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SUMMARY 

Synthesis of ornithine transcarbamylase activity by four different disrupted prepara- 
tions of lysozyme protoplasts of Escherichia coli W cells was investigated. Whole 
protoplast contamination was found sufficient to account for all enzyme synthesis 
observed in water-lysed protoplasts. On the contrary, no contribution of whole 
protoplasts could be demonstrated for the ATP-dependent ornithine transcarbamylase 
synthesis observed in preparations disrupted in a Hughes press. Comparison of 
preparations disrupted by various methods indicated that the most active enzyme 
synthesis was found in protoplasts disrupted with a liquid-nitrogen-cooled Hughes 
press. 

With such preparations, both ATP and glucose were found to be absolutely 
essential for the appearance of any new ornithine transcarbamylase, but the high 
ATP concentration requirement could be replaced by an energy-generating system. 
Although Mg ++ was necessary for ornithine transcarbamylase synthesis, no additional 
stimulation activity was observed with added Mn ++. L-amino acid increased ornithine 
transcarbamylase synthesis in most experiments; however, it was not possible to 
repress ornithine transcarbamylase formation by arginine in disrupted protoplasts. 

Evidence suggestive of an additional requirement of uridine triphosphate, 
cytidine triphosphate, and guanosine triphosphate for ornithine transcarbamylase 
formation was obtained with crude disrupted protoplasts. This requirement was 
augmented in the fractionated ornithine transcarbamylase-forming system. 

The observations that polyvinylsulfate, which is a known RNase inhibitor, is a 
requirement for maximum ornithine transcarbamylase synthesis and added RNase 
inhibits the same process suggest a role of RNA in ornithine transcarbamylase 
synthesis. 

Preliminary fractionation of the disrupted preparation indicated that the 
ornithine transcarbamylase-forming system consists of a particulate fraction together 
with a soluble fraction that can be recovered by acid precipitation. 

The significance of these investigations is discussed. 

Abbreviations: ATP, GTP, UTP, and CTP, triphosphates of adenosine, guanosine, uridine, 
and cytidine respectively; ADP, UDP, CDP, and GDP, diphosphates of the same substances; 
RNase, ribonuclease from bovine pancreas; FDP, fructose 1,6-diphosphate; OTC, ornithine 
transcarbamylase; Tris, tris(hydroxymethyl)aminomethane; RNA, ribonucleic acid; PEP,  
phosphoenolpyruvate; and PVS, polyvinylsulfate. 

* Present address: Department  of Agricultural Biochemistry, The Ohio State University, 
Columbus, Ohio. 

** Operated by Union Carbide Corporation for the United States Atomic Energy Commission. 

Biochim. Biophys. Acta, 44 (196o) 298-3o9 



CELL-FREE SYNTHESIS OF ORNITHINE TRANSCARBAMYLASE 299 

INTRODUCTION 

In a previous report 1 we described the requirements and peculiarities of the synthesis 
of OTC by whole cells and protoplasts of Escherichia coli W. The original observations 
on the repression of OTC formation by arginine and on the mechanism of enzyme 
repression in whole cells were made by MAAS AND GORINI ~-5. The examination of 
OTC synthesis seemed particularly well suited for the study of de novo synthesis of 
a biologically active protein, since the formation of this enzyme is so easily controlled 
and its activity is readily measured. 

There have been a number of recent observations on the energy-dependent 
incorporation of E14C]amino acid into protein by various particulate fractions and 
disrupted preparations of cells and protoplasts of bacter i#  -1°. In addition, GALE 
AND SPIEGELMAN (see Review by SPIEGELMANll), ROTH AND MAGASANIK 1'~, BELJANSKI 
AND OCHOA TM, and NOMURA et al. 14 have reported enzyme synthesis or increase in 
total protein by similar bacterial preparations. Some of these experiments have been 
difficult to interpret because of the possible contribution of whole cells or protoplasts 
in the preparations. 

We have recently extended our studies on the biosynthesis of OTC to mechani- 
caUy disrupted protoplasts of E. coli. This report describes new requirements for the 
appearance of OTC activity not found in cells or protoplasts. Evidence is cited against 
possible contamination by protoplasts as an explanation for the observed levels of 
synthesis of this enzyme in mechanically disrupted preparations. In addition, pre- 
liminary fractionation experiments indicate that both a particulate and a soluble 
fraction are necessary for OTC synthesis. 

EXPERIMENTAL METHODS 

Growth of cells and protoplast formation 

Escherichia coli, strain W, was grown at 37 ° to midlog phase in a minimal salts 
and glucose medium containing arginine to repress OTC formation. Lysozyme and 
Versene were used to produce protoplasts as described previously 1, except that the 
medium for protoplast formation contained 0.33 M sucrose and o.03 M Tris, pH 8. 7. 
The conversion of cells to protoplasts was never less than 97 % complete as deter- 
mined by microscopic counts and by viable-cell counts from surface-spread agar 
plates. Protoplasts were recovered from the lysozyme incubation by centrifugation 
for IO min at 6000 × g at 15 °. Usually about 4 g of protoplasts (wet wt.) were 
obtained from 8 g of log-phase cells. 

Disruption of protoplasts 

Water lysates of protoplasts were obtained by complete suspension of protoplast 
pellets in distilled water at 3 °. Usually 4 ° ml of water was used /g  of wet weight of 
protoplasts. After standing for 20 min at 3 ° and centrifugation at 6000 × g for IO min 
to remove residual cells and some of the unlysed protoplasts, the lysed pieces and 
"ghosts" were recovered by centrifugation at 14,ooo × g at o ° for 20 min. These 
water-lysed preparations still contained about 3 % protoplasts as determined micro- 
scopically with a Petroff-Hauser bacteria counting chamber. 

Mechanically disrupted protoplasts were prepared in three ways. 
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With French pressure celll5: Each gram of protoplasts to be disrupted was sus- 
pended in 3.0 ml of 0.33 M sucrose containing 0.03 M Tris buffer at pH 8.5, at 3 °. 
The suspension was then passed twice through the French pressure cell (American 
Instrument  Co.) at a rate of about 6 ml/min while being maintained under a pressure 
of 16,ooo pounds/in 2 with a Carver hydraulic press. The French cell was precooled 
at 2 ° before use. The disrupted preparations contained about o.I ~o of the original 
protoplasts as determined with the bacteria counting chamber. 

With Hughes press at --2o°: Protoplasts were suspended as described above. 
A stainless steel Hughes press 16 (Shandon Scientific Co., Ltd., London, England) 
was precooled in the deep freeze to - -  20 °, the protoplast suspension was pipetted 
into the block, the block was returned to the deep freeze for 20 min, and the proto- 
plasts were then quickly pressed through the block with a Denbeigh No. 4 fly press. 
The disrupted material, which was collected as an icy slush, was melted before 
addition to the incubation flasks. 

With Hughes press at --~97°: Protoplasts were suspended as just described. 
The Hughes press was precooled in liquid nitrogen until boiling stopped. The suspen- 
sion was added into the block, the block was again immersed in liquid nitrogen, and 
the protoplasts were pressed through as soon as possible, as described. The disrupted 
material was collected as a loose dry powder from the block and was quickly melted 
at 37 ° just before addition to incubation flasks. The efficiency of breakage with the 
Hughes press was greater than that  with the French pressure cell. Less than lO 7 
protoplasts remained per IO mg of protein or about o.oi ~o of the original protoplasts.  

Incubation conditions for OTC synthesis 

The standard incubation mixture used for these experiments contained the 
following in a total volume of 2.0 ml: 66o tzmoles of sucrose; 200 t,moles of Tris-HC1 
buffer, pH 7.6; 5 t zmoles of MgC12; 5 ° tzmoles of KC1; 14o t~moles of glucose; 1.8 mg 
of polyvinylsulfate; 5 t zmoles of ATP; I /zmole each of UTP, GTP, and CTP; and 
IOO tzg each of L-amino acids (except for Tables IV, VI, and I X  where a balanced 
mixture of amino acids was used). The balanced mixture is representative of the 
average composition of E. coli protein 17 and contained in 2.0 ml the L forms of amino 
acids as follows : 6 tzmoles of alanine, 4-7 t ~moles of aspartic acid, 0.8/~mole of cysteine, 
5.0 t~moles of glutamic acid, 3.8 t,moles of glycine, 0.48/zmole of histidine, 2.2/zmoles 
of isoleucine, 3.8 t~moles of leucine, 3.7 t zmoles of lysine, 1.6/zmoles of methionine, 
1.56/~moles of phenylalanine, 2.2/,moles of proline, 2.9/zmoles of serine, 2.2/zmoles 
of threonine, 0.48/~mole of t ryptophan,  I.O tzmole of tyrosine, and 2.7 tzmoles of 
valine. 

The incubation mixtures were shaken at 37 ° in 25-ml Erlenmeyer flasks. An ali- 
quot was then removed from each flask and stored at I ° during the incubation period 
as separate zero time controls. All flasks were stoppered, incubated for 60 min (or 
the time indicated), and the reaction was stopped by chilling to o °. 

Assays of OTC 

OTC activity was measured as described. The increase in enzyme activity was 
always calculated as the difference between that  observed after the incubation 
period and the zero time control for each flask. Both whole cells and protoplasts 
had to be treated with toluene or disrupted by other means to demonstrate full 
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activity. Pretreatment with toluene was not required to measure enzyme activity 
in disrupted protoplasts or the fractionated preparation. One unit of enzyme activity 
is defined as i/~mole of citrulline produced in I h under the stated conditions. 

Other procedures 

Total protein was determined by the method of LOWRY et al. 18. Counts of cells 
and protoplasts were made with a Petroff-Hauser bacteria counting chamber with a 
phase-contrast microscope. Cells and protoplasts are easily differentiated by this 
method as are protoplasts and "ghosts". 

MATERIALS 

PVS was synthesized according to the method of NOMURA et al. 14, using polyvinyl 
alcohol (98 ~/o hydrolyzed) from Matheson, Coleman, and Bell, Norwood, Ohio. 
Other materials were obtained from the indicated sources: ATP, GTP, UTP, CTP, 
ADP, GDP, UDP, and CDP from the Pabst Laboratories, Milwaukee, Wisc. (U.S.A.) ; 
the potassium salt of PEP was prepared from the silver barium salt obtained together 
with pyruvate kinase from C. F. Boehringer and Son, Tutzing, Germany; FDP and 
lysozyme from Nutritional Biochemicals Corporation, Cleveland, Ohio; L-amino acids 
from Mann Research Laboratories; 5 × recrystaUized salt- and protease-free RNase 
(from bovine pancreas) from Sigma Chemical Co., St. Louis, Missouri; chloram- 
phenicol from Parke, Davis and Company, Detroit, Michigan. 

RESULTS AND DISCUSSION 

Apparent OTC synthesis by water lysates of lysozyme protoplasts 

Because of the success of other workers in demonstrating enzyme synthesis 
and amino incorporation into protein by water-lysed preparations of protoplasts, 
we turned to this type of preparation first in our study. The data of Table I seem to 
demonstrate cell-free synthesis of OTC in the water lysate. In this experiment 
21.3. lOS whole protoplasts synthesized 76.9 units of OTC or an average of 3.6 units/lo s 
protoplasts. Under the same conditions, the water lysate, which contained only 
5" lOS protoplasts and 7 times as much total protein, synthesized 83.8 units of enzyme. 
The amount of enzyme synthesized was caused, at least in part, by those protoplasts 

T A B L E  I 

OTC SYNTHESIS IN WATER LYSATES OF LYSOZYME PROTOPLASTS 

I n c u b a t i o n s  were a t  37 ° for 6o m i n  in a to ta l  v o l u m e  of 2.o ml .  

Protoplasts L ysate 

OTC u n i t s / m l  76.9 83.8 
P ro top l a s t s  × Io8]ml 21. 3 5.o 

Calcu la t ions  
OTC un i t s / p ro top l a s t  
OTC un i t s  syn thes i zed  by  p ro top las t s  
A p p a r e n t  pro toplas t - f ree  syn t he s i s  of OTC 
If syn the s i s  is caused  by  p ro top las t s ;  u n i t s / l o  s p ro top la s t s  

3.6 3.6 
76.9 18.o 

None  65.8 
3.6 16.7 

Biochim.  Biophys.  Acta, 44 (196o) 298-3o9 



3 0 2  P.  R O G E R S ,  G. D. N O V E L L I  

that  survived lysis. The contribution these contaminating protoplasts could make was 
estimated from the amount of OTC synthesized by protoplasts that  had not been 
lysed (Column I, Table I). Thus it was calculated that  5.0" IO s protoplasts would 
have synthesized 18.o units of OTC. Since 83.8 units actually appeared it would be 
concluded that  cell-free synthesis had produced 65.8 units. But this conslusion rests 
on the assumption that  protoplasts surviving lysis had the same synthetic efficiency 
as whole protoplasts in the normal reaction mixture. I t  must be emphasized that  
protoplasts surviving lysis are in an environment rich in the intracellular components 
released by  the lysed protoplasts and thus may  perform more efficiently than proto- 
plasts in a simple defined medium. To test this possibility, 2. IO s more protoplasts 
were added to the water lysate, and the synthesis of OTC was measured. This experi- 
ment was, in fact, conducted simultaneously with the experiment described in Table I, 
but for clarity of discussion the data are presented in Table II .  We added 2. IO s fresh 
protoplasts to the water lysate of Table I that  contained 5" los protoplasts. Assuming 
the synthetic efficiency of whole protoplasts given in Table I, that  is 3.6 units/ lo s 
protoplasts, we would have expected an increase in OTC synthesized by the water 
lysate from 83.8 to 91.o if the added protoplasts were operating at the calculated 
efficiency. However, the observed increase was much higher; we found 13o units 
instead of the expected 91. Since the increased synthesis in the water lysate in this 
case is only attributable to the added protoplasts, the data show that  protoplasts 
metabolizing in the presence of the water lysate of other protoplasts have a synthetic 
efficiency of 23-4 units/los protoplasts rather than the 3.6 units exhibited by whole 
protoplasts in the standard incubation medium. This increased synthetic efficiency 
can more than account for the total enzyme synthesis observed in the water lysate, 
and, therefore, we must conclude that  the observed enzyme synthesis is caused 
entirely by  the contaminating protoplasts. The explanation for the observation that  
the 2. lO 8 protoplasts had a synthetic efficiency of 23 as contrasted to an efficiency 
of 16. 7 by  5" lOS original contaminating protoplasts lies in the possibility that  some 
of these protoplasts had been damaged during water lysis. 

TABLE II 

O T C  SYNTHETIC EFFICIENCY BY PROTOPLASTS ADDED TO WATER LYSATE 

Conditions were same as for Table I, except that 2. IO s flesh protoplasts were added to the water 
lysate of Table I. See text for discussion. 

Expected Observed 

P r o t o p l a s t s  × IO s 5 + 2 5 + 2 
I f  s y n t h e s i s  i s  ce l l  f r ee  (83.8 + 7.2) 91 13o 
Synthesis by added protoplasts 7.2 46.2 
Synthetic efficiency of added protoplasts 3.6 23.4 

OTC synthesis by mechanically disrupted protoplasts 
To obtain more complete breakage of protoplasts under relatively mild conditions, 

we turned to mechanical disruption methods. Table I I I  is a comparison of results 
obtained with three different methods of breaking lysozyme protoplasts. In a number 
of experiments when we used the French pressure cell, the synthesizing activity of 
the resulting disrupted material was consistently lower than that  of preparations 
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T A B L E  I I I  

OTC S Y N T H E S I S  B Y  M E C H A N I C A L L Y  D I S R U P T E D  P R O T O P L A S T S  

Condi t ions  as  in Table  I. The  un i t s  syn thes i zed  in 90 m i n  are  ave rage  va lues  ob ta ined  f rom two 
or more  e x p e r i m e n t s  in each  case  and  no rma l i zed  to  OTC u n i t s / i o  m g  of p ro te in  

Material Un its OTC Protoplasts present 
synthesi zed in 9 ° rain per 20 mg protein 

Pro top la s t s  68o I .  i o 11 
Dis rup ted  by  : 

F rench  cell (3 °) 3 3" lOS 
H u g h e s  press  ( - - 2 0  °) 6 
H u g h e s  press  ( - - 1 9 6  °) 16. 5 ~ lO T 

made with the Hughes press at - - 2 o  °, and the observed activity seemed to be a result 
of residual protoplasts. By lowering the temperature of the Hughes press block to that 
of liquid nitrogen, in an at tempt to reduce denaturation to a minimum during the 
breakage process, we found that OTC formation was considerably improved in 
comparison to the other two methods. The number of protoplasts remaining after this 
procedure was so small that, even if they synthesized OTC at IO times the normal rate, 
OTC would not be detected by our assay method. However, from Table II it is obvious 
that  the amount of enzyme synthesized by disrupted protoplasts is quite small relative 
to that of the whole protoplasts. None of these mechanically disrupted preparations 
showed any increase in OTC activity in the absence of ATP, whereas this increase 
of enzyme in protoplasts was essentially unaffected by ATP. Because of the success 
with the liquid-nitrogen-cooled Hughes press, this method was used in our further 
investigation of the conditions and requirements for OTC formation. 

Requirements for OTC synthesis 
Fig. I shows the time course of the synthesis of OTC in disrupted protoplasts 

prepared in the liquid-nitrogen-cooled Hughes press. A comparison of curves 2, 3, 

20-  
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z 

o 
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- 2 C  
s~ 9~ ,6o 

T I M E  AT 3 7  ° ( m i n )  

Fig. I. The  t ime  course  of OTC fo rmat ion  b y  p ro top la s t s  of  E. coli W dis rup ted  in a H u g h e s  press.  
The  o rd ina te  is t he  change  in  OTC un i t s  m e a s u r e d  in 2.0 ml  of i ncuba t ion  m i x t u r e  f rom a zero 
t i m e  ac t i v i t y  of 20 un i t s .  I n c u b a t i o n  condi t ions :  d i s rup ted  pro top las t s ,  I2 m g  of protein.  Curves :  
O,  comple te  s y s t e m ;  Q,  m i n u s  UT P ,  GTP,  and  CTP;  A ,  m i n u s  UTP ,  GTP,  CTP,  and  glucose;  
m,  nucleoside  d iphos pha t e s  rep lac ing  nucleoside  t r i p h o s p h a t e s  ; [2, m i n u s  ATP,  GTP,  CTP, and  

U T P ;  a n d  A,  comple te  s y s t e m  p lus  i oo /~g  of ch loramphenico l .  
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and 5 indicates that  the synthesis of OTC is dependent on the presence of both ATP 
and glucose. Curve 5 shows the results obtained when the preparation is incubated 
in the absence of ATP, curve 3 shows the results when the preparation is incubated 
in the presence of ATP but in the absence of glucose and curve 2 shows the results 
obtained in the presence of both glucose and ATP. The explanation for the glucose 
requirement is not evident to us, since, as will be shown later, glucose cannot be re- 
placed by FDP. The glucose effect may  be associated in some unknown way with the 
release of repression. In the absence of either glucose or ATP there was a large destruc- 
tion of endogenous enzyme evident after 9 ° rain of incubation. For this reason, we 
did not extend our incubations beyond 90 rain in the succeeding experiments. As can 
be seen in curve i, the addition of the triphosphates of guanosine, uridine, and cyti- 
dine together with ATP and glucose resulted in an increase in OTC synthesis over 
that  with only ATP and glucose (curve 2). This stimulation of synthesis by the 
three nucleoside triphosphates was not consistently observed with disrupted proto- 
plasts; and the individual contribution of each nucleotide has not been examined. 
Replacement of the nucleoside triphosphates by the corresponding diphosphates 
(curve 4) showed a level of OTC formation that  is perhaps lower than that  obtained 
with ATP alone. This indicates that  the rate of generation of triphosphates by this 
disrupted preparation in the presence of glucose is insufficient to support maximal 
enzyme formation. As with cells and protoplasts 1, the appearance of OTC activity 
in the disrupted protoplasts is similarly inhibited by  chloramphenicol, curve 6. This 
observation suggests that  the process of protein synthesis is involved in this enzyme- 
forming system. None of the additions in the above experiment influenced the 
measurement of the activity of OTC at the concentrations present in the final reaction 
mixtures for enzyme assay. 

Expt.  I of Table IV demonstrates that  Mg ++ is required for OTC synthesis. The 
requirement for both ATP and glucose is also shown in this experiment. NISMAN v 
found the addition of Mn ++ was necessary for incorporation of amino acids into 
protein of lysozyme lysates of E.  coli. We found, however, that  Mn++ added with 
Mg+ + usually caused a lowering of the amount of OTC formation by disrupted 
protoplasts (Expt. II,  Table IV). 

Expt.  IV of Table IV shows that  it is apparently possible to substitute an 
energy-generating system consisting of 6.6 ~moles/ml of PEP,  5 8g of pyruvate 
kinase, and 0.25/~mole/ml of ATP for the tenfold higher concentration of ATP. 
Even under these conditions, however, the addition of glucose resulted in a marked 
stimulation of OTC synthesis. As noted in Expt.  I I I  of this table, it was not possible 
to replace the ATP and glucose requirement with FDP. Since a large increase in OTC 
units was not observed when the generating system was substituted for the high 
ATP concentration, it may  be concluded that  this system is not as sensitive to high 
ATP concentrations as had been found for other bacterial systems 6 s, 11. Fig. 2 shows 
an experiment in which the effect of ATP concentration on OTC synthesis was 
examined. This experiment was conducted in the absence of UTP, GTP, and CTP 
in order to rule out possible transphosphorylations to form ATP. Maximum OTC 
synthesis apparently takes place at about 5/~moles/ml of ATP, or about twice the 
concentration used in the standard incubation mixture in these experiments. 

NOMURA et al. 14 found that  PVS was necessary for maximal appearance of 
amylase in lysozyme lysates of Baci l lus  subtilis. The action of PVS was attr ibuted to 

Biochim. Biophys. Acta, 44 (196o) 298-309 



CELL-FREE SYNTHESIS OF ORNITHINE TRANSCARBAMYLASE 305  

T A B L E  IV 

REQUIREMENTS FOR OTC FORMATION 

The un i t s  of e n z y m e  ac t iv i ty  shown  are  t he  m e a s u r e d  inc reases  a f te r  60 m i n  of i ncuba t i on  a t  37 °. 
" C o m p l e t e "  i ncuba t i ons  con ta ined  t h e  s t a n d a r d  i ncuba t i on  m i x t u r e  descr ibed in  METHODS, 
excep t  for Exp .  I, in which  no UT P ,  CTP,  or  G T P  was  added.  I n  Exp .  IV, t he  gene ra t ing  s y s t e m  
cons is t s  of: 5 / zg /ml  of p y r u v a t e  k inase ,  6 .6 /~moles /ml  of p h o s p h o e n o l p y r u v a t e ,  and  o .25 /zmole /ml  
of A T P  in s t ead  of 2.5 /zmoles/ml.  lO-.12 m g  of d i s rup ted  p ro top la s t  p ro t e in  were added  to each  

i ncuba t i on  mi x t u r e .  

A units  ofenzyr ,  t* 
Expt. Incubation conditions actioity]2 ml 

Comple te  8 
Minus  MgCI~ o 
Minus  glucose o 
Minus  A T P  o 

I I  

I I I  

Comple te  13 
Minus  nucleos ide  t r i p h o s p h a t e s  o 
P lus  MnCI~, 5 / ,moles  7 
P lus  MnC1 v IO #,moles 6 

Comple te  17 
F D P  IOO/,moles  i n s t ead  of A T P  

a n d  glucose o 
Imidazole  buffer,  i o o / , m o l e s  per  m l  

i n s t ead  of "Iris buffer  I I 

IV Comple te  
Gene ra t i ng  s y s t e m  - -  no glucose 
Gene ra t i ng  s y s t e m  + glucose 

I7 
17 
26 

its inhibition of the intracellular RNase. As demonstrated by the data of Table V, 
we also found an enhancement of the appearance of OTC synthesis in the presence of 
PVS. Therefore this compound was added routinely in all experiments with disrupted 
protoplasts. In contrast, synthesis of OTC by whole cells or protoplasts never showed 
any response to the presence of PVS in the incubation medium. As shown in Table V, 
the RNase activity of disrupted preparations of E. coli was inhibited to 50 % of the 
control level by addition of the amount of PVS found to stimulate OTC synthesis. In 
the absence of PVS, addition of pancreatic RNase completely blocked OTC formation, 

e -  

6- 

---4- 

o 2- 
I-- 
0 
,,~ 0- 

-2 -  

ojo/°•° / 
-46  

~:o 215 s'.o qo'.o 
Frnoles OF ATP/ml OF INCUBATION MIXTURE 

Fig. 2. A T P  r e q u i r e m e n t  for OTC syn t he s i s  b y  p ro top las t s  d i s rup ted  in a H u g h e s  press.  The  
o rd ina te  is t he  m e a s u r e d  i n c r e m e n t  of e n z y m e  un i t s  fo rmed  per  2.o m l  a f te r  60 m i n  of i ncuba t ion  
a t  37% I n c u b a t i o n  m i x t u r e s  did no t  con ta in  UT P ,  CTP, or GTP.  io  m g  of d i s rup ted  p ro top la s t  

p ro te in  were added  to each  incuba t ion  mix tu r e .  
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T A B L E  V 

EFFECT OF POLYVINYLSULFATE ON OTC SYNTHESIS AND R~ASE ACTIVITY 

OTC fo rma t ion  for whole  cel ls  a nd  p ro top la s t s  is shown as un i t s  syn thes ized  per  i mg  of prote in .  
OTC fo rma t ion  for d i s rup ted  p ro top las t s  is shown as  un i t s  syn thes ized  per  i o  mg  of prote in .  
RNase  a c t i v i t y  was  measu red  as  re lease  of cold perchlor ic  ac id-soluble  m a t e r i a l  absorb ing  a t  
260 m/z in  the  B e c k m a n  DU s p e c t r o p h o t o m e t e r  a f te r  6o-min i n c u b a t i o n  a t  37 ° of i o mg  of d i s rup ted  
p ro top las t s .  The s t a n d a r d  i n c u b a t i o n  m e d i u m  was  used, and  a l l  i ncuba t ions  were a t  37 ° lor 
60 min  in the  above  expe r imen t s ,  excep t  t h a t  t r i p h o s p h a t e  and  a m i n o  ac ids  were o m i t t e d  from 

the  R N a s e - a c t i v i t y  de t e rmina t ions .  

Materials Control PVS PVS 
0.9 mg/ml z.8 mg/ml 

OTC a c t i v i t y  

Wbole  cells 363 313 - -  
P ro top la s t s  68 65 - -  
D i s rup t ed  p ro top la s t s  3 13 - -  
D i s rup t ed  p ro top la s t s  + added  R N a s e  0. 5 mg o 7 - -  

E .  coli 1RNase a c t i v i t y  

Di s rup ted  p ro top la s t s  22.2 I 1.8 6.2 

whereas in the presence of PVS this inhibition was only 5o %. These experiments 
suggest that  OTC synthesis is dependent on the presence of intact RNA, as was 
assumed from other experiments with intact protoplasts 1. 

In some experiments, disrupted protoplasts were stimulated by a complete 
mixture of amino acids minus arginine. The experiments shown in Table VI indicate 
a considerable variability of this effect, but in most cases demonstrate the superiority 
of balanced mixture of amino acids over that  of a mixture containing equal gram 
quantities of amino acids. This peculiarity of the amino acid requirement was also 
evident in the amino acid-incorporation studies with lysed lysozyme protoplasts 
carried out by NISMAN ~. CONNELL et al. s also reported variable results with respect 
to an amino acid requirement for incorporation of radioactive amino acids into 
Azotobacter  particles. 

T A B L E  VI  

AMINO ACID STIMULATION OF OTC FORMATION IN DISRUPTED PROTOFLASTS 

The un i t s  of enzyme  a c t i v i t y  shown are  the  increases  a f t e r  i ncuba t i on  a t  37 o for 6o min .  See 
METHODS for con ten t  of the  ba lanced  m i x t u r e  of L-amino acids  and  the  i ncuba t ion  m i x t u r e .  

D i s rup ted  p ro top l a s t s :  i o  m g  of prote in .  

Conditions 
Units of enzyme activity[2 ml 

Experiment: (A) (B) (C) 

No amino  acids  
L-amino acids  w i t h o u t  arginine ,  2oo # g  each 
L-amino acids  w i t h o u t  arginine ,  ba lanced  m i x t u r e  
L-amino acids, ba lanced  mix tu re ,  wi th  200 t tg of a rg in ine  

3 14 3 
6 18 4 

12 - -  7 
12 16 - -  

As reported previously, there is complete repression of OTC in whole cells with 
as little as 20/~g of arginine. On the other hand, protoplasts could not be repressed 
with as much as 200/~g' of arginine. This was interpreted as indicating a loss of the 
ability to concentrate arginine by  protoplasts. This interpretation has now been con- 
firmed by  MAAS I9. Although about a 30 % repression of OTC formation in whole 
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T A B L E  V I I  

EFPECT OF NUCLEOTIDE TRIPHOSPHATES ON OTC SYNTHESIS BY 
PROTOPLASTS AND DISRUPTED PROTOPLASTS 

Uni t s  of enzyme  are  the  inc reases  observed a f t e r  i ncuba t ion  a t  37 °. 4" l ° s  p ro top la s t s  were added  
in  (I) and  (3). D i s rup t ed  p r o top l a s t s  14 nag prote in .  

A units of enzyme activity 

Minus nucleotides Plus nucleotides 

i .  P ro top la s t s  17 13 
2. D i s rup t ed  p ro top la s t s  o 13 
3. Mix tu re  I + 2 22 32 

protoplasts was observed, from the data in Table VI it is evident that the addition 
of 200/zg of arginine had no affect on the increase in OTC in mechanically disrupted 
protoplasts. This suggests either that arginine itself is not the repressor molecule or 
that  even higher concentrations of arginine are necessary to effect its binding to the 
OTC-forming site. 

Contribution of whole protoplasts to synthesis of OTC by the disrupted system 

Although the small number of protoplasts remaining in the disrupted preparations 
seemed to preclude the probability that the increases in OTC observed were attribut- 
able to whole protoplasts, an experiment was designed to test this contingency. 
From the data of Tables I and II it was conceivable that a few whole protoplasts in 
the presence of disrupted cellular material together with glucose, ATP, UTP, CTP, 
and GTP could be stimulated to an extraordinary rate of enzyme synthesis. In the 
experiments shown in Tables VII and vii i ,  protoplasts, disrupted protoplasts, and a 
mixture of both were incubated in flasks with and without the triphosphates. 4" 1°8 
protoplasts, when incubated alone, were slightly inhibited by addition of triphosphates 
in this experiment (Table VII), whereas the mechanically disrupted protoplasts 
required the presence of these compounds for net appearance of OTC activity. 
Calculation from the data obtained by mixing the same quanti ty of protoplasts with 
the disrupted preparation (Table viii) reveals that there was a definite small stimula- 
tion of OTC synthesis caused by the added protoplasts. Since the extent of the 

TABLE VIII 
C E L L - F R E E  S Y N T H E S I S  O F  O T C  B Y  D I S R U P T E D  P R O T O P L A S T S  

Condi t ions  and  d a t a  the  same  as  for Table  VII .  

A B C 

Disrupted 
Protoplasts protoplasts A + B 

OTC-synthes ized  uni t s  13 13 32 
P ro top l a s t s  × lO s 4.0 ~ o.I 4.0 

Ca lcu la t ions  
OTC syn thes i s  b y  added  p ro top las t s  I3 
Uni t s  OTC/pro top las t s  × IO s 3.3 
Cell-free syn thes i s  (corrected for p ro top l a s t  con t r ibu t ion)  

- -  19 
- -  4.8 
13 13 
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stimulation observed was independent of the presence of ATP and other triphosphates, 
it is concluded that  the ATP-dependent OTC formation observed in the disrupted 
protoplasts cannot be the result of contamination of whole protoplasts in the prep- 
aration. 

Preliminary fractionation of the OTC-forming system 
The data thus far presented suggest that  cell-free synthesis of OTC takes place 

in the disrupted protoplasts system. To reveal further requirements for synthesis, 
preliminary a t tempts  were made to fractionate the OTC-forming system. Immediately  
after disruption of the protoplasts in the Hughes press, the crude material was 
centrifuged twice at 6000 x g for IO min at o ° to remove large pieces and the few 
remaining whole protoplasts. The resulting supernatant was then centrifuged at 
lO5,OOO × g for 30 min at o °. The clear supernatant was removed and the particles 

TABLE I X  

FRACTIONATION OF THE OTC-FORMING SYSTEM FROM DISRUPTED PROTOPLASTS 

The units  of enzyme act ivi ty shown are the increases af ter  incubat ion at  37 ° for 6o min. Disrupted 
protoplasts ,  io  mg of protein;  washed particles alone, 3.5 mg of protein;  pPI 5 fraction, 7.5 mg 
of protein. See METHODS for incubat ion mix ture  and the tex t  for fract ionat ion procedure. Aged 

particles were stored for 72 h at  I o. 

Material 
A Units of enzyme activity per 2.o ml 

Control ATP ATP, UTP, CTP, GTP 

Disrupted  protoplas ts  3.2 15.0 
Washed particles, lO5,OOO x g 2.6 1.2 
p H  5 Fract ion o 0. 5 
Particles + p H  5 fraction - - 1 . 8  5.0 
Aged particles + p H  5 fraction - - 1 . 8  - - 0 . 6  

16.o 
2.6 
o 
9.2 
0. 4 

were washed in 0.33 M sucrose, resedimented at lO5,OOO x g, and suspended in 
0.33 M sucrose. The lO5,OOO x g supernatant was carefully adjusted to pH 5.1 with 
cold acetic acid, centrifuged at 6000 x g for IO min at o °, and the precipitate was 
resuspended in 0.33 M sucrose. The data in Table I X  show the effect of this fractiona- 
tion procedure on OTC formation by this system. Incubation of the washed particles 
alone resulted in only a small increment of OTC that  was apparently independent of 
added ATP. The pH 5 fraction, when incubated with or without added triphosphates, 
showed no OTC formation. However, when particles and pH 5 fraction were incubated 
together, a definite ATP-dependent formation of OTC activity was observed. Further  
stimulation of the formation of this activity occurred with the addition of UTP, 
CTP, and GTP. As shown in Table IX,  after these particles had been aged for 72 h 
at I °, this enzyme-forming ability was completely lost. I t  seems evident from this 
fractionation experiment that  both a particulate and a soluble component are required 
to carry out OTC formation. This result corresponds to the experience of many  investi- 
gators studying protein synthesis in a number of different cellular systems 1°, 18, 2o,,4. 
Further experimental work will be necessary to determine if the sequence Of steps, 
from amino acid activation through transfer RNA to final incorporation into a 
protein molecule by "ribosomes", studied extensively with the aid of 14C amino acids, 
takes part  in the formation of OTC observed in these experiments. 

Considering all of the data reported in the foregoing experiments, a number of 
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points  should be stressed. First ,  a l though the observed increases of OTC act iv i ty  in 
all of the experiments  with disrupted protoplasts  was low, it  represents between 
1-2 % of the synthet ic  ac t iv i ty  of the protoplast.  Since increase in total  protein was 
no t  consis tent ly observed in these experiments,  it  is possible tha t  the ac t iv i ty  increases 
noted  were a t t r ibu tab le  to a release of t empla te -bound  OTC, perhaps triggered by  
ATP,  ra ther  t han  the de novo synthesis of new OTC molecules dur ing the incuba t ion  
periods. Such a metabolic  release of serum a lbumin  has been observed by  PETERS 25. 
Second, a l though only the synthesis of OTC has been measured in these experiments,  
this does not  exclude the s imultaneous par t ic ipat ion of some of the components  of 
the incuba t ion  mixture  in other reactions, such as template  repair or fabricat ion of 
other  materials  related to the enzyme-forming machinery.  Last, a l though the experi- 
men t  demons t ra t ing  an inhibi t ion of OTC formation by  chloramphenicol suggests 
net  protein  synthesis, the measure of an increase in enzyme ac t iv i ty  alone is not  an 
unequivocal  demonst ra t ion  of protein synthesis. This observat ion must  be fur ther  
subs tan t ia ted  with evidence tha t  amino acids are incorporated into the peptide 
sequences of this specific enzyme. Thus,  in conclusion, it can be said tha t  the evidence 
to date s t rongly suggests tha t  a cell-free and protoplast-free system from bacteria,  
which can be fract ionated into two parts,  supports  formation of OTC tha t  is dependent  
on both  amino acid and  energy. 
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