 
as well as a number of less easily measured early effects on locomotion, food capture, 
e, tc. ~'9. Our inability to provide adequate nourishment to the enucleated cell renders 
Amoeba much less suitable for long-term studies than Acetabularia, but in short-term 
studies basal metabolic conditions may make mlclear contributions more conspicuous. 

Obviously, the question o~ nutritional capacities o~ nucleated and enucleated ceils will 
not be decisive %,he~z %,e are studyi~g immediate e~ects o/ enucleatio~, as is the case in the 
present study. 

The physiological capabilities of the enueleated Acetabularia are so remarkable as 
to raise the question whether they can be accounted for solely by the nutritional in- 
dependence that goes with photosynthesis. Another possibility, first suggested to us by 
Dr. JACQUES MONOD, may deserve consideration. This is that the plastids may have 
acquired a number of functions ordinarily restricted to the nucleus just as they may 
possess a high degree of genetic autonomy 2°. If a cell contains semi-autonomous cyto- 
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plasmic units that perform syntheses that otherwise would be carried out by the 
nuclear genetic apparatus, the physiological effects of enucleation will be more difficult 
to detect. 

Amoeba protet, s, however, also has some specialized properties which might in- 
fluence the results of enncleation experiments. The nucleus is not only large, but very 
rich in RNA and protein, ha fact (by staining criteria) the DNA is so diluted by these 
other constituents that Feulgen staining is faint and unsatisfactory. It is not ineon- 
ceiwtble that the nucleus of ameba (and of other protozoa with large nuclei high in 
RNA and protein) represent cases where the nucleus contains within its boundaries 
active centers that in other e(,lls are located in the cytoplasm. 

( ' ( )NCLUSIONS 

We interpret tile present experiments to mean that the nucleus is directly involved 
in the synthesis of part ot the cell's proteins, while the cytoplasm possesses independent 
capabilities for protein synthesis. The results of tracer experiments on animal tissues are 
consistent with this conclusion. There is some evidence 21,'1~' to the effect that isolated 
nuclei may retain some capacity for incorporating amino acids into proteins.The valuable 
autoradiographic study of FICQ ~2 demonstrates that in the starfish oocyte the nucleus 
and especially the nucleohls is the most active center for incorporating glycine into pro- 
teins. The question of the existence of nucleus-associated protein synthesis is at the 
moment as important as the question of how much of the protein made by the cell in a 
given situation originates in tile nuclear mechanism. The quantitative contribution will 
be expected to vary, if we consider it in the light of MIRSKY'S 2a hypothesis that quan- 
titative physiological differences between nuclei may serve as a basis for differentaiation. 
Moreover, as has been stated, we shall expect that the quantitative contribution of the 
cytoplasm will depend on the growth status of the cell. 

How shall we relate these findings to the general theory of nuclear function? 
What meaning can be attached to the existence of two sources of proteins, nuclear and 
cytoplasmic ? One obvious possibility is that the nucleus is synthesizing those proteins 
which remain in the nucleus. Another is that it is forming some proteins which enter the 
cytoplasm but differ in function from those originating in the cytoplasm. There is 
powerful evidence that the "working proteins" of the cytoplasm are formed through the 
activity of ribonucleoprotein particles characterized as microsomes or parts of a basophilic 
network2L Where does this ribonucleoprotein--the protein-synthesizing protein - 
originate ? i t  is now a widely-held opinion 2'; that RNA of mmlear origin is involved in 
the transmission of genetic information from the chromosomes to the cytoplasm. But 
we do not encounter it biochemically as free RNA, but as ribonucleoprotein. The 
function of the protein moiety is unknown; indeed, the actual function of the RNA is 
only surmised. If the cytoplasmic RNA of nuclear origin is associated with protein 
synthesis, it is by no means improbable that it comes from tile nucleus as ribonucleo- 
protein. In short we may propose that the nucleus-associated synthesis of protein is a 
reflection of the synthesis there of ribonucleoproteins, which in turn serve in the 
cytoplasm as the centers of formation of the normal working proteins of the cell. 

This hypothesis is subject to experimental test. If it is true, there should be a 
parallelism between the effects of enucleation on the synthesis of protein and of RNA 

In the present study, the "protein synthesis" that we have dealt with is an endo- 
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genous turnover process involving re-utilization of amino acids present in the cell. 
Unless there is some other explanation of the incorporation of methionine-aSS into TCA 
insoluble material, it is a measure of the activity of the protein synthetic mechanism 
under these conditions. I t  is of interest to predict, on the basis of our conclusions, what 
would happen under other conditions. I t  was first shown by CASPERSSON AND SCHULTZ 26 

that  when a cell that  had been under basal conditions was stimulated to growth, there 
was an increase of ribonucleoprotein in the cytoplasm. An experimental test might show 
that  much of the new ribonucleoprotein originated in the nucleus. Once an appropriate 
level of cytoplasmic ribonucleoprotein had been reached and the appropriate species 
of ribonucleoprotein were present this could continue to function in the synthesis of 
working proteins. There is evidence that  protein synthesis, while associated with the 
presence of RNA, need not be continuously associated with the synthesis of RNA 24,2v. 
But there is at least one case where the formation of a protein seems to require the 
concomitant synthesis of RNA: the case of enzyme induction zS. The apparent paradox 
can be accounted for. If the situation calls for the establishment of new protein-forming 
centers in the cytoplasm, it will call for the synthesis of new specific ribonucleoprotein 
either by the nucleus or by semi-autonomous cytoplasmic units which share some of the 
properties of the nucleus. 
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SUMMARY 

The presence or absence of the nucleus influences the incorporat ion of aaS labelled methionine 
into the proteins of Amoeba proteus kept  under  basal conditions. The percent  incorporat ion (relation 
between total  a m o u n t  of methionine taken up and the amoun t  incorporated into TCA-insoluble 
material  in a given time) is lower by a factor of 2. 5 in the enucleated half immediately after the cell 
has been cut  into two. The percent  incorporat ion does not  change in either the nucleated half or 
the enucleated half for three days after cutt ing.  The amount of methionine tha t  the enucleated half 
can incorporate in a given t ime-interval  does decline with time, bu t  this is shown to be a t t r ibutable  
to the uptake mechanism and not  to the incorporat ion mechanism. All of the evidence is consistent  
wi th  the hypothesis  t ha t  the nucleus is either the seat of a considerable proport ion of the protein 
synthesis  in the amebae under  the conditions employed or t ha t  this nucleus-linked synthesis  is very 
closely coupled with processes t ha t  are localized in the nucleus. On a shor t - te rm basis, synthesis  
of protein in the cytoplasm and the nucleus-linked synthesis  seem to be independent  of each other. 

R ~ S U M ~  

La pr6sence ou l 'absence de noyau influence l ' incorporat ion de la m6thionine marqu6e par  asS 
duns les prot6ines d'Amoeba proteus maintenue duns des conditions s tandards.  Le pourcentage 
d ' incorpora t ion  (rapport  entre la quant i t6  totale de m6thionine absorbde et la quant i t6  incorpor6e 
duns  les produi ts  insolubles dans l'acide trichloracStique, darts un  temps  donn6) est 2. 5 lois plus 
faible darts la moiti6 anucl6e imm6dia tement  apr~s sect ionnement  en deux de la cellule. Ire pour-  
centage d ' incorporat ion dans les deux moiti6s ne change pas pendant  les trois jours qui suivent  
la section. En  fait la quantitd de m6thionine que la moiti6 anuc166e peut  incorporer duns un  temps  
donnd diminue avec le temps,  mais ceci peut  5tre a t t r ibu6 au m6canisme de l'absorption et non au 
m~canisme de l ' ineorporation. Toutes  les obserwit ions sont  en accord avec l 'hypoth~se selon laquelle 
le noyau est le si~ge soit d 'une propor t ion  consid6rable de la synth6se des prot6ines chez les amibes 
darts les conditions employees, soit de processus qui sont  ~troi tement  lids avec cette synth~se. Pendan t  
des t emps  courts,  la synth~se des prot6ines darts le cytoplasme et la synth6se li6e au noyau  semblent  
6tre ind6pendantes  l 'une de l 'autre.  
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Z U S:\ MM t~.N [:A SS1 IN(; 

Die Gegenwar t  oder Abwesenhe i t  des Zel lkernes  beeinf lusst  die E inve r l e ibung  v<m mi t  a~S 
m a r k i e r t e m  Methionin  in die Prote ine  yon un te r  G r u n d u m s a t z b e d i n g u n g e n  s tehenden  Zellen der 
Amoeba proteus merkl ich.  Die p rozen tua le  E i n v e r l e i b u n g  (d.h. das  Verha l tn i s  zwischen der in e iner  
gewissen Ze i t spanne  au fgenommenen  M e t h i o n i n g e s a m t m e n g e  und der Meth ioninmenge ,  die im 
selben Z e i t a b s c h n i t t  in durch Trichloressigs/ ture gef/illtes Material  e inver le ib t  wurde),  ist in der 
kern losen  Zellhitlfte sofort  nach Zerschneiden der Zelle -'.5 real  schwficher, als in der anderen  Zell- 
hfilfte. Die p rozen tua le  I~2inverleibung..untergeht in beiden Zellh~ilften auch drei Tage nach Zer- 
schneiden  der Zelle ke iner  merk l ichen  Anderung.  Die (;esamlmen~e des in die kernlose Zellhfilfte in 
e inem gewissen Z e i t a b s c h n i t t  e inver le ib ten  Methionins  fiillt m i t  der Zeit  ab, doch wurde bewiesen 
dass  dies dem A u f n a h m e m e c h a n i s m u s  und n ich t  dem E i n v e r l e i b u n g s m e c h a n i s m u s  zuzuschre iben  ist. 
Diese Ta t sachen  s t in lmen  nl i t  der Hypothese ,  wonach en tweder  der  Zellkern selbst  un te r  den ge- 
gebenen Bed ingungen  der Sitz eines Grosstei ls  der l ' r o t e insyn these  in der ,km6be ist, oder die yore 
Zel lkern  abh~ingige P ro t e in s yn the s e  mit  Vorgfingen im Zellkern engs tens  ve rkn i ip f t  ist, v611ig fiberein. 
Doch sind, un t e r  kurzf r i s t igen  Bed ingungen  die cy toplasnf ische  l ) ro te insynthese  und die an den 
Zellkern ge lmndene  1)roteinsvnthese vone inande r  unabhfingig.  
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