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ABSTRACT

Lysis of Micrococcus lysodeikticus cells with lysozyme in the

presence of high concentrations of sucrose has ylelded a particulate
system, distinct from intact cells, that carries out the incorporation
of amino acids into protein. All seven amino acids which have been
tested have been incorporated.

The system was sedimentable, had a high endogenous respiration,
and required the continued presence of high sucrose or KC1 concentra-
tions for activity. The importance of oxidative reactions for incorpora-
tion was indicated since anaerobiosis and 2,k-dinitrcphenol treatment
inhibited incorporation. Ribonuclease treatment diminishéd’incorpora-
tion; desoxyribonuclease treatment accelerated incorporation. The
activity of the particulate system was inversely related to the concen-
tration at which these particles were assayed. Stimulation of incor-
poraticn was cobserved upon addition of unlaveled amino acids implying
a net synthesis of protein molecules under these condiﬁions. From data
obtained on the composition of the free amino acid pool and the rates
of amino aecid incorpcration it was concluded that in the absence of
added amino acids, amino acid incorporation occurred either via an
exchange reaction or that it reflected synthesis of new protein molecules
with concomitant breakdown of pre-existing protein to amino acids.

Tt was shown that radicactive protein isolated after incubation
with radiocactive leucine, ccntained leucine as its sole radiocactive
consgtituent. The donversion of leucine to CG-ketolsocaproic acid was

alsc shown.
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I. INTRODUCTION

Ever since knowledge accumulated concerning the chemical nature of
proteins and their functions in living things, the problem of protein
biosynthesis has been of ‘major interest to biochemists. The eariy work
in this field was limited to the grosser aspects of protein metabolism
such as the nitrogen balance phenomenon and protein catabolism; The
scanty progress toward understanding the chemical steps in the synthesis
of a protein was due in part to difficulties inherent in studying a very
slow process and in part to the lack of basic biochemical‘techniques both
for the handling of tissues and the identification and estimation of
small amounts of substances. Certainly the greatest technical innovation
was the use of isotopically labeled metabolites; its firs£ appiication
in the hands of Schoenheimer (1) verified and expanded the earlier ob-
servations of Borsook and Keighley (2) and effectively demolished the
theories of Folin (3) which had held sway for 30 years (See Part I, B).
The problem of protein synthesis was now open to attack, and a number of
topics related to the problem have been extensively explored in recent
years, among them the synthesis of small peptides and quasipeptides,

incorporation into protein of labeled amino acids in vivo and in vitro,

the role of nucleic acids; these are discussed below.

A. Formation of Peptide Bonds in Small Molecules

The enzyme catalyzed formation of peptidic bonds in small molecules

has been extensively studied for its own sake and for its possible
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significance in understanding protein peptide bond formation.

1. Thermodynamic Considerations

In Table 1 are listed some thermodynamic gquantities for the forma-
tion of several small peptides. For dipeptides in equilibrium with amino
acids, the position of the equilibrium is far to the side of hydrolysis.
Por example, in the case of alanylglycine, formation of the dipeptide by
mass action alone yields only 4 X 10_5% synthesis when the initial
alanine and glycine concentrations are 0.1M. Even when the equilibrium
constant is relatively more favorable, as in the case of N-benzoyl-
tyrosylglycinamide formation, only 5% synthesis is obtained when the
initial concentration of reactants is 0.1M; at lower and probably more
physiological concentrations the amount of synthesis at equilibrium is
100 times less. Table 1 also shows that the free energy of formation
of a peptide is dependent on the charge distribution of the reacting
moieties. The trend cbserved is that the more removedvother charged
groups are from the reacting carboxyl and amino groups, the more
energetically favored is peptide synthesis. For example, two extremes
may be considered (equations 1 and 2): the formation of alanylglycine
and the formation of N-benzoyltyrosylglycinamide. In the former case
where the reactants are both zwitterions, alanine and glycine, the
AF of formaticn is 4130 calories. In the latter case only the reacting
carboxyl group of the N-benzoyltyrosine and the amino group of the
glycinamide are charged; here the AF of formation is 361 calories.

This difference in AF's of formation leads to almost a 500-fold dif-

ference in the equilibrium constants.
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1.
Alanine + Glycine Alanylglycine _
CH,CHCOO™ + " NH,CH.COO~ = CH_CHCONHCH,COO + H,0
5, 372 G 2 2
NH NH
2 5
= 4130 cal.
2.
N-benzoyltyrosine Glyc1nam1de N-benzoyltyrosylglycinamide
(p)OH- 06}14-(:’_3'3}1000 + i, CHCONH, = (p)OH—Céﬂh-CHE?HCONHCHECONHQ + H0
NH-COC [H_ NH-COC H
65 675

AF = 361 cal.

It may also be seen that if the nonreacting charged groups are further
removed than they are in an amino acid, as in a peptide, the free energy
change in formation is less (cf. benzoylglycine and benzoylglycylglycine
formation). |

With these facts in mind it would be difficult to view protein
synthesis as a mass action reversal of hydrolysis without assuming
special conditions leading to a driving of the reaction towards synthesis.
These could be product removal or high amino acid concentrations at the
site of synthesis. In any view, however, a coupling with energy donating
reactions would be required either in maintaining these special condi-

tions or in forming more reactive irtermediates.

2. Protease Catalyzed Synthesis and Transfer Reactions

The synthetic reactions catalyzed by proteases are of several types.

When the proper substrates are chosen, considerable synthesis may occur



because of either a favorable equilibrium constant or ovecause of sparing
gsolubility of the product formed. PFor example, papain readily catvalyzes
the formation of hippurylanilide starting from hippuric acid and aniline;
here the AF of formation is about -5000 calories as calculated from
equilibrium data (9), and the equilibrium actually favors synthesis,
quite unlike the usual case of peptide formation. Bergmann and his
collaborators have described many synthetic reactions which are promoted
by formation of slightly soluble products (1C). WN-venzoyltyrosylglycin-
anilide in yields as high as 65 per cent have been obsefved‘to crystal-
lize from solution in the chymotrypsin catalyzed reaction of N-benzoyl-
tyrosine and glycinaniliide. |

In addition to the kinds of reactions mentioned, proteases have
been shown to catalyze group transfer reactions, transamidations and
transpeptidations, during the course of hydrolytic cleavage of various
peptides, amides, and esters. The reaction course is outlined in

equation 3.

3.
Enzyme Enzyme
RCO-Rl + NBZ—R2 = RCO-NHR2 + RlH = RCOOH + NH2R2 + R1H
H.O
2
Rl = -NHE’ -0OR, amino acid derivative
R2 = «-H, -0H, aminc acid or derivative

Fruton and co-workers have found that in the presence of glycinamide
the hydrolysis of the amide bond of benzoyl-tyrosinamide by chymotrypsin

was accompanied by intermediate formation of benzoyltyrosylglycinamide (12).



h.

H.0

N-benzoyltyrosinamide + glycinamide = N-benzoyltyrosylglycinamide + NH5

N-benzoyltyrosine + glycinamide + NH3
In this transamidation reaction 1li4 per cent replacement was obéerved
when the benzoyltyrosinamide was 40 per cent hydrolyzed. An example of
a transpeptidation reaction similar in nature has been described by
Johnston et al. (13). By the use of N*° labeled glycinamide, it was
shown that exchange of the glycinamide moiety of benzoyltyrosylglycin-
amide (BTGA) with free glycinamide had occurred during hydrolysis of

BTGA with chymotrypsin (equation 5).

5.

=

N-benzoyltyrosylglycinamide + glycinamide(Nl)) = N-benzoyltyrosyl-
glycinamide(NlS) = N-benzoyltyrosine + glycinamide(NlS) |
Replacement to the extent of 17 per cent had occurred after 42 per cent
hydrolysis of BTGA. % should be emphasized that these reactions
eventually proceed to almost complete hydrolysis and that a new peptide
bond is made at the expense of a pre-existing peptide or amide bond.
Fruton has postulated a transient enzyme-substrate intermediate to
account for these protease catalyzed reactions (15). In the case

described in equation 4, this would be

2
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?H ?H 0

H
RCE—C—NH,, + NH,.CH,CONH, = RCH—C—NH = RCH—C + NH_
i i 2 22 2 ( 1 2 . I 3

?H Enzyme NH NHCHECONH ?H NHCHECONH2
. i
Rl Rl Rl

(R = (p)OH-c634-CH2- ; Ry = CoC 61{5)

An acyl-enzyme complex nas also been envisaged as a possible inter-
mediate (4). The further reaction of the sctivated complex with
various reagents is, under either view, then thought to govern the
course of the reactionj reaction with water would yield hydrolysis, and
reaction with replacement agents such as amino acid derivatives, ammonia,
or hydroxylamine would lead to formation of peptides, amides, or hydrox-
amic acids, respectively. This conservation of "bond energy" in an enzyme-
substrate complex is similar to mechanisms postulated for polysaccharide
reactions (1&4).

Other examples of transpeptidation reactions weré described by
Hanes et al. (15). They demonstrated that crude kidney extracts would

catalyze the followlng reactions:

7.
5.0

vy -glutamyl-R + Rl = y-glutamyl-R. + R = glutamic acid + R + R

1 1

Where R could be cysteinylglyecine, glutémic acid, tyrosine
or phenylalarine and.Rl could be almost any aminc acid or
peptide.

A crude enzyme system was also described which catalyzed the following

reaction:
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H.0

= glycyl-R, + R e giycine + R, + R

Glycyl-R + R 1 1

1

Where R was glycine, tryptcphan, leucine, phenylalanine,
or glycylglycine; R,, the acceptor group, could be any
amino acid. -

With these enzymes the reactions went to complete hydrolysis in time.

It was considered by the authors that y-glutamyl activation of amiro

acids may play a part in protein synthesis by using the energy of

peptide bonds already formed in exergonic reactions. Besides being
difficult to see how any other than y-glutamyl bonds are formed, their
proposal was rendered unlikely by the work of Hendler and Greenberg (16).
In several different systems these authors showed no stimulation of amino
acid incorporation into protein by vy-glubtamyl compounds. Also free
glycine incorporation was more efficient than glycine added as y-glutamyl
glycine. In summary, there exists no convincing evidence fér the role

of proteases or specific transpeptidases in protein synthesis.

3. Peptide Syntheses Coupled with Exergonic Reactions

The formation of hippuric acid from benzoic acld énd glycine by
mass action is negligible (Table 1), hence for any significant synthesis
a coupling with an exergonic reaction would be required. It was shown
early that synthesis of hippuric acid in in vitro systems was linked to
oxidative processes (17). The mechanism of the reaction was studied by
Chantrenne (18) and later by Schachter and Taggart (19, 20). The

reaction sequence was proved to be:
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As indicated, synthesis occurs with the stolichiometric breakdown of

ATP to yield ADP and orthophosphate. However, only catalytic amounts of
ATP, or better ADP, and phosphate or arsenate are required for the
transferase reaction. Synthetase activity is increased in the»presence
of cysteine; both the synthetic and transfer reactions are inhibited in
thé presence of p-chloromercuribenzoate, implying a free jSH group
requirement. Since there was no indication of free reactive intermediates
in the reaction, attention was turned to the possibility of enzyme

bound intermediates. The formation of either an enzyme-phosphate or an
enzjme—ADP complex giving rise to an enzyme-glutamate complex (which
could then react with ammonia) has been excluded. This mechanism would
require equilibrium of labeled phosphate with ATP in the presence of
glutemate. This does not occur (25). Boyer et al. have.shown that

wher the reaction is carried out using 018 in the vy-carboxyl of
glutamic acid, the labeled atom is found without dilution in the organic
phosphate formed (26). This result implied acyl-phospho anhydride
formation at some step in the reaction. A scheme which accounts for the
data, involving an enzyme-bound form of vy-glutamyl-phosphate, is

represented in eguation 12.

12.
ATP
a) Enzyme + ATP + glutamate = enzyme”
glutamate
‘/ATP ADP
b) Enzyme = enzyme”
"glutamate N y-glutamyl ~-phosphate
ADP
¢) Enzyme” + NH5 = glutamine + ADP + H5PO4 + enzyme

N y-glutamyl-phosphate



-11-

The binding of the reéctants could occur through the mediation of the
metal ions required for the overall reactions. y-Glutamyl-phosphate
has been shown to react non-enzymatically with ammonia to give glutamine
and with hydroxylamine to form hydroxamic acid, both reactions. proceeding
to complete synthesis (27).

Two enzymatic steps have been distinguished in the bilosynthesis

of glutathione.

13,

a) Glutamic acid + cysteine 4+ ATP = vy-glutamylcysteine + ADP + H POh

3

b) y-Glutamylcysteine + glycine + ATP = glutathione + ADP + HBPOh

Magnesium and potassium ions are the only requirements for the synthesis
apart from those described in eguation 13. As was the case for glutamine
synthesis, no free intermediates have been found. The resction mech-

anism as far as is known 1s the same for both steps in the synthesis.

a) Enzyme + ATP = enzyme-P + ADP

b) Enzyme-P + glutemic acid ( y-glutamylcysteine) =
enzyme-glutamic acid (glutamyl cysteine) + P

¢) Enzyme-glutamic acid (glutamyl cysteine) + cysteine (glycine) =

enzyme + glutamyl cysteine (glutathione)
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Evidence for the first step (equation 1ba) was obtained by demon-
strating that ATP became labeled when ADP52 and ATP were incubated
with the enzymes (29, 30). When glutamate, ATP and labeled phosphate (PBQ)
were incubated with the enzyme, the ATP became lebeled; this labeling
diminished when cysteine was also added to the system. This provided
evidence for the last two steps (equations 1ib and 1llec).

In the reactions thus far discussed, carboxyl group activation
has always been a prelude to the synthesis of a new veptide bond. In
the case of protease catalyzed reactions, the new bond is formed at
the expense of a pre-existing bond. In the synthesis of hippuric acid,
glutamine or glutathione, the peptide bonds are formed at the expense
of pyrophosphete bond cleavage in the ATP molecule. It seems very
likely (although no direct proof is yet available) that carboxyl
group activation could play a key role in protein synthesis; indeed,
1f ATP turns out to be the direct energy donor for amino acia activa-
tion, one of the reaction mechanisms discussed above may be a faithful

copy of the initial steps of protein synthesis.

B. Incorporation of Amino Acids into Proteins

Only that amino acid incorporation work will be discussed which
has a direct bearing on the subject of this thesis and on the problem
of mechanism. A more detailed discussion of this subject will be found

in recent reviews (31, 32).
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1. The Dynamic State

A theory of protein metabolism proposed by Folin and considered
for meny years as valid, held that the nitrogen excretion in an animal
was almost completely due to the metabolism of exogenous protein. Only
a small amount of this nitrogen excretion was thought to be derived
from the pre-existing prdteins of the animals in the course of a "“wear
and tear" process called "endogenous" protein metabolism. This view
was in part derived from the notion of treating biological systems as
if they were mechanical systems. Labeling experiments have been crucial
in disposing of thls theory. These experiments (1,2) show that the
contribution of "endogenous" metabolism to the nitrogen excretion is
very high. In rats and man in nitrogen balance as much as 50 per cent
of the nitrogen excretion can be attributed to the breakdown of pre-
existing tissue protein. A concomitant rebuilding of tissue proteins
must occur to maintain the animal in a steady state.

The rate of replacement of proteins in an animal is roughly in
the range of 1 to 5 per cent per day for the whole animal. This datum
was obtained by following the fate of labeled amino acids after injec-
tion. The rate of replacement varies with the animal and with the
tissue studied, plasma and visceral proteins making the largest contri-
bution (31). These findings in themselves say little about how much
of the turnover observed is due to specifically intracellular breakdown
and resynthesis of protein. Certainly growth of new cells and secretory
phenomena, such as plasma protein formation, make a contribution to this

turnover. This point has been raised recently by Hogness, Cohn, and



Monod (33). These authors foundthat in growing E. coli the molecules

of the induced enzyme, B-galactosidase, are essentially stable once
synthesized. This result has been verified by Rotman and Spiegelman (3L)
who alsc found that less than one per cent of the carbon of p-galac-
tosidase came from cellular carbon present at the start of induction.
Hogness et al. generalized their result as follows:

" . there seems to be at present no conclusive evidence

that the protein molecules within the cells of mammalian

tissues are in a dynamic state. Moreover our experiments

have shown that the proteins of E. colil are static. There-

fore, it seems necessary to conclude that the synthesis and

maintenance of proteins within growing cells is not necessarily

or inherently associated with a 'dynamic state'."

It must be admitted that for animals completely conclusive evidence
elther way does not exist on this point. However, in the case of
yeast, it 1s well known that induced enzyme formation can occur at the
expense of an endogenous nitrogen source (35). Even in E. coli other
induced enzymes such as lysine decarboxylase and a glucose utilization
system do not show the stability of p-galactosidase; these data were
based only enzymstic activity (%6, 37) and hence it could be argued
that no protein breakdown was involved. Podolsky has shown that in
E. coli release of protein arginine may be as high as 8 per cent in
a 30 hour period (38). It has been pointed out that the rate of turn-
over observed in animals would be just below the limit of detection in
the experiments of Hogness et al. and Rotman and Spiegelman (3L); the
synthesis of protein in E. coli during growth is 1000 times faster than
this turnover rate.

In animals some evidence does exist concerning the intracellular

breakdown of protein molecules. When a rat is fed on a protein-poor
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diet, the ribonucleic acid and protein content of the liver decreases
markedly, whereas the amount of desoxyribonucleic acid remains constant,
indicating a constancy in cell number (39, 40, 41). Resumption of a
complete diet brings the composition back to "normal". There is a
likelihood that this holds true for other tissues too. Here then is a

- case where a remarkeble intracellular lability occurs, proteins breaking
down and rebullding under dietary stress. In this sense a vefy dynamic

state does indeed exist.

2. Properties of the Incorporation Reaction

The incorporation of labeled amino acids into proteiﬁs has been
studied in a variety of systems. These systems run the gamut of organi-
zation Irom intact arimals to sub-cellular particles. Only one case
of amino acid incorporation in a truly soluble system has been described
which also seems to be unique in that only lysine is incorporated, and
at that through its £ -amino group (42). The general eXperimental
deslign has been tc incubate some tissue with a labeled aﬁino acid and
then to isolate the protein in a state which is uncontemirated with
free labeled amino acid. Alithough in some cases a singie protein has
been studied, usually incorporation has been measured in the total acid
insoluble fraction of the tissue. Some of the characteristics of
incorporation in these systems will be described.

a. Rate of Incorporation. Although the measured rate of

incorporation of an amino acid depends on factors such as dilution by
pre-existing amino acid pool, initial amino acid concentration, kind

of tissue and other factors to be discussed, it can be said that the
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rate is of the order of magnitude of one micromole of amino acid
incorporated per gram of tissue protein per hour. Amino acid incor-
poration is a very general reaction concerning all tissues and all

amino acids tested {31).

bf Energy Requirements. A number of experiments have indicated

- the reguirement for some kind of energy source to drive the incorpora-
tion reaction. For example, the activity of dialyzed ratllivér
homogenates was restored by addition of ATP, magnesium chloride and an
amino acid mixture; AMP, ADP, ATP, or O-glycerophosphate were equally
effective (43). Siekevitz, working with rat liver partic;es, showed
that for incorporation a complete system was composed of microsomes,
mitochondria, ATP, MgCl2 and an oxidizable substrate such as Q-keto-
glutaric acid (44). 1In an extension of this work, Zamecnik and Keller
have shown that the mitocheondrial fraction may be replaced by a soluble
protein fraction and an ATP generating system (45). When thé soluble
fraction was treated to remove nucleotides, it was shown that guanosine
diphosphate (GDP) stimulated incorporation although only in the presence
of ATP (46). In addition, inhibition of incorporation has been ob-
served by the addition of compounds and treatments known to interfere
with production of energy rich compounds. Inhibiticon of incorporation
has been noted with anaerobiosis (LT), 2,4-dinitrophenol (4k, 48, 4g),
malonate (43), azide (47, 49) and fluoride (49). How these energy
rich compounds participate in the incorporation reaction is not yet
clear. However, Hoagland has shown that the soluble protein fraction

required for amino acid incorporation in the liver microsome system (h5)



can catalyze the formdtion of amino acid hydroxamates with the con-
comitant hydrolysis of ATP (50). Whether this represents trapping of
an amino acid derivative activated prior to its incorporation is not
yet understood.

c. Organization. For incorporation to occur in the systems

- studied, some degree of organization seems to be required. For example,
the incorporating activity of rabbit reticulocytes was comflefely
destroyed with ceil lysis (49). It has been found that liver homo-
genates have much less activity than slices, the method of homogeniza-
tion being very critical (45, 51). The activity of these homogenates
and of the particulate systems derived from them fell off rapidly with
time; several hours at 0° C. resulted in loss of activity (45).
Desoxycholate treatment of the liver microsome system destroyed activity
(45). Similar observations have been made with bacterial systems; pro-
longéd ultrasonic treatment led to losses in activity (52). .Of course,
it may not be that organization per se 1s a requirement for the reac-
tion. Incorporation may indeed be demonstrated in simpler systems

when a fuller understanding of the reaction is achieved.

3. Mecharnism of Amino Acid Incorporation - Intermediates -
Nucleic Acid Function

Of foremost interest are the nature of the reactions leading to
peptide bond formation and to the determination of amino acld sequence.
Attention has been turned to the importance of nucleic acids in
determining protein specificity. The recognition of genetic control
of enzyme formation and the direct demonstration of DNA cperating in

the transforming principles and in phage reproduction have been compelling
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evidence in this regard. Furthermore, much indirect evidence has been
obtained for the importance of RNA in protein synthesis (55, 54,
Tissues (or fractions thereof) containing large amounts of RNA have
rapid rates of amino acid incorporation (44, 45, 55). Somewhat more
Girect evidence has been the demonstration of ribonuclease inhiﬁition of
amiﬁo acid incorporation in a number of systems: cell free preparations

of Staph. aureus (56) and Micrococcus lysodeikticus (57, 58);>onion root

tips (59); liver particles (45, 60). In short term experiments, the
nucleus does not seem to be involved in amino acid incorporation. Brachet

and Chantrenne showed that enucleation of Acetabularia mediterranea had

no effect on incorporation for about two weeks; after that time the rate
of incorporation fell off faster in the non-nucleated portion than in the
one containing a nucleus (61).

Gale and Folkes have shown that depletion of nucleic acid in

disrupted cells of Staph. aureus resulted in a decrease in amino acid

incorporation; this incorporation was restored by the addition of
staphylococcal nucleic acid preparations, DNA being somewhat more
effective thén RNA (62). The restorative powers of the RNA do not
necessarily seem to be a specific macromolecular property since these
workers have recently reported that RNA may be replaced by small amounts
of di- and tri-nucleotides which stimulated the incorporation of only
certain amino acids (63). It is not yet clear whether the DNA stimula-
tion is of a similar nature. Although these experiments provide fairly
direct evidence for the implicatiorn of nucleic acids in amino acid
incorporation and protein synthesis (64), their precise role is not

clear.
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A number of workers have observed that amino acids may be incor-
porated into protein in a somewhat independent fashion. It has been
shown that certain antibiotics and amino acic analogues would specifi-
cally inhibit the incorporation of one amino acid (65, 66). These results
have been interpreted as evidence for an exchange reaction, & labeled
' amino acld exchanging with a non-labeled amino acid already in a pre-
formed protein. Other evidence in this direction has been supplied by
the work of Gale and Folkes who have demonstrated a reversibility in the
incorporation reaction in a disrupted cell system. It was shown that
when a preparation containing protein labeled with radicactive glutamic
acid was incubated with non-radicactive glutamic acid, the protein became
less radioactive. An energy source (ATP and hexosediphosphate) was
required for both the incorporation and "excorporation" resctions (62).
In the incorporation experiment, no further increase in labeling
was observed when about 5 per cent of the glutamic acid residues
became labeled. These authors felt that incorporation which proceeded
in the absence of exogenous amino acids (i.e., no net protein synthesis)
occurred only in the nucleoprotein fraction. In the studies cited in this
paragraph where exchange reactions have been invoked, 6nly acid precipitable
mixtures of proteins have been studied, and, therefore, one cannot say
whether a well-defined preformed protein truly enters into the reaction.
There is & possibility that all such phenomena might be explained
by considering that the "protein" associated with RNA actually repre-
sents intermediate stages in the synthesis of functionally important
proteins. TIn this state the protein material could enter into

exchange reactions with added aminc acids. This material would
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probably be acid insoluble and therefore be measured as protein in
an incorporation experiment. This view is consistent with the magni-
tude of incorporation measured, there being encugh nucleic acid present
in the systems studied to match the amount of incorporation (synthesis)
~Observed. This kind of scheme (67) has veen envisaged to explain,
among other phenomena, the results of Anfinsen and co-workers. These
authors studied the synthesis of ovalbumin (68, 59, 70), riboﬁuclease
and insulin (71). Tissue slices were incubated with various radio-
active amino acids and then the protein in question was isolated in a
homogeneous form. They demonstrated that the same kind of amino acid
residue derived from different portions of the protein molecule had
different specific radiocactivities. The magnitude of these differences
varied in a roughly direct manner with the extent of labeling, i.e., with
the amount of protein synthesized. These results were interpreted
as ruling out the possibility of protein synthesis proceediné via
simultaneous assenbly of amino aclds since this view would require
equal labeling. Among several possible explanations Anfinsen et al.
favored one involving intermediate peptide formation (69). In the case
of insulin the small amount of synthesis {ca. ly/lO g. pancreas/l4 hours)
would be consistent with a small unlabeled pool of intermediates pos-
sibly associated with RNA. In this view the slowness of the reaction
may turn out to be a hidden blessing. The exchange phenomena may
thus be viewed as reflecting an integral aspect of protein synthesis
(No originality is claimed for any of these ideas).

Allfrey et al. (60) analyzed the microsomal nuclecprotein from

liver and parncreas and concluded that the protein component was not
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especially rich in the basic aminc acids. These authors concluded
that the possibility of this protein representing precursor material
was not inconsistent with their studles on the course of incorporation
in various cell fractions. Similar results had been obtained by

Siekevitz (4k).



IT. STATEMENT OF THE PROBLEM

It was thought that a useful approach to the problem of protein
biogenesis would be the development of a cell-free system with which
~the incorporation of amino acids into proteins could be studied; Since
proﬁein synthesis is a slow reaction, 1t was considered profitable to
use an organism with a high metabolic rate, namely a bactérium. At
the time this investigation was started, the only comparable systems
investigated at all were particulate systems from liver. Since that
time a similar bacterial system has been described by Ga;e and Folkes
(referred to in Part I). A preliminary account of the early portion of
the present investigation has been presented (57).

Cell-free material possessing incorporating activity had been ob-
tained at an early stage of this investigation. However, it was thought
premature to attempt experiments designed to answer questioné of mech-
anism until some basic knowledge could be obtained concerning the
preparation and assay of the system. Indeed, many experiments failed

because some of the variables to be discussed were not understood.
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TII. MATERTIALS AND METHODS

A. Description of Organism and Tts Culture

The organism used in these studies was Micrococcus lysodeikticus

 (American Type Culture Collection No. 4698), a strictly aerobic, gram-
positive micrococcus (72). A particular advantage of this orgenism is
that its cell wall material is speéifically depolymerized by iysozyme,
an enzyme found ubiquitously in nature (73). Lysozyme has been crystal-
lized from egg white, a rich source of the enzyme.

No chemically defined growth medium has been described for this
organism (72, T4). A so0lid growth medium was used in this study since
growth on a iiquid medium led %o erratic results. The medium was
90 g. Difco Bacto nutrient agar, 2 g. Difco Bacto yeast extract, 15 g.
glucose, 300 ml. tap water and 2700 ml. distilled water. About 600 ml.
of this medium was sufficient to cover the bottom of a rectaﬁgular
enamel tray (8" X 14" X 2 1/2"). These trays were covered with heavy
wrapping paper. The organism was transferred about once a month on
the medium described and slants were stored at 10° C.

The inoculum was prepared as follows. A sub-culture slant was
incubated for a day at %5° C. From this sub-culture slant new slants
were prepared equal in number to the trays to be subsequently inoculated.
These new slants were incubated for one day at 35° C., and the organisms
were eluted from the agar of these slants by shaking with several
milliliters of 1% sodium chloride solution. These suspensions were
combined and diluted with enough saline to provide an 8 ml. inoculum

for each tray. This incculum was distributed uniformiy over- the agar
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surface with a glass spreader. An inoculum of less than 8 ml. led to
incomplete spreading; a larger volume also resulted in diminished growth.
The trays were then incubated for 20 hours at 35° C. Only the operations
up to this point were performed with sterile technique. The organisms
~were removed from the agar with saline using a glass spreader, fhen

: cenfrifuged in the cold and washed three times with 200 ml. volumes of
redistilled water. The organisms were finally suspended iﬁ redistilled
water to a concentration of from 50 to 70 mg. dry weight_per ml. and
stored in the deep freeze. Yields ranging from 0.6 g. to 1.0 g. dry
weight per tray were obtained depending on the size of thg inoculum.
Although longer growth periods resulted in larger yields, these organisms

were much less active in incorporation experiments.

B. Labeled Amino Acids

1

L-leucine, L-histidine, and L-lysine, all labeled with Cl4 in the
carboxyl grcup, were prepared by Dr. P. H. Lowy (49, 75).. Gl;ycizqe—e—cllL
was purchased from Tracerlab, and L-tyrosine, L-arginine, and L-glutamic
acid, uniformly labeled with Clu, were purchased from Nuclear Instrument
and Chemical Corporation. Unless otherwise noted, the specific radio-
activity in counts per minute ver millimicromole of the amino acids
used was as Tollows: L-leucine, 4.97; glycine, 6.17; L-lysine, 1.55;

L-histidine, 4.50; L-arginine, 5.68; L-tyrosine, 7.72; L-glutamic acid,

5.62.
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C. Incorporation Assay

The following experimental procedure for incorporation assays
wag used unless otherwise noted. Incubation mixtures of 3 ml. were
shaken aerobically in 20 ml. beakers in a Dubnoff apparatus (76) at
_ 38° C.‘ All additions were made in the cold, the bacterial prepération
: beihg added last. The reactior was stopped by addition of 7.0 ml. of
lQ% trichloroacetic acid (TCA). The suspension was then franéferred
to centrifuge tubes. The precipitate was washed 3 times with % TCA,
heated for 15 minutes at 90° C. with 5% TCA to remove nucleie aeid
(77), washed 3 times with 7% TCA, washed twice with acetone, and washed
twice with ether. Volumes of about 10 ml. were used for each washing.
The protein was freed of ether by warming at 50° C. with agitation. A
fine powder usually resulted after this operation. The protein samples
were then transferred to weighed, circular aluminum planchets (diameter:
19 mm.; depth: % mm.). The samples counted ranged in weight from
10 to 20 mg. The sample was uniformly distributed over the planchet
surface by agitating with 10 drops of benzene. The benzene was allowed
to evaporate at room temperature and the samples were ther dried at
80° C., weighed and counted. The radiocactivity was determined with an
end-window type Geiger counter. The time of counting was usually 30
minutes which, for the radlioactivities determined, resulted in a
percentage probable error of less than 5%. A1l counts were corrected

tc zero thickness.
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D. Enzymes

Lysozyme and ribonuclease (RNAase), both crystalline products,
were purchased from Armour Laboratories; crystalline desoxyribonuclease
(DNAase) was purchased from Worthington Biochemical Sales Co. RNAase

~and DNAase were stated to be preparations free of proteolytic activity.

E. Solutions

All solutions were prepared with redistilled water. The composition
of two solutions generally used in the preparation of extracts were as
follows.

1. SbS: The final concentration of the components was 0.712M
sucrose, .0615M succinate (Na) pH 6.5, .033M NaCl. This solution will
hereafter be referred to as "SDS".

D. KC1-TRIS: 0.8M in KC1 and .0IM in tris-(hydroxymethyl)amino-

methane, pH 7.5 (C17 ). This solution will be referred to as "KC1-TRIS".

F. Nitrogen Determinations

Protein nitrogen determinations were performed by a direct
Nesslerization technique. For determination of the precipitable
nitrogen of the KCl-supernatants (See Figure T7) an 0.1 ml. aliquot was
precipitated with 3.0 ml. of 7% TCA. The precipitate was kept over-
night at 5° C. and then centrifuged and allowed to drain. The precipi-
tate was refluxed with 0.2 ml. concentra‘ted.HESOlL for 1 1/2 hours, and

clarified with H.0

~05 - The solution was then diluted to 30 ml. with

HEO and 5 ml. Nessler's reagent added. The color was read on a Colemen

spectrophotometer at 490 mu .
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IV. RESULTS AND DISCUSSION

A. Effect of Lysozyme on Respiration and Incorporating Activity

Cells of Micrococcus lysodeikticus were found to incorporate

~leucine into the pfotein, The effects of lysozyme on this incorpora-

tioﬁ and on the endogeﬂoﬁs oxygen upteke were studied. It can be seen
from Figures 1 and 2 that at lysozyme concentrations much abo&e 10 }Lg./ml.
the incorporating activity and the endogencus respiration wefe practically
abolished. A slight stimulatior of both incorporation and respiration

was always observed in the same low range of Llysozyme conpentrations.

It was thought in view of the lowered endogenous respiration that the
lack of incorporating activity in the lysed cells might be due to

dilution of co-factors or to impairment of energy-donating reactions.

With this in mind, an attempt was made to reactivate thesé lysates by
addition of many metabolites, co-enzymes, Vitamins, kochsafté, etec. in
various combinations. In no case was the slightest amount of reactiva-

tion observed.

B. Effect of Sucrose on the Incorporating Activity of Lysed Cells
Another explanation for the destruction of acfivity by lysozyme

was that when the cell wall was depolymerized, the systems responsible

for the incorporation became very dependent on osmotic conditions. There-

fore, the effect of sucrose on the lysate activity was investigated. It

was observed that the addition of sucrose during lysis resulted in

maintenance of a considerable vortion of the activity (Table 2). The

effect of sucrose was not significantly changed by using amounts of
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Figure 1. Effect of Lysozyme on Whole Cell Incorporation
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Each reaction mixture contained 80 mg. of cells, 85.5 umoles
of NaCl, 160 umoles of Euccinate (Na) buffer, ¢H 6.5, 4.33
umoles of L-leucine-Cl% (2.58 counts/min. /mmmole); lyso-
zyme additions as indicated. Incubated 30 minutes without
leucine addition; leucine then edded and mixture incubated
for 2 hours.
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Pigure 2. Effect of Lysozyme on the Endogenous Oxygen
Uptake of M. lysodeikticus Cells

0 25 50 75 - 100 25
MINUTES

Each reaction mixture contained 80 mg. cells, 160 umoles
phosphate (Na, K) buffer, pH 6.5, 85.5 umoles NaCl. Center
well contained 0.2 ml. SN KOH. Final volume 3.2 ml. Tem-
perature 37° C. Usual Warburg technique employed. Lysozyme
additions (at zero time) were as follows ( ug./ml.): A,
none; B, 1.67; C, 3.33; D, 13.3.
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Table 2. Effect of Sucrose and Lysozyme on the
Incorporation Activity of Whole Cells

. Activity
Treatment (Counts/Min./Mg. Protein)
None 29.6 |
200 ug. lysozyme 0.07
0.48M sucrose 7.5
0.48M sucrose + 200 ug. lysozyme 1.5
0.48M sucrose + 400ug. lysozyme 0.9
0.48M sucrose + 800 ug. lysozyme 1.0
0.64M sucrose + 200 yg. lysozyme 6.1
0.64M sucrose + 400 yg. lysozyme 5.3
0.6MM sucrose + 800 yg. lysozyme 5.6

The reaction mixture contained 78 mg. cells, 85.5 umoles
NaCl, 160 smoles succinate (Na) buffer (pH 6.5), 4.83 umoles
leucine-Ct*. Sucrose and lysozyme additions as indicated.
Incubated 30 minutes in the absence of leucine; incubated

2 hours after leucine addition.
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lysozyme twenty times greater than that required for the elimination
of activity in the absence of sucrose. It may also be seen that sucrose
greatly inhibited the activity of intact cells. No significant effect
was ever observed below a concentrabtion of .25M sucrcse. Raising the
~ sucroge concentration from .UM to .6M resulted in a six-fold iﬁcrease
in éctivity (Figure 3). ‘No concentrations above .65M sucrose were
investigated because of the difficulty of preparing and pipetfing
concentrated sucrose solutions. The stock sucrose solutions used were
2.4M, and addition of small volumes was achieved by the use of a semi-
automatic syringe. A study of the course of incorporation With time
indicated that the sucrose effect manifestea itself throughout the
course of a two-hour incubation (Figure 4). There was no evidence of
a falling off in rate as might have been expected if the sucrose
effect were due to only a slowing down of lysozyme activity. If any-

thing, a slight increase in rate has been observed.

C. Effect of RNAase and DNAase on the Sucrose-lysate Activity

Although incubating the sucrose-lysate on nutrient agar gave no
evidence of viable cells, some qualitative difference was sought to
indicate that the activity observed was in no way due to the presence
of a small number of unlysed cells. The effects of RNAase and DNAase
provided evidence in this direction. From the results presented in
Table 3 it can be seen that RNAase and DNAase had no effect on the
activity of intact cells nor did these enzymes reactivate cells lysed
in the absence of sucrose. There was, however, a striking effect of

these enzymes on the sucrose-lysate activity. Treatment with DNAase
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Flgure 3., Effect of Sucrose on the Incorporation
Activity of Lysed Cells
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Each reaction mixture contained 79 mg. of cells,
85.5 umoles of NaCl, 160 umoles of succinafﬁ (Na)
buffer (pE 6.5), 4.83 umoles of L-leucine-C:",

0.4 mg. lysozyme. Incubated 30 minutes without
leucine; leucine added and mixture incubated 2
houra. Sucrose additions as indicated.,



-3%

Pigure 4. Time Course of the Incorporation
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Each reaction mixture contained 76 mg. cells, 85,5 umoles
NaCl, 160 .umoles succinate (Na) buffer (pE 6.5), 0.2 mg.
lysozyme (where added), 4.83 .umoles L-leucine-cih. Pre-
incubation 30 minutes without leucine. Leucine added and
mixtures incubated for indicated times. Curve 1: intact
cells. Curve 2: intact cells, .48M sucrose. Curve 3
lysozyme, .6WM sucrose. Curve 4: lysozyme, .4L8M sucrose.
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Table 5. Effect of DNAase and RNAase on the Activity
of Intact Cells, Lysate, and Sucrose-lysate

Activity

Treatment , (Counts/Min./Mg. Protein)
None {Intact cells) 23.2°
MgSOu, DNAase 23.6
RNAase oh.5
Lysozyme, MgSOh, DNAase 0.05
Lysozyme, RNAase 0
Sucrose, lysozyme 1.6
Sucrose, lysozynme, MgSOLk 2.0
Sucrose, lysozyme, MgS0, , DNAase 6.1
Sucrose, lysozyme, RNAase 0.4

Each reaction mixture contained 78 mg. cells, 160 umoles
suceinate (Na) buffer, pH 6.5, 85.5 umoles NaCl, 4.83 amoles
L-leucine-Cl4. Other additions where indicated were .565M
sucrose, 17.5 umoles MgSOu, 15 utg. DNAase, O.7 mg. RNAase,
0.2 mg. lysozyme. TFinal volume was 3.4 ml. Preincubated

for 30 minutes in absence of leucine. Leucine added and
incubation carried out for 2 hours. In all beakers the pH
was 6.5 T .1 at the end of the incubation.
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increased the activity; RNAase treatment greatly diminished the activity.

It was very occasionally (and unexplaingbly) observed that DNAase had

no effect. It might be admitted that this evidence alone does not

compietely rule out the participation of intact cells; it could be

~argued that the effect of the enzymes was due to material produéed from

- products of the lysis of only a part of the cells. Other evidence for a

distinction between these systems will be presented in a létef section.
The production of very viscous material from lysis of dense suspen-

sicns of M. lysodeikticus has been previously observed (78). The

sucrose-lysate was so viscous as to almost preclude its pipetting.
Treatment of the sucrose~lysate with DNAase produced a large drop in
viscosity, indicating that the viscous material is largely desoxyribo-
nucleic acid. A similar conclusion with identical evidence was reached
independently by Frisch-Niggemeyer (79). DNAase was used routinely

in the preparation of sucrose-lysates used in subsequent fraétionation

procedures.

D. Fractionation of Activiity in the Sucrose-lysate

Since the sucrose-lysate contained a considerable amount of
sedimentable material, it was of Interest to see how the activity was
distributed between the sedimentable and soluble fractions. A typical
fractionation scheme is given in Figure 5. High speed centrifugation
of the sucrose-lysate yielded a clear yellow supernatant and a brownish,
densely packed pellet. The sucrose-lysate which was prepared in the
presence of DNAase in addition had a loosely packed layer of material

above the hard-packed pellet. This layer was not unlike the fluffy
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Figure 5. Flilow Sheet of a Typical Fractionation of Sucrose—lysate*

Initial incubation mixture: 0.7l g. cells, T70 smoles NaCl, 1.8 mg.
lysozyme, O.75M sucrose, 0.055M succinate (Na) buffer, pH 6.5. Final
volume 26.1 ml. Incubated 90 minutes at 37° C. This stage is called
sucrose-lysate (For a DNAase-treated sucrose-lysate 225 uyg. DNAase
and 158/umoles MgSOLL were added to the components mentioned above.)

v

Centrifugation: Centrifuged at 20,000 R.P.M. (Spinco No. 30 rotor)
for 25 minutes.

.

-

| T~
Sediment: ("Original Sediment"). Suspended with 25 ml. SDS solution
and centrifuged as above.

B

l Supernatant ["Super-2" or Super-2 (DNAase)]

Supernatant ["Super-1" or Super-1 (DNAase) ]

Sediment: ("Sediment WiX"). Washed as above yielding "Sediment W2X",
"Sediment W3X", etc. For assay purposes the final sediment was
suspended with 3.0 ml. SDS solution and 1.0 ml. aliquots of this
suspension were used for each assay beaker.

*A11 operations were performed in the cold unless otherwise stated.
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layer described in the preparation of liver mitochondria (80). Several
conclusions emerge from the data presented in Table 4, compiled from
four representative experiments. Only sedimentable fractions had any
activity. In nc experiment did a supernatant fraction have any acti&ity
~when incubated alone. Whereas intact cells lost no activity affer
‘repeated washing, the sedimentable fractions of the sucrose-lysate did
lose activity. The activity of the sedimentable fractioné waéhed with
SDS solution was considerably below that of the original_suérose-lysate.
It may also be seen that the lowering of activity due to washing was
considerably more effective when the sucrose-lysate was prepared in the
presence of DNAase. An attempt was made to restore this activity by
edding back supernatants to the sedimentable fractions. Supernatant
fractions about doubled the activity of the sediments prepared from
DNAase-treated sucrose-lysates. These supernatants caused only a

slight decrease in the activity of sediments prepared from nbn—DNAase
treated sucrose-lysates. Although the avsolute activities of the DNAase
sediments were rather low, the stimulatory effect of the supernatant

fractions was well sbove the probable counting error.

E. Effect of KC1 on the Incorporating Activity of Lysates and Intact
Cells

An attempt was made to see whether sucrose could be replaced by a
sultable amount of an electrolyte which would be more convenient experi-
mentally. The effect of KC1 was studied with regard to its ability to
maintain sediment activity. The preparation of sediments in the presence

of various amounts of KC1l is given in Figure 6. The result of an
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Figure 6. Flow Sheet for Preparation of KCl-Sediments™

Bucrose-lysate: The following mixture was incubated for 1 hour

at 35° C. with shaking in a 500 ml. erlenmeyer flask. 1.8 g. cells
(dry weight), 4.8 mg. lysozyme, 0.6 mg. DNAase, 5.65 X 1072M MgSO, , |
0.7M sucrose, .028M NaCl, .052M succinate (Na) buffer, pH 6.5. Final
volume Th.h mi. :

J

Centrifugation: 5.5 ml. aliquots were distributed among 10 Spinco
tubes. Centrifuged at 30,000 R.P.M. (Spinco No. 40 rotor) for 30
minutes.

Supernatants Discarded

Sediments: Suspended with 4.0 ml. of solutions containing various
strengths of KC1 (from 0.1IM to 1.0M); (all solutions were .0IM in
TRIS buffer, pH 6.5)

Centrifuged at 30,000 R.P.M. for 30 minutes.

Supernatants Reserved for protein nitrogen
determinations and assay

Sediments: Rach sediment suspended with 0.9 ml. of the appropriate
KC1-TRIS solution. 1.0 ml. aliquots taken for each assay beaker.
Yields "Sediment W1X .1M KC1", "Sediment W1X .2M KC1", etc.

*A11 operations performed in cold unless otherwise stated.
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incorporation assay on these sediments is given in Figure 7. It can

be seen that KCl effectively replaced sucrose in maintaining activity.
Indeed the activities observed are much higher than in the sucrose
experiments. About 0.8M KC1 gave maximum activity. When a sediment
~from a sucrose-lysate was treated with water, practicalily all tﬁe
matérial was rendered soluble. An attempt was made to see what gquanti-
tative relation existed between the effectiveness of KC1 in méintaining
activity and in preventing solution of the sediments. Toward this end
the TCA precipitable nitrogen was measured in the supernatants resulting
from the first KC1 washing (See Figure 6). The KC1 did indeed lower
the soluble-nitrogen content of these supernatants, but the greatest
increase in activity was observed at high KC1l concentrations where the
nitrogen extraction was relatively unchanged. It was concluded, there-
fore, that this effect of KC1 was not solely due to maintaining the
integrity of the particulate matter. An essentially similar1result

was obtained by preparing a sediment in .8M KC1l and assaying this at
lower KC1 concentrations (Figure 8).

The efféct of adding back the KCl supernatants to the sediments
was studied at various KCl concentrations. The results described in
Figure 9 showed that these supernatants had an inhibitory effect, the
relative amount of inhibition decreasing with increasing KC1 concentra-
tion. There are at least several explanations of the cause of low
activity of the sediments prepared with low KCl concentrations. Active
_ material or necessary co-factors may have become soluble, or higher

KC1l concentrations were necessary in the assay medium, or possibly

some irreversible damage was done to the sediment material.  An experiment
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Figure 7. Effect of Washing and Incubation with Various
Concentrations of KC1 on the Activity of the
Sucrose-lysate Prepared in the Presence of DNAase
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For the incorporation assay each mixture contained 1.0 ml. of the
sediment suspension, 200 umoles TRIS buffer, pH 6.5, k.83 umoles
leucine-Cl*., The abscissa refers to the KU1l concentration of the
washing solution and the incubation assay medium, Final volume 3.0
ml. Incubated 2 hours at 38° C. Preparation of sediments as in
Figure 6. TCA precipitable nitrogen determinations as in materials
and methods section.

MG. PROTEIN NITROGEN/ML. KCL SUPERNATANT
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Figure 8. The Activity of a Sediment Prepared in .8M XCl

COUNTS/MIN./MG. PROTEIN

and Incubated at Lower KC1 Concentrations
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Each reaction mixture contained 1.0 ml. sediment-
WiX .8 KC1 (prepared as in Figure 6), 300 smoles
TRIS, pH 7.5, 6 ammoles leucine-Cl¥. Final KC1
concentration as indicated. Final volume, 3.0 ml.
Temperature 38° C. Incubated 2 hours.
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Figure 2. Effect of the Supernatant Fraction on the KCl-Sediments
Prepared and Incubated at Varicus KC1 Concentrations
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Each reaction mixture contained 1.0 ml. of the sediment ﬁuspension,
200 umoles TRIS buffer, pH 6.5, 4.83 umoles leucine-Cl*. 1.0 ml.
of the appropriate supernatant solution added where indicated.
Finel KC1 concentration as indicated. Preparation of sediment and
supernatant materisl as in Figure 6. Final volume 3.0 ml. Tem-
perature 38° C. Incubated 2 hours.
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was performed to test some of these possibilities and the results are
given in Table 5. The results showed that the sediment and supernatant
fractions prepared with O0.1M KC1 were completely inactive when assayed
in either 0.1M KC1 or .8M KCl; furthermore, combination of the two
fractions resulted in no activity at these two KC1 concentrations. It
was concluded that the loss of activity is irreversible, apd that the
damage done in 0.1M KC1 was probably due to structural disorganization.
The effect of KC1l on the incorporating activity of intact cells
was also studled. The situation was strikingly different from that
observed with the lysates. Here KC1 strongly inhibited incorporaticn
by intact cells at concentrations that promoted incorporation in the
lysate system (Figure 10). This is further evidence against the
participation of unlysed cells in the incorporation observed in the

lysate systems.

F. Effect of KC1 on the Endogenous Oxygen Uptake of Lysates and Intact
Cells

The endogenous oxygen uptake of irtact cells and KCl-sediments was
measured as a function of KC1 concentration. These resﬁlts are presented
in Figure 11 and are compared with the KCl-incorporation effects
already mentioned. The respiration and incorporation activities cf
the sediments responded in a similar manner to changes in KC1l concentra-
tion. The respiration of the cells was relatively insensitive to high
KC1l concentrations and it would seem, therefore, that the inhibition of
incorporation by KCl was unrelated to the endogenous oxygen uptake
per se of the intact cells. There could be a number of possible ex-

planations for the parallel observed between respiration and incorporation
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Table 5. Irreversible Inactivation of Activity
of Sediments Prepared in 0.IM KC1

Activity
Final XC1l Molarity " (Counts/Min.

Fractions Incubated in Incubation Medium Mg. Protein)
Sediment WX .8M KC1 ' .8 _ 18.7
Sediment WiX .1M KC1 .1 0
Sediment W1X .1M KC1 .8 , 0
.M KC1 - Supernatant .1 0
1M KC1 - Supernatant 8 0
Sediment W1X .1M KC1 + .1IM KCL

Supernatant .1 0
Sediment W1X .1M KC1 + .1M KC1

Supernatant 8 0

Fractions prepared as in Figure 6. Each incubation mixture contained
1.0 ml. of sediment suﬁpension, 200 umoles TRIS buffer, pH 6.5,
h.85‘umoles leucine-Cl , 1.0 ml. of supernatant where indicated and
final KC1 concentrations as indicated. Final volume 4.0 ml. Incubated
2 hours at 38° C.
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Figure 10. The Effect of KC1l Concentration on the
' Incorporating Activity of Intact Cells

o
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0 0.2 0.4 0.6
KCL MOLARITY

Each reaction mixture contained 76.4 mg. cells
200 amoles TRIS pH 7.5, 4.83 uwmole leucine-Ciu
(2.6 counts/min./mumole). KCl additions as
indicated. Final volume 3.0 ml. Incubated 2
hours at 38° C,
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Figure 11. Effect of KC1 on the Endogenous Op Uptake and Incorporation
Activity of Intact Cells and Sediment WiX KC1

100
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4.0+
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PER CENT OF MAXIMUM INCORPORATION AND ENDOGENOUS O, UPTAKE

0 T l"'"""{ T \\(l) T
0 0.2 0.4 0.6 0.8 1.0
KCL MOLARITY

Conditions: ( e ) Sediment W1X KU1, ( O ) intact cells,
(---9 incorporation, (—) respiration.

The curves showing the effect of KC1 on incorporation have been replotted
from the data given in Figures 8 and 10. To measure the oxygen uptake

of the sediment preparation, the incubation mixture was the same as in
Figure 8. For measuring the oxygen uptake of the intact cells, each
incubation mixture contained 80 mg. cells, 300 umoles TRIS buffer, pH 7.5,
and XC1 as indicated. Final volume was 3.2 ml. including 0.2 ml. 6N KOH
in the center well. The oxygern upteke values vere in both cases cal-
culated from the total oxygen teken up in the first two hours. For the
cells, 100% = 1 ml. Oy. For the sediment, 100% = .53 ml. Op.
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in the sediment system. It might be that the primary change done
was to the respiratory system which caused an inhibition of incorpora-
tion by virtue of a lack in energy supply (anaerobic conditions will be
shown to lead to inhibition of incorporation). This possibility might
_be directly checked by attempting to increase the activity of sediments
incﬁbated at intermediate KC1 concentrations by the addition of more
direct energy dorors such as ATP. It could alsc be that the ﬁarallel
observed was due to some inherent damage which fortuitously affected

both systems in a roughly parallel manner.

G. Incorporating Activity as a Funcition of Sediment Concentration

Much effort had been expended in an attempt to fractionate the
particulate system by means of differential centrifugation. The
results obtained were very erratic, the relative activities of frac-
tions varying from experiment to experiment. At least part éf the dif-
ficplty can now be attributed to the lack of control over the level at
which the various fractions were assayed. The data presented in
Figure 12 indiéated that the specific incorporating activity and the
sediment concentration were inversely related; that is, lowering the
sediment concentration in the assay medium resulted in a higher specific
activity. This result held up throughout a 9 hour incubation {Figure
13). One explanation of this finding i +that at higher sediment levels
the radiocactive amino scid was limiting. In other words, at low sedi-
ment levels there was more radicactive leucine per unit of sediment.
This possibility was examined by assaying different levels of sediment

> b

at a range of leucine concentrations from 5 X 10 M to 5 X 10" M. It
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Figure 12, Incorporating Activity as a Function of
Sediment Concentration in the Assay Medium

125+
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75-
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COUNTS/MIN./MG, PROTEIN

25+

0 0.5 1.0 1.5 2.0
ML. SEDIMENT SUSPENSION/3 ML. ASSAY MEDIUM

Each reaction mixture contained %00 umoles TRIS pH 7.5, 6 umoles
leucine-Cl%* and was .0 in KC1l. The amount of sediment W1X .OM KC1
added to each reaction mixture was as indicated. From 1.0 ml. of this
suspension 13 mg. of protein was recovered for counting. In order to
pipet accurately less than 1.0 ml. smounts of suspension, the suspension
was diluted with an equal volume of .8M KC1. V(Control experiments indi-
cated that this dilution did not affect the results). To get enough
protein to count from mixtures containing less than 1.0 ml. amounts

of sediment, at the end of the experiment these were diluted with
enough sediment suspeneion to make a final total of 1.0 ml. of sedi-
ment. Incubated 2 hours at 38° C.
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Figure 13. The Time Course of Incorporation at Two
Levels of Sediment
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Dilutions handled as in Figure 12, 1.0 ml. of sediment
gave 16 mg. protein. Each reaction mixture contained 300
amoles TRIS buffer, pH 7.5, 6 umoles leucine~Cl* and was
0.3 in KC1. Final volume 3.0 ml. Incubated at 38° C.
for the times indicated. :
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was observed (Figure 14) that at leucine concentrations where addition
of more leucine gave no significant increase in activity, the sediment
concentration phenomenon was observed. Hence, the phenomenon could not
be attributed to a limiting leucine concentration. Another possible
~explanation was that an inhibitor of the reaction was being dilﬁted out,
resulting in high activities at high dilutions. Although no direct
evidence has been obtained on this point, two observations may be
pertinent. An inhibitory effect of supernatants was noted in earlier
experiments, albeit a small ore at 0.8M KC1 (Figure 9). Furthermore,

in recent experiments, the concentration effect on occasion has not been
quite sc marked as indicated in Figure 12. This could possibly be
attributed to a slight change in the technigue used in preparing sedi-
ments. In the earlier experiments, the first sediment was suspended with
KC1l solution by use of a pipet. In more recent experiments it was con-
venient to use a syringe in suspending the sediments. This ﬁay have
done & more thorough job of washing. At any rate thig variable must

be controlled in any experiments with this system. Better still, the
cause of the phenomenon should be understood, so that it may be possibly
eliminated. In all experiments reported in this thesls this variable

has been intentionally or fortuitously controlled.

H. Incorporation of Amino Acids other than Leucine

All amino acids which have so far been tested have been incorporated
into the protein of the particulate system. The relative rates of
incorporation (on a molar basis) of the various amino acids are given

in Table 6 for a number of experiments. Although a considerable
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Figure 14k. Specific Activity as a Function of Sediment
Concentration and Leucine-Cl% Concentration
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Experimental design ss in Figure 12. Leucine additions as
indicated. 1.0 ml. of sediment gave 16 mg. protein for
counting. Incubated 2 hours at 35° C.



Table 6. Relative Rates of Incorporation
of Various Amino Acids

Relative Incorporation Rate. Glycine = 100
Experiment No.: Lu¢ 4D 50A 50B 51A 524 - Lhe
System: . Sediment WX .8M KC1l Intact Cells

Amino Acid
Glycine 100 100 100 100 100
Leucine 57 68 5k s0* 21 0% 19
Lysine 12 15 18 19 11 50
Arginine 39 37 23
Tyrosine 16 19 14
Glutamic Acid 10 11 7
Histidine 9 9 > 9
Actual incorpora- 16.5 3.7 6.2 5.1 22.8 21.8 14.8
tion of glycine
(umoles/gram

protein/2 hours)

Conditions: FEach reaction mixture contained 1.0 ml. sediment W1X .8M KC1
(or 61 mg. cells where indicated), 300 mmoles TRIS buffer, pH 7.5. All
mixtures except those containing cells were .8M in KC1. All ¢l amino
acids were 2 X 10-2M. TFinal volume 3.0 ml. Incubated 2 hours at 38° C.

*Tn these experiments (where no glycine was used) the leucine value is
arbitrarily set at 50.
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variation in absclute activities was observed in the experiments cited,
it can be seen that the relative rates are roughly constant. These
relative rates would appear to be a characteristic of the system
studied since a difference in relative rates was observed between
~intact cells and the lysate system. However, more data on intact cells

are needed to establish this point.

I. Incorporating Activity as Affected by Various Compounds and
Treatments

Some evidence has already been presented suggesting a relation
between respiration and incorporation. Further evidence élong this
line was the almost complete lack of incorporation in an atmosphere
of nitrogen (Table 7). The small amount of residual activity observed
under these conditions was very possibly due to the time regquired for
complete elimination of oxygen. Although this is good presumptive
evidence of the role of oxidative reactions in driving incorporation,
a more cogent result would be the demonstration of an anéerobiosis
inhibition reversal by compounds such as ATP. This has not been
attempted. Addition of 2,4-dinitrophenol tc +the incubaﬁion mixture
was shown to have an inhibitory effect (Table 7). Half maximal
inhibition was observed at sbout 1.7 X 10~5M, a concentration somewhat
higher than that reported for inhibition of incorporation in other
systems (44, 48, 49, 58)., Tt has been shown in a variety of systems
that dinitrophenols prevent oxidative phosphorylation st concentrations
of the order of lO_uM (82). Although no direct proof is available
in this system, one might assume that the cbserved dinitrophenol

inhivition was of a similar nature.
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Table 7. Effects of Various Compounds and Treatments on the
Tncorporation Activity of Sediments (WX .8M KC1)

Per Cent of

Treatment Control Activity
None _ 100
Anaerobiosis

Leucine 2

Arginine 6

Lysine 2

Tyrosine 10
5 4-dinitrophenol 0.5 X 107°M 01
2,4~dinitrophenol 1.0 X 107 o
2,4-dinitrophenol 1.5 X 107°M 57
2,k-dinitrophenol 5.0 X 1072 10
2,4-dinitrophenol 107N 2
Orthophosphate (Na) .017M T
Sodium polyphosphate 0.1 mg./ml. 92
Sodium polyphosphate 0.5 mg./ml. 3P
Sodium polyphosphate 1.0 mg./ml. | 15
ATP 10™°M 70
Glucose-1-phosphate (K) 3 X 10™M 89
5 minutes at 80° C. before assay .03

A1l experiments were performed with leucine—Clh unless
otherwise noted. For the anaercobiosis experiment, the
reaction mixtures were in a nitrogen atmosphere throughout
the course of the incubation; the controls being incubated
in air. The sodium polyphosphate used was prepared according
to Chayen et al. (81) and was reputed to be a linear polymer
having a molecular weight of the order of 10°. Other condi-
tions as in Table 6.
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All phosphate containing compounds which have been tested (Table 7
have exerted varying degrees of inhivition of incorporation. That
compounds such as ATP or gluccse-l-ohosphate exert no stimulatory effect
could very well be in line with the high endogenous respiration, that
‘1s, there already exlsts an optimsl endogenous energy supply. On the
basis of some experiments with yeast, Chayen et al. postulated that
polyohosphate compounds served as an energy supply for protein synthesis
(81). A strong inhibitory effect of pelyphosphate was observed in
the lysate system (Table 7); 1f meximal inhibition was observed at
a polyphosphate concentration equivalent to lO-BM orthophosphate. The
inhibitory effects of these phosphate compounds may possibly be due to
the binding of some cation essential for activity. As already stated,
it would be of interest to determine the effect of these phosphate

compounds under anaerobic conditions.

J. The Effect of an Exogenous Amino Acid Supply on Incorporation

Several experiments have been performed 4o examine the effect on
incorporation of adding a mixture of unlabeled amino acids. Although
these data are incomplete, several points about these experiments seem
worth mentioning. Large stimulations of incorporation have been observed
(leucine and histidine) on addition of amino acid mixtures. These
stimulations have been greatest when the assays were carried out with
low sediment concentrations. PFurther, the effect of a complete mixture
of amino acids cannot be duplicated by separate addition of small groups
of amino acids (Table 8). While not enough systematic experiments

have been done, it seemed that the greater effects of amino acid



Table 8. Amino Acid Effects on Incorporation of Leucine

Activity

Mg. Protein™ per (% of Control
3.0 ml. Incubation without Amino
Amino Acids Added Mixture _Acids)
Complete mixture _ i6 90
Complete mixture L ' Who
Arginine + lysine + methionine e 195
Glutamic acid + aspartic acid +
proline + threonine I3 188
Cysteine L 142
Histidine + glycine + alanine +
serine Iy 11%
Isoleucire + valine b - lo7
Phenylalanine + tyrosine +
tryotophan b o 83

In addition to the components indicated each incuE%tion mixture con-
tained 300 umoles TRIS pH 7.5, 6 umoles leucine-C— ', and was .8M in
KC1. Final volume 3.0 ml. Incubated 2.5 hours at 38° C. The complete
amino acid mixture contained glycine, DL-serine and the L forms of
lysine, alanine, valine, glutamic acid, aspartic acid, threonine,
tyrosine, tryptophan, histidine, arginine, phenylalanine, methionine,
isoleucine, and proline. Where indicated, 3.0 pymoles of DL-serine and
1.5 ymoles of each of the other aminc acids were added.

*1.0 ml. of sediment W1X .8M XCl gave 16 mg. protein.
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mixtures at low sediment concentrations might be reasonably explained
by a dilution of the endogenous amino acid pool, thus making amino

acids limiting in the reaction. This result is to be compared to the
increase in intrinsic activity observed (without amino acid addition)

at low sediment concentrations (Figure 12).

K. The Composition of the Free Amino Acid Pool of Sediments WLX
.OM KC1. Implications.

The composition of the free amino acid pool of sediments W1X
.8M KC1 was determined according to the procedures described by Levy
and co-workers (83, 8L4). Briefly, this method involved converting the
amino acids to their dinitrophenyl derivatives, which are yellow in
color, and measuring the intensity of the color after these derivatives
were resolved by two-dimensional paper chromatography.

Preparation of the protein free extract for analysis was as
follows: to 4.0 ml. of a freshly prepared sediment WlX .8M KC1 suspen-
sion containing 80 mg. of protein was added 1.0 ml. of 55% TCA. After
L hours in the cold the mixture was centrifuged and the supernatant
was reserved. The precipitate was resuspended with 3 mi. of T% TCA
and centrifuged. 3Both supernatants were combined and were cbntinuously
extracted with ether for 15 hours to remove the TCA. This solution *
was treated with a 6 to 7-fold excess of l-fluoro-2,4-dinitrobenzene
under conditions prescribed by Levy (83); the ether soluble derivatives
were extracted from the acidified solution and the subsequent
chromatography was as described (84). Control experiments with known

amino acid mixtures were performed.
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Before presenting the results some comments concerning the method
are necessary. The dinitrophenyl amino acids were identified only by
comparison with known compounds. Glutamic acid and aspartic acid are
poorly separated from each other by this method. The acid soluble

~derivatives were ndt analyzeG because of the presence of large amounts
of KCl which interfered with the chromatographic separations. The
recovery of an amino acid from known mixtures ranged from 70 fo 100 per
cent, except in the case of lysine which was always unexplainably low,
ca. 20 per cent. This recovery however is guite sufficient for the
purposes of the experiment.

The results of the analysis, calculated as umoles of amino acid

per mg. sediment protein, were as follows:

Glutamic acid + aspartic acid .055
Alanine .063
Tyrosine 037
Methionine 007

Proline .005

Many amino acids were not detected at all. These were serine, threonine,
glycine, valine, leucine, isocleucine, phenylalanine, and tryptophan.
Therefore these amino acids must have been present (if at all) in
amounts less than .005 ,Lmoles/mg. protein. No information concerning
arginine, histidine and lysine was obtained.

These results are to be compared with the rates of amino acid
incorporation observed in this system. For leucine, the rates observed
(depending on the sediment concentration) usually ranged from .0l to .02

fxmoles leucine incorporated/mg. protein/E hours. 1Tn assays of longer
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duration, up to 12 hours, total leucine incorporation has been observed
to be as high as .05 j;moles/mg. protein. If it is assumed that the
observed amino acid incorporation was due to synthesis of new protein
molecules, and that each amino acid represented 5 per cent of these
molecules, than about .05 mmoles of each amino acid per mg. sediment
protein would be fequired for this synthesis to occur. The values
mentioned in this paragraph are incorporation rates measufed in the
absence of exogenous amino acids. These rates are from 2 to 4 times
higher when the assays are performed in the presence of an exogenous
amino acid supply.

Although the data concerning the initial compositioﬁ of the amino
acid pooi aml the rates of amino acid incorporation lead to no categeorical
answers concerning the mechanism of amino acid incorporation, neverthe-
less, these data may verhaps help in defining the vproblem and in sug-
gesting future experimentation. These data will be discussed in the
light of two different (but not mutually exclﬁsive) possible mechanisms

of amino acld incorporation in M. lysodeikticus.

One possibie view is that incorporation reflects qnly the net
synthesis of new protein molecules from free amino acids. Since only
several amino acids were found in asmounts comparable to the cbserved
magnitude of incorporation, this explanation seems to be ruled out
urless it is further assumed that either proteins of unusual composition
were formed or that a concomitant breakdown of endogenous protein
ocecurred, thus yielding a small, but complete and continual, supply of
free amino acids. ©Some evidence in favor of the latter assumption

has been obtained by Gorini and Crevier (85) who showed that a
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proteolytic system was present in M. lysodeikticus. However, their

work was with a completely lysed system and is therefore not directly
comparable. It would be advantageous to study the incorporation of
amino acids into a single well-defined protein. This particular

system offers a unique opportunity for such experiments since

cryétalline catalase has been isolated from M. lysodeikticus; this
enzyme constitutes from 1 to 2 per cent of the dry weight of this
organism (78).

Another possible view is that amino acid incorporation reflects
a direct exchange reaction (See I, B, 3). This kind of mechanism would
not require the presence of a free amino acid pcol.

That net synthesis can occur in this system is the most reasonable
interpretation of the data which show that amino acid incorporation was
stimulated by addition of a mixture of non-labeled amino acids. Under
limiting amino acid conditions, however, an exchange mechanism is by

ro means ruled out.

L. Are Peptide Bonds Formed in the Incorporation Resction?

Other workers have found that labeling of protein could occur
via anomelous reactions which seem not to e concerned with the
formation of peptide bonds in a protein (32). Ultimate proof that
the reaction measured was actually peptide bond formation would involve
isolation and identification of small peptides conbaining a radiocactive
amino acid residue. This has not been done in the present work. However,
it seems unlikely that the incorporation measured here was anomalous

because the system was shown to have some rather normal biochemical
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properties such as inhibition under anaercbic conditions and inhibition
by heating at 80° C. for 5 minutes (Table 7). Furthermore, the
stability of the bond(s) formed was such that they withstood heating
at 90° C. with 5% TCA. The radioactive protein obtained from exper-
_iments with leucine, lysine and histidine were shown to contain‘no
freé labeled amino acid by treatment of the protein with ninhydrin
under conditions which would lead to decarboxylation of free émino
acids; no significant evolution of radiocactive carbon dioxide occurred
(Table 9).
An experiment was carried out to determine which amino acid

residues of the radioactive protein isolated after incubation with

;
leucine-—ClLL contained the C“u.

The details of the experiment are
given in Figure 15. Briefly, this experiment involved ion—exéhange
chromatography of the protein hydrolyzate and identification of
radicactive fractions. This fractionation gave a single radioactive
peak containing all the counts put on the column (Figure 16). Paper
chromatography of the material in this peak with three different
solvents (listed in Figure 15) showed a single ninhydrin spot which
corresponded to the radioactivity in each case. The Rf values of
this substance in the three solvents used corresponded precisely with
those of known leucine. Carrier recrystallization led to constant
gpecific radiocactivity after three crystallizations with overall
recovery of 40 per cent of the initial carrier. It was concluded,
therefore, that this substance was leucine and that leucine-CllL was
incorporated into the protein as such.

Although direct proof was not obtained, all the data were consistent

with true peptide bond formation.
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Table 9. Release of Radioactive Carbon Dioxide
Tfrom Protein Treated with Ninhydrin

Labeled Amino Acid Used in Incubation

Leucine Lysine Histidine
Mg. radioactive protein treated
with ninhydrin 18.7 68.1 78.3
Total counts/minute/sample 858 o217 656

Total counts/minute released
by ninhydrin treatment 2.1 1.k 4.6
(measured as BaCOE) '

The protein samples used represented radicactive protein pooled from a
number of experiments (all with sediments W1X .8M KC1). The ninhydrin
treatment was carried cut according to the procedures of Van Slyke et al.

(86).
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Figure 15. Isolation of Leuc:'me-Clbr from Radioactive Protein

1. HYDROLYSIS

578 mg. protein (26,000 counts/minute) hydrolyzed in a sealed
tube with 7.0 ml. 6N HCLl at 105° C. for 25.5 hours. Humin filtered by
'gravity. Solution taken to dryness in vacuo and dissolved with 5.4 mi.
' 1.5§ HCl. This solution contained 18,100 counts/minute.

2. ION EXCHANGE CHROMATOGRAPHY [According to Moore and Stein (87)]

The solution was placed on a 2.2 cm. by 45 cm. Dowex-50 column

previously equilibrated with 1.5N HCl. An automatic fraction collector
was used to collect fractions containing 225 drops (15 ml.) at a rate

of 2 to 3 drops per minute. The eluting solutions were, in the order
used: 390 ml. 1.5N HC1l, 1250 mi. 2.5N HC1l, and 1250 ml. 4N HCl. 0.5 ml.
aliquots were dried and counted (See Figure 16).

3. 1SCQLATION AND IDENTIFICATION

The radicactive fractions were pooled and the solution was taken

to dryness in vacuo. Total counts/minute recovered in this pesk:
18,900.

a. Paper chromatography in % solvents: 5 parts n-propanol:
2 parts l% NHuOH, water-saturated phenol, 11 parts n-butancl: 7T parts
4.4N acetic acid.

b. Carrier recrystallization from T0% ethanol.

(See text for results.)
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M. The Problem of Intermediates in Incorporation and the Conversion
of Leucine to Q-ketolsccaproic Acid

Several experiments were performed in an attempt to determine
whether derivatives of leucine-CllL other than protein could be
identified. Typical experimental details are given in Figure 17. The
 experiments were designed so that a 1% conversion of leucine-Clu to a
dialyzable compound could easlily be detected, assuming it could be
separated from the large excess of leucine-Clu already present. It
was thought that treatment of the mixture with RNAase might produce
material that would not otherwise have been dialyzable. Various
reaction mixtures containing leucine-Clu were incubated énd then
dialyzed against water. The dlalyzates were concentrated and frac-
tionated with paper electrophoresis. All dialyzates gave two well-
defined radioactive zones in identical positions. The major radio-
active zone hardly migrated at all from the origin and was presumed to
be leucine. The other zone contained a negatively cherged compound
which migrated from 8 to 15 cm. from the origin dependiﬁg on the
duration of the run. In the experiment mentioned, with intact cells
(Figure 17), the ratio of counts in the acidic zone to‘counts in the
leucine region was about the same for the three dialyzates (No. 1, .3;
No. 2, .4; No. 3, .3). (In other experiments with sediments W1X .8M KC1
under usual 2 hour assay conditions about a 5 to 15% conversion of
leucine to the acidic compound was observed). An attempt was made to
recover leucine from this compound by acid hydrolysis (6N HCL,
sealed tube, 105° C., 20 hours). Only 5 per cent of the counts could

be recovered after this treatment. It was then suspected that the
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Figure 17. Experimental Procedures Employed in the Isolation and
Identification of Ketoisocaproic Acid

1. TINCUBATION
Three mixtures were incubated at 3*8° C., each containing 158 mg.
cells, 200 umoles TRIS buffer, pH 7.5. 1In addition No. 2 and No. 3 con-
tained 24 umoles le‘uéime-ClLL (10 counts/minute/mumole). Volume, 6.0 ml.
" After 2 hours incubation 0.k mg. lysozyme added to each mixture; in addi-
tion, 1.4 mg. RNAase added to No. 1 and No. 3, and EM;Amoles lca-ucine—cllP

added to No. 1. Final volume 7.1 ml. Incubation continued for 2 hours.

2. DIALYSIS
Each reaction mixture dialyzed for 24 hours at 5° C. against 70 ml.

water. The dialyzates were lyophilized.

3. ETHER EXTRACTION
No. 2 dialyzate was adjusted to pH 0.8 with HC1l and was continuously

extracted with ether for 24 hours. The ether was allowed to evaporate

at room temperature and the remaining oil was dissolved in 3 ml. water.

4, PAPER ELECTROPHORESIS
Substances applied to 6" X 10" strips of Whatman No. 1 filter

paper. FElectrophoresis carried out with 0.1M phosphate (Na, K) buffer,
pH 6.8. Run at 600 volts for periods of from 2 to &4 hours. The current
usually rose from about 5 to 15 milliamperes. The paper was immersed

in chlorobenzene throughout the run. The paper was scanned for radio-

activity by counting successive 1 cm. sections.

5. CARRIER TSOLATION AS THE 2,4-DINTTROPHENYLHYDRAZONE
To 0.3 ml. of the ether extract (3,000 counts/minute) and 0.5 g.

sodium @-ketoisocaproate [synthesized according to Metzler et al. (88)]

was added 100 ml. of 1% 2,k-dinitrophenylhydrazine (2N HC1). The mix-

ture was heated for 5 minutes at 100° C., cooled, and the product was
filtered and washed with cold 2.5N HCl. The product was twice crystallized
from water. Yield 0.47 g. m.p. 159-161° C. [1lit. 162° C. (89)]. Specific

radioactivities: 2.79 and 2.84 counts/minute/mg.
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compound might e G-ketolsocaproic acid, loss of counts being due to
decarboxylation. This compound was completely extracted from the
dialyzates with ether, and the ether soluble material was shown to
have the same electrophoretic mobility as synthetic a-ketoisccaproic
~acid. Carrier isolation of the ether soluble material as the 2,4-di-
nitrophenylhydrazone derivative resulted in constant specific radio-
activity after two crystallizations. It was concluded, therefore,

that M. lysodeikticus can convert leucine to Q-ketoisccaproic acid.

A 1likely mechanism for this reaction might be transamination with
pyruvate or CG-ketoglutarate.

This negative experiment of course does not exclude the participa-
tion of intermediates, either free or bound, in the incorporation of

leucine into protein.

N. Summary and Final Discussion

A prief summary of some of the results obtained will be given in
this section. These results will be discussed in the light of
pertinent findings of other workers.

Treatment of Micrococcus lysodeikticus cells with lysozyme in

the presence of high concentrations of sucrose has yilelded a particulate
system, as distinct from intact cells, that carries out the incorpora-
tion of amino acids into protein. When the assays were carried out in
the presence of high concentrations of KC1 instead of sucrose, incor-
porating activity was as fast or faster than in intact cells. The
system was sedimentable, had a high endogenous respiration, and

required the continued presence of high sucrose or KC1 concentrations
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for activity. When the KC1l concentration was progressively lowered,
respiration and incorporation decreased at parallel rates. In con-
trast to the lysate system, the incorporating activity of intact cells
was abolished at high KC1 concentrations. Anaerobiosis, 2,k-dinitro-
~rhenol, and RNAase treatment decreased activity. Stimulatory effects
were observed by the addition of aminc acid mixtures and by DNAase
treatment. The activity of these particles was shown to be dépendent
on the concentration at which they were assayed.

The effect of sucrose in maintaining the activity of lysozyme
treated cells and the effects of RNAase and DNAase on activity have
been confirmed by Beljanski (58).

The work of Weibull with Bacillus megeterium is pertinent to this

discussion (90). Weibull found that when this rod-shaped bacillus

was treated with lysozyme in the presence of .2M sucrose, the bacterial
cell wall was depolymerized, the rest of the cell remaining intact

and appearing now as a spherical body, the protoplast. If the lysis

was performed in dilute phosphate buffer only two structural elements
were apparent, empty spherical "ghosts" and lipoidal granules. Weibull
found that these protoplasts would lyse when the sucrose concentration
was lowered. The question remains whether in the case of sucrose-lysates

of M. lysodeikticus we have dealt with protoplasts or a mixture of

smaller particles. Elecltron microscopy might decide this point directly.
Short of microscopy, the gross cbservations have been the same. There
was a hint that the particulate material was not homogeneous since
centrifugation of sucrose-lysates yielded sediments which were composed
of at least two distinct layers of material. Sub-cellular particles

have been obtained from M. lysodeikticus by crushing a water
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suspension of cells with powdered glass (91). These particles
participated in the oxidation of tricarboxylic acid cycle intermediates.
Freezing these particles abolished this activity.

It is of interest to compare several features of the incorpors.-
tion studied in several cell-free systems, namely, the particulate
system of rat liver investigated by Siekevitz (L44) and later by

Zamecnik and Keller (hS), disrupted cells of Staph. aureus studied by

Gale and Folkes (62) and the M. lysodeikticus system.

The rate of leucine ihcorporation by rat liver particles was
about 0.1 /Lmole/gm. protein/hour. Incorporation reached a meximum
value in less than a half hour. No stimulation of incorporation was
cbserved upon addition of an unlabeled amino acid mixture. The system
studied by Siekevitz was composed of mitochondria and microsomes.
Zamecnik and Keller found that incorporaticn proceeded under anaerobic
conditions in a system composed of microsomes, a soluble non—dialyzable
fraction, and a suitable energy source.

In the two bacterial systems leucine incorvoration was much more

rapid -- about 10 to 20 ,Amoles/gm. protein/hour. The Staph. aureus
system was similar to that from liver since in the absence of an
endogenous amino acid supply, maximum incorporation was attained in
about an hour. In the presence of amino acids, incorporation increased
linearly with time for at least 3 hours (lcngest period measured); an

energy source was also required. Incorporation in M. lyscdeikticus

continued to increase for longer periods (up to 12 hours) in the absence
of added amino acids although the net amount of incorporation was never

much higher than that observed in Staph. aureus.
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These differences among the three systems might be explained by
considering these systems as representing different degrees of complete-

ness in their protein synthesis mechanisms. The M. lysodeikticus

system would thus be viewed as being most complete, having an endogenous
~energy supply, a limited amino acid supply, and synthesizing mofe
protein upon addition of a complete amino acid mixture. The Staph.
aureus system would be less complete, requiring an endogeﬁous>energy
source and having the ability to synthesize new protein only in the
presence of added amino acids. Least complete would be the rat liver
system, which required an exogenous energy supply and was not stimulated
by exogenous amiro acids because possibly some unknown component of the
complete system was absent or was damaged in the preparation. In this

regard further fracticnation of the M. lysodeikticus system seems

pertinent.
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