RS7-lLo

ARCHIVES OF BIOCHEMISTRY AND mIopHYsSIcs 68, 118-129 (1957)

Interrelations between Nucleic Acid and Protein
Biosynthesis in Microorganisms

Martynas Yéas! and George Brawerman?®

From the Pioneering Research Division, United States Army Quartermasier
Research and Development Center, Natick, Massachusells
-

Received August 15, 1956

InTRODUCTION

Brachet (1) and Caspersson and Brandt (2) first drew attention to the
possible participation of nucleic acids in protein synthesis. It has been
proposed that the nucleic acids serve as templates for the formation of
proteins and that they determine the sequence of amino acids in the
protein molecule, and such a role has been supported on statistical
grounds (3). Such a role for ribonucleic acid (RNA) has been experi-
mentally demonstrated in the case of plant viruses (4, 5).

A more complex metabolic relationship between nucleic acid and pro-
tein formation has been suggested by recent investigations, indicating
both an influence of nucleic acid components on the synthesis of protein
and an effect of amino acids on nucleic acid formation. Thus, Pardee (6)
has demonstrated an absolute uracil requirement for adaptive enzyme
formation. He explained this requirement by postulating an obligatory
coupling of RNA and protein synthesis; the RNA, once formed, being
inactive. Gale and Folkes (7) have demonstrated a stimulation of pro-
tein synthesis by added RNA, which could, however, be replaced by
RNA breakdown products. In the system of Webster and Johnson (8)
protein synthesis, as measured by incorporation of labeled amino acids,
required all the nucleosides or 5-nucleotides occurring in RNA. No such
clear-cut requirements exist in the amino acid incorporating microsomal
systems studied by Zamecnik ef al. (9) and by Borsook (10). As for the
effect of amino acids on RNA, Gale and Fo}{ies (7) have demonstrated a
definite stimulation of nucleic acid formation by these compounds under
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conditions where protein synthesis dees not oceur, in the presence of
chloramphenicol. However, these authors explained their results by a
blocking of dissociation of nueleoproteins by chloramphenicol, the
added amino acids allowing for the formation of more protein, thus
permitting more associated RNA to be formed.

We have attempted to study further the role of amino acids in the
biosynthesis of RNA, and the coupling between protein and nucleic acid
synthesis. The existence of amino acid-requiring mieroorganisms, the
Jemonstrated absence of turnover of RNA and protein in bacteria (11,
12), and the possibility of measuring net RNA and protein synthesis
rather than incorporation of label, miake them favorable objects for this
investigation. In addition, the property of chloramphenicol to block
protein formation without inhibiting nucleic acid synthesis in sensitive
bacteria makes possible the direct study in intact cells of the amino acid
requirement for nucleic acid biosynthesis.

After the work reported here was completed, a paper by Pardee and
Prestidge (13) appeared, in which most of our results have been antici-
pated. We wish to report briefly our own results which were in part
obtained using different organisms and their mutants, but which lead to
essentially the same conclusions as those arrived at by these authors.

EXrERTMENTAL
Materials

The yeast used was a lysine-deficient mutant of Saccharomyces cerevisiae (No.
1496a) obtained from Dr. Carl Lindegren. The tryptophanless mutant of Escher-
ichia coli (No. 567) was obtained from Dr. Francis J. Ryan, and the histidineless
mutant of Aerobacter aerogenes (No. H-50) from Dr. Boris Magasanik. pr-Trypta-
zan was generously supplied by Dr. H, R. Snyder. n-Lysine hydrochloride and
L-tryptophan were commercial preparations. Chloramphenicol was 2 commercial
preparation recrystallized from water.

Analytical Methods

Yeast protein was determined as nitrogen by a micromodification of the Nessler
reaction (14); the nitrogen contributed by nueleic acid was subtracted in ealou-
lating the protein nitrogen values. Bacterial protein was determined by a modifica-
tion of the biuret method (15). Deoxyribonucleic acid (DNA) was obtained by
the Dische resction modified as follows: the color was developed by leaving the
reaction mixture at room temperature overnight instead of boiling it for 10 min.;
the color intensity was increased about three-fold by this procedure.? RNA and

3 Burton (16) has described a similar modification of the Dische reaction. How-
ever, using redistilled acetic acid, he finds it necessary to add acetaldehyde to the
reaction mixture.
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acid-soluble nucleotides were determined by their absorption at 260 mu in phos-
phate buffer pH 7.0, using an' sverage molar extinction of 11,300 per nucleotide
(computed from & theoretical tetranucleotide). In the case of bacteria, the con-
tribution of DNA to the total absorption, Fee of 9000/mole nucleotide/l., was
subtracted in order to obtain the RNA values. No subtraction was made for the
yeast RNA wvalues, since the amount of DNA in yeast Is insignificant in relation
to the RNA content. The DNA extinction was obtained from a sample of Aero-
bacter acrogencs DNA treated with 0.1 N KOH at 30° for 24 hr. Phosphorus was
determined by the method of King (17).

Yeast and Bacterial Cultures

Yeast was grown on a natural medium (19 bactopeptone, 1% yeast extract, 2%
glucose, tap water), washed in water, and kept in the cold for no more than a week
before use. The basic synihetic growth medium used in the experiments was, ex-
pressed in g./1., (NH}.80, 0.7, glucose 40, KH,PO, 13.6, MgS0, 0.012, K.80,0.25,
succinic acid 1.0, trace elements and vitamins (expressed in ug./l., FeSO, TH0
300, Zn50.-7H0 200, B{OH), 5, {NH,):Me0; 50, MnS80, 50, CuCl,-2H.0 200, bi-
otin 2.5, pantothenie acid 400, incsitol 2000, nicotinic acid 400, p-aminobenzoic
acid 200, pyridoxal 400, thiamine 400); lysine 20 mg./1. Phosphate starvation was
carried out for 18 hr. in basic medium minus phosphate, the eells were washed in
water, then suspended in the complete synthetic medium containing varying
amounts of lysine.

Escherichia coli was grown on glucose 0.2%, Na.HPO, 0.2%, KH.PO, 0.2%,
(NH.).80¢ 0.2%, MgS0,-7H:0 0.02%, CaCls 0.01%, tryptophan 20 mg./l. The
medium for derobacler aerogenes {18) was glycerol 0.2%, Na.HPO, 0.54%, K4.PO,
1.26%, (NH.):80, 0.2%, MpSO,4-7H:0 0.02%, CaCl: 0.001%5, histidine 500 mg. /1.
Eighteen-hour-old culbures were suspended for 114 hr. in fresh medium for “re-
juvenation,” collected, washed in medium lacking amino acid, then incubated in
the same medium for 114 hr. to insure amino acid depletion. Enough chloramphen-
icol was added to portions of the “starved’” cultures to make a final concentration
of 100 pg./m}. When required, the appropriate amino acid was added L4-1 hr. after
the addition of chloramphenicol to allow enough time for the latter compound to
take action (19). All incubations were carried out ot 30° on a shaker.

Preparation of Samples

In the case of yeast, 50-ml. samples were collected, extracted with 5% trichloro-
acebic acid in the cold for 1 hr., washed with ether and aleohol, and treated with
1 N KOH at 30° for 20 hr. Aliquots were then withdrawn for protein determination,
and the rest of the suspension brought to pH 4.5 with HCl and acetate buffer.
The RNA ultraviolet spectrum of the resulting supernant showed Little contam-
ination by protein. .

The bacterial samples {(usually 15 ml.) were subﬁgcted to the same treatment
as yeast up to the siage of alkaline hydrolysis, which was carried out with 0.1 &
KOH. The KOH hydrolyzate was used as such for protein, total nucleic acid, and
DNA determinations; precipitation of the protein before nucleic acid determina-
tion was not necessary, since the distortion of the nucleic acid ultraviolet spectrum
was insignificant.
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Frc. 1. Nucleie acid and protein changes during pho.sp]mte starvation.
O, protein nitrogen; @, RNA; X, acid-soluble nucleotides.

REsvrrs

Wiame (20) has shown that by growing baker’s yeast in a medium
devoid of phosphate, the RNA content is much reduced. If phosphate
is then added, a rapid synthesis of RNA occurs. .

Using a lysine-deficient mutant strain, we have exz%mmed whether
RNA synthesis in previously phosphate-depleted yeast is dependent on
the presence of added lysine. ' o S ‘

The course of events during a 24-hr. starvation period is shown'm
Fig. 1. For the first 4 hr. both RNA and protein increase, the qu;?‘nmty
of RNA then begins to decrease, and at 24 hr. reaches 3 value slightly
below that at the start of the starvation period. RNA be_glns to decrease
when protein synthesis ceases. The acid-soluble nucleotides of the cells
show an almost equivalent rise as the RNA falls. ‘

On washing and transferring such starved yeast to a growth I.nedlum
complete in all réspects and containing varying amounts of lysine, the
increase of RNA and of course protein is dependent on _the .amount of
lysine added (Fig. 2). Without Iysine there is no change In e-lther-RNA
or protein. The amount of RNA and protein finally formed in this and
other experiments is directly proportional to the amount of lysine added
(Fig. 3). A feature of these results is the ab.mpp stoppage qf RNA syn-
thesis as opposed to the more gradual termination of protein formation

as lysine is being exhausted. . _
Examination of Fig. 3 shows that 1 umole of lysine brings about the




122 YCAS AND BRAWERMAN NUCLEIC ACIDS IN PROTEIN SYNTHESIS 123

formation of approximately 18 ug. atoms of protein nitrogen and 1 pmole
of RN A nucleotide. Assuming an average value of 1.2 nitrogen atoms per
amino acid residue in yeast protein, 15 moles of amino acid residues
polymerize per mole of nucleotide assembled into RNA.

As Wiame has shown, transfer of phosphate-starved yeast to a phos-
phate-containing medium results in a very large and rapid uptake of
phosphate into the cells, mainly into metaphosphate fraction. As we
show, phosphate uptake into RNA. depends on the presence of lysine.
Not all phosphate uptake is, however, lysine dependent, since even In
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Frc. 3. Relation between amounts of lysine added and quantity
of protein and nucleic acid formed.
©, ribonucleic acid; O, protein nitrogen.
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the absence of lysine, phosphate-starved cells take up much phosphate,
although less than in its presence (Table I). Thus the lysine requirement
is, to a certain extent at least, specific for RNA formation but not for
phosphate uptake into other fractions,

0
u
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= TABLE I
:L Effect of Lysine on the Changes in ENA and Total Phosphate of
g}' Phosphate-Starved Yeast
a
g Dry weight Total phosphate RNA {as nucleotides)
|
g . mg. nmoles pmoles/mg. umoles upmales/mg.
= Phosphate starved® 1060 19 0.19 5.0 0.050
S Phosphate replenished?® 100 59 0.59 4.5 0.045
@« Complete growth medium®
. Without lysine 93 100 1.08 5.5 0.065
T T T T T T . .
5 10 5 20 )Y 25 30 With lysine 143 194 1.36 21.5 0.150
INCUBATION TIME IN HOURS s Tneubated for 18 hr. in phosphate-free synthetic growth medium,
Fra. 2. Increases in protein and ribonueleie acid upon incubation ® Phosphate-starved yeast incubated for 1.5 hr. in 0.1 M KH.PO, 2nd 2%
with limiting amounts of lysine. glucose.

Lysine in medium, in pmoles/30 ml.: (1) 0; (2) 0.54; (3) 2.16; (4) 5.40. < Phosphate-starved yeast incubated for 5 hr. in synthetic growth medium.
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As has been found by Gale and Folkes (7) and by Wisseman ef af. (19),
in chloramphenicol-sensitive bacteria 1t is possible to suppress protein
synthesis completely by chloramphenicol and yet permit RNA synthesis
to continue. Gale and Folkes (7) claimed that RNA synthesis is actually
stimulated by the antibiotic, while Wisseman ef al. (19) find merely that
the normal rate of RNA synthesis is unimpaired.

We have investigated the effects of chloramphenicol on RNA and
protein synthests, using amino acid-requiring mutants of . coli and
Aerobacter aerogenes. On addition of chloramphenieol to bacteria in the
logaritllmic phase of growth, we have confirmed the conclusions of
Wisseman et al. (19). Protein synthesis is completely suppressed, while
RNA and DNA syntheses continue unimpaired for at least 1 hr. at the
same rate as they were proceeding at the moment of addition of the
antibiotic. In this system there is neither stimulation nor inhibition of
nucleic acid synthesis, only profein synthesis being suppressed,

When 2 logarithmic phase culture of a tryptophan-requiring mutant
of E. coli is washed and suspended in a medium otherwise complete but
lacking tryptophan, there is no inerease in either protein or RNA. This
is in conformity with the results obtained with yeast. If chloramphenieol
is added to such a static system, there is a resumption of RNA synthesis

with no increase in protein (Fig. 4). Chloramphenicol, therefore, in somé
manner “uncouples” the synthesis of RNA from that of protein.
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) Fre. 4, Effect of chloramphenicol on tryptophan-deficient E. coii.
O, in trypiophan-free medium; @, ¢hloramphenicol added (after 1 hr.).
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We have attempted to determine whether RNA synthesis is normally
dependent on protein synthesis, or whether it is the lack of free amino
acid which separately and independently prevents the synthesis of
protein and RNA. Since in the presence of chloramphenicol no protein
synthesis can take place, any effect of amino acids or amino acid analogs
on chloramphenicol-activated RNA synthesis cannot be via any effect
on protein synthesis but must act in some other manner.

At first sight, the activation of RNA synthesis by chloramphenicol in
tryptophan-starved E. coli would appear to indicate that there is no
amine acid requirement for RNA syr}thesis. If, however, chloramphenicol
acts to suppress a residual synthedis of protein too small to detect by
our analytical methods, addition of the antibiotic might cause an
accumulation of small amounts of tryptophan in the free amino acid
pool, either through protein breakdown or because the genetic block to
tryptophan synthesis might not be quite complete. If amino acids are
needed in catalytic amounts for RNA synthesis, chloramphenicol could
“uncouple” RNA synthesis from that of protein by making such quan-
tities of free amino aeid available.

We have therefore attempted to demonstrate an inhibition of chloram-
phenicol-activated RNA synthesis by tryptazan, reported by Halvorson,
Spiegelman, and Hinman (21) to be an effective inhibitor of adaptive
enzyme formation in yeast. We found, however, that using our trypto-
phan-requiring E. coli mutant, tryptazan is not an inhibitor of protein
synthesis but instead permits fast although ultimately limited growth
if supplied to the organism instead of tryptophan.

It has, however, proved possible to demonstrate an amino acid de-
pendence of chloramphenicol-activated RNA synthesis using a histidine-
requiring mutant of Aerobacter aerogenes originally studied by Magasanik
and Bowser (22). This mutant has the peculiarity that it not only lacks
the ability to synthesize histidine, but also has a powerful adaptive
histidinase, breaking down histidine rapidly. It might, therefore, be
expected that on histidine starvation the free histidine level of its amino
acid pool might become significantly depleted.

When eells of this mutant are harvested during the logarithmie growth
phase, washed, and starved for histidine, the addition of chloramphenicol
does not always suffice to initiate the expected formation of RNA.
Addition of histidine after that of chloramphenicol greatly increases the
rate of RNA formation (Fig. 5). However, the histidine effect is erratic,
and in spite of numerous attempts we have not been able to determine
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F1a. 5. XEffect of chloramphenicol on the histidine-deficient
mutant of Acrobacker aerogenes.
O, in histidine-free medium; @, chloramphericol added (after 1 hr.); X, his-
tidine ndded {300 mg./1., after 2 hr).

the exact conditions under which it ean be regularly produced. If the
chloramphenicol-induced RNA synthesis is low, addition of histidine
never fails to increase the rate of RNA formation. Frequently, however,
the rate of RNA formation on addition of chloramphenicol alone is al-
ready maximal, and subsequent addition of histidine fails to increase it
further. We attribute this rather unexpected variability to the difficulty
of completely depleting the cells of histidine. Ushiba and Magasanik (18)
have indeed shown that this same organism has some capacity for
adaptive enzyme formation in the absence of exogenous histidine, point-
ing to the existenee of some store of available histidine even during
histidine starvation.

The effect of histidine on RNA synthesis cannot be due to the forma-
tion of a histidine-containing enzyme required for RNA formation, since
the presence of chloramphenicol prevents protein formation. It is also
improbable that histidine contributes material to RNA, since the carbon
atoms of histidine in Aerobacter aerogenes do not appear in nueleic acid
purines.' At least four other amino acids hyve been shown by Pardee
and Prestidge (13) to stimulate RNA synthesis in the presence of
chloramphenicol.

4+ B. Magasanik, personal communication.
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IDiscussion

From the results obtained with yeast and amino acid-deprived bac-
teria, it is clear that normally the synthests of RNA does not ocour unless
the synthesis of protein is taking place at the same time, Qur results with
yeast are similar in several respects to those obtained by Schmidt ef al.
(23) who found that phosphate-starved yeast, returned to a phosphate-
containing medium, {ailed to form RNA unless sulfate was present, and
that the synthesis of RNA was inhibited by the amino acid analog
ethionine.

The major problem is the nature of the normal “coupling.” Several
explanations can be envisioned and have, in fact, been proposed:

(@) Nucleic acid and protein are formed simultaneously, one being the
by-product of the process of formation of the other (6). This hypothesis,
atiractive when first proposed, suffers from the fact that there is no
simple stoichiometry between the amounts of RNA and profein formed,
protein formation being greatly in excess.

(b)) RNA can only be formed when the appropriate protein is avail-
able with which the newly synthesized RNA can form a nueleoprotein
complex (7). This hypothesis is virtually disproved by the results ob-
tained with chloramphenicol, where rapid RNA synthesis is possible in
the complete absence of protein formation.

(¢} The formation of RNA and protein is coupled because both are
formed from common precursors. We believe this hypothesis adequately
explains the facts known to date.

The precursors would be compounds involving both an amino acid and
a nucleotide. A series of such eompounds could polymerize to form either
protein or nucleic acid, depending on what kind of template it is aligned
on. In this manner the nucleotides (or some derivative thereof) would be
released during protein formation and act as catalysts, and the same
would apply to the amino acids during the formation of RNA.* This
hypothesis, of course provisional, has the merit of offering an explanation

& Hoagland et al. (24) and De Moss el al. {28) have presented evidence for the
oceurrence of acyl adenylate derivatives of amino acids as intermediates in the
synthesis of proteins. The compounds suggested in this paper could possibly have
a similar structure, but, because they must involve all four RNA nucleotides in
order 0 lead to nucleic scid as well as protein synthesis, they would have to be
formed by a system different from the one involved in the acyl adenylate deriva-
tives. This does not exclude the possibility that the initial activation of amine
aeids is via the mechanism studied by Hoagland and De Moss.
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for the following facts and suggesting further experiments:

L. In amino acid depletion, RNA synthesis stops because a function-
ing protein-forming system depletes the amino aeid pool.

2. On addition of chieramphenicol to a static (amino acid-depleted)
system, formation of protein is completely blocked. This allows amino
acids to accumulate, and since only catalytic amounts are required, the
synthesis of RNA can proceed. This explains the “uncoupling” action
of chloramphenicol in the tryptophan-requiring mutant of E. coli in
terms of its known mode of action, the blocking of protein synthesis,
without invoking another mode of aetion. Of numerous reactions
studied, only protein synthesis has so far been found to be significantly
inhibited by the antibiotie (26, 27).

3. If the amino acid poo! could be kept depleted, chloramphenico}
alone should fail to initiate the formation of RNA. This is obviously
difficult to arrange, since the addition of chioramphenicol blocks the
protein-forming mechanism responsible for keeping the amiro acid pool
depleted.

Our experiments using a histidine-requiring mutant of Aerobacter
aerogenes suggest that such a situation is possible. A similar effect hasg
been deseribed by Gale and Folkes (7), who found that in their system
the rate of RNA synthesis in the presence of chloramphenicol is stimu-
lated by the addition of amino acids. Results essentially similar to ours,
using four other amino acid-requiring mutants of E. coli, have been
published by Pardee and Prestidge (13), and our conclusions are generally
similar.

If it is indeed correct that the precursors of RINA are nucleotide—
amino acid types of compounds, then it is probable that the polymerizing
enzyme described by Grunberg-Manago and Ochoa (28) is not directly
involved in natural RNA synthesis, since the substrates for that enzyme
are nucleoside diphosphates.

A further consequence of this hypothesis should be pointed out. If
intermediates of the type we postulate are RNA precursors, then a mini-
mum of 20 such precursors presumably exist. Since omission of a single
amino acid stops RNA synthesis, this would imply that the RNA-
forming system, in order to form a pelymer end product of only four
different elements, must nevertheless distingiish in the process of forma-
tion at least 20. The informational content of the RNA-forming system
would therefore be greatly redundant with respeet to the end product.

WAL Ve
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SUMMARY

The synthests of ribonueleic acid by amino acid-requiring mutant
strains of yeast and bacteria is dependent on the presence of the corre-
sponding amino acid. In histidineless Aerobacter aerogenes, histidine is
required eéven under conditions of no protein synthesis. A hypothesis to
account for these [acts is discussed.
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