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SUMMARY

The nmessenger activity of total RNA from normal and 8-azaguanine-treated Bacillus

cereus cultures was measured by the stimulation of anmino acid incorporation into proteins
in the preincubated S-30 Eschei-ichia coli systeimm. RNA fronm 8-azaguanine-treated cells

enhanced time incorporation of various amino acids into proteins to a greater extent than
did RNA fronm nornmal cells.

After sucrose gradient centrifugation, time messenger activity of eacim individual frac-

tion was tested. Most of this activity in both RNA sanmples was found to be localized

between the 16 S and 4 S fractions. In time RNA from analog-treated cells, imowever, an

appreciably greater proportion of timis activity was associated witim time ribosonmal RNA
fraction and extended to particles of 23 S and greater.

The greater total messenger activity in vitro of analog-treated RNA is discussed in

relation to time accumulation of precursors of ribosonmal RNA with changed secondary
structure and Imaving template activity in vitro for anmino acid incorporation.

INTRODUCTION

It imas been simown in a nunmber of labora-

tories (1-4) that 8-azaguanine is incorpo-

rated into the RNA of exponentially grow-
ing B. cereus and timat protein syntimesis is
inlmii)ited soon after time addition of time ana-

log. No 8-azaguanine was observed in time
ribosonmal particles (5, 6); instead, time

analog was present in time sRNA (7)2 frac-

tion and also in time conmponents wimiclm
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istry and Biochemistry, Czecimoslovak Academy of
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2 Abbreviations used: imuRNA, ruuessenger ribo-

nucleic acid; sRNA, transfer ribonucleic acid;

CTA, cetyitrimetli lammonium ion; ATP, adcno-

sine triphospluate; GTP, guanosine triphospiuate;

PEP, plmospiuoenolpyruvate; PK, phospluoenolpy-

ruvate kinase; PPO, 2,5-diphenvloxazole; dimetluyi
POPOP, 1,4-bis-2-(nuethyl-5-piuenyloxazoivl)-ben-
zene; poly U, polyuridylic acid.

resembled pulse-labeled (immessenger) RNA
in normal cells (8). Since 8-azaguanine is

incorporated into several RNA fractions, it
is likely that timis incorporation leads to

alteration in biocimenmical functions, sucim as
time interference �vitlm protein synthesis.

Time function of sRNA containing 8-aza-

guanine was recently studied by Weinstein

and Gr#{252}nberger (9) in time poiy U-directed
phenylalanine incorporation. Their results
indicate that B. cerens azaG-sRNA can
participate in this reaction, and no nuis-
coding was observed. Similarly Levin (10)
imas foundi that azaG-sRNA can accept

leucine, lysine, alanine, and valine. During

anmino acid incorporation into time B. cereus

extracts prepared froimm 8-azaguanine-
treated cultures time distribution of radio-

activity in time ril)OsOnmal and supernatant

protein was found to be different frommm the
normal system (11). Since in this system
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the stable ribosonmes were normal and were

formed before time addlition of the drug, the
mRNA, wimicim eximibits a rapid turnover
and contained 8-azaguanine, might well be

responsible for time observed effects. The

nmessenger activity of RNA prepared from
norimmal and azaG-treated B. cerens was

therefore exanmined in time present work.
Measurenment of the stinmulation of anmino

acid incorporation into proteins in an in

vitro systenm fronm Escherichia coli in wimich
the endogenous mumessenger activity had been
largely destroyedl by preincubation (12)

served as assay for messenger activity of
B. cereus RNA fractions. Tlmis composite

systetum is immore sensitive for amino acid
incorl)oration studies than time reconstituted
B. cereus system (13).

METHODS

E. coli were grown in a medium contain-
ing 8 g of nutrient broth (Difco) and 5 g

glucose per liter at 37#{176}with aeration. Cells

were harvested in log pimase, washed with
standard buffer (Tris-HC1 0.01 M, pH 7.8;

KCI 0.06�i; magnesium acetate 0.01 �i) and
frozen at -20#{176} until used.

B. cereus 569 H were grown at 37#{176}with

shaking in a medium containing 0.15 g
KH2PO1, 0.5 g MgSO4 .7 H2O, 0.005 g
(NH1) Fe(SO4)2, 1.5g K2SO4, 2.Og Tris,

0.5 mg MnSO1, and 10 g Casamino acids
(Difco) in 1 liter. The pH of the nuedium

was adjusted to 7 witlu HC1. In the ex-
ponential phase of growtim at a bacterial

turbidity of 0.2 (O.D. at 540 mji), 25 jig
8-azaguanine per 1 ml of medium was

added to one cell culture (final concentra-

tion 0.16 lmmf), the otlmer culture serving as

control. Botim cultures were timen grown un-
til an optical density of 0.4. The cells were

then centrifuged and waslued with standard
buffer.

Preparation of RNA. RNA was prepared

fronm washed nornmal and 8-azaguanine-
treated B. cereus cells using a modification

of the metimod of Ralph and Bellamy (14).
Time cells, suspended in time standard buffer

were disintegrated in time MSE nmodel 60W
ultrasonic disintegrator for 5 mm at 0#{176}in

the presence of 0.5% sodium dodecylsulfate,
extracted twice for 10 mm with equal vol-

unmes of w’ater-saturatecl pimenol at 0#{176},and

centrifligedl at 12,000 g for 15 mm. The
aqueous upper plmase was extracted three

tinmes wifim etimer, and time ether was re-
immovecl i)V i)lowing witim nitrogen. To time

clear supernatant 2 M sodiunm acetate was
added to make time final concentration 0.1 �i,

and for eacim imiiililiter of solution 0.2 ml
of a 1 % cetvitriimmetlmylamnmoniuiuu (CTA)
i)ronmidle solution was slowly intro(luced.

Time resulting suspension containing the

precipitated CTA-RNA was chilled at 0#{176}
for 10 mm and centrifuged for 5 nmin at
5000 g. The precipitate was wasimed twice
with 70% etluanol containing 0.1 �r sodium
acetate to convert CTA-RNA to Na-RNA.

After centrifugation the precipitate was

wasimed twice with 95% etlmanol, acetone

and dried over calcium sulfate in a vacuum
desiccator.

Sucrose gradient centrifugation. Ten mu-
ligramums RNA was dissolved in 1 imml of

0.025 Tris-HC1 buffer, pH 7.8, containing
0.05 �i NaC1. Of timis solution, 0.1 mmmlwas

placed on 5 mmmlof a linear sucrose gradient

(20-5%) wimicim was centrifugedi in time
SW39 rotor of the nmodel L Spinco for 5 imr
at 39,000 rpimm. After this density gradient

centrifugation, time bottom of time tube was

pierced and successive 15 drops collected in
tubes. One timird of eacim fraction was

diluted with water and time optical dlensit.y

at 260 Imm�L nmeasured. Time renmaining two-

timirds was used for assaying stinmulation of

aimmino acid incorporation into protein in
the S-30 E. coli system.

Incorporation of a in mu acids-1 ‘C in to

proteins. S-30 preparations were made from

frozen E. coli B cells, suspended in time

standard buffer with 0.006 M immercapto-
ethanol, by dlisruption in the disintegrator

for 5 immin at 00. Time suspension was centri-
fuged twice for 20 nmin at 30,000 g, and the

upper three-quarters of time final super-
natant solution was stored in time frozen
state until u�e. Preincubation of time S-30

fraction was carried out as described by
Nirenherg and Matthaei (12).

Incorporation of anmino acids was carried
out in 0.25 ml reaction nmixtures containing,

in 1.tiumoles: Tris-HC1 (pH 7.8) 25; KCI 15;

Mg acetate 3.5; ATP 0.25; GTP 0.008;
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mg RNA

mm.

Fic. 2. Time course of va!ine-”C incorporation

into proteins in the preincubated 8-30 Eschcricluia

co!i system in the presence of 035 mg RNA from

norma! and 8-azaguan inc-treated Bacillus cereus

ce!!s
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PEP (Signma) 1.88; PK (Sigimma) 4 jig; 2-

nmercaptoethanol 1.5; a immixture of 12C-

aimmino acids (excluding the 14C��aiuino acid),

0.025 of each ; the in(licated ‘‘C-L-nnlino

acid 0.025 p.C (usually 0.1-0.3 nm1�nmoie)
preincubated S-30 extract frorum E. coli and

RNA fronm B. ccreus as indicated. Reactions
were carried out at 370 for 30 immiim and

stopped! by time addition of 4 mmml10% tn-
chioroacetic acid!. The suspension w’as boiled

for 15 nmin, centrifuged, and time precipitate

resuspended in 5% TCA, filtered through

fiber filters (T-20A-60 Teflon-coated! glass
fiber filter 2.4 cnm dlialmmeter) (15) and
waslued successively witim 5% trichioroacetic

acid containing 0.1% of the appropriate
anmino acid as carrier and then witlu ethanol.

The filters w’ere placed in a counting vial
witim 10 mmmlof scintillation fluid (containing

3 g PPO and 100 nmg dinmetimyl PoPoP per
liter of toluene) and counted in a Nuclear

Chicago liquid scintillation spectrometer.

Radioactive materials. Giycine-’�C with

a specific activity 74.2 rrmC/nmnmole, leucine-
14C 237 mC/mimmole, valine-’4C 200 nmC/
mmole were obtained from New England

Nuclear Corporation; pimenylalanine-’4C
302 nmC/immmole, lysine-’ ‘C 201 nmC/nmnmoie

fronm Sclmwarz BioResearcim, Inc.

RESULTS

Time effect of total RNA fronm nornmal and

azaguanine-treated B. cereus cells on the
incorporation of different anmino acids into

proteins was investigated in time preincu-
bated S-30 fraction from E. coli. Time incor-

poration of amino acids in this system is
linmited by messenger RNA content. Figure
1 shows timat RNA fronu 8-azaguanine-

treated B. cereus stimulated the incorpora-
tion of valine-14C nmore than did time RNA
from normal cells. Similarly in subsequent

experiments time incorporation of glutanmic

acid, glycine, and an algal protein by-
drolyzate was increased to a greater extent

by the analog-treated RNA timan by control
RNA. Thus, RNA from 8-azaguanine-

treated B. cereus had a luigher messenger

activity.
Figure 2 illustrates the time course of the

incorporation of valine-’ ‘C into proteins.
The reaction started without apparent lag,

Fic. 1. The effect of RNA iso!ated from normal

and 8-azaguanine-trealcd Bacillus cereus cells on

the incorporation of valine-”C into proteins in the

,S-3O Escherichia co!i system

The experimental conditions of the assay are

described under Metlmods. S #{149},control RNA;

Q-Q, 8-azaguanine RNA.

E
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The experinucntal conditions are described un-
der Methods. #{149} #{149}, control RNA; Q-Q,

8-azaguanine RNA; A-A witimout RNA.

proceeded at an alimiost linear rate for

approxinmately 20 mm, and reached a
plateau by 30 immin. Aitimough time kinetics of
incorporation for both RNA samples were
very similar, time Imigher nmessenger activity

of RNA isolated fronm 8-azaguanine-treated
cells is again apparent.
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FIG. 3. Stimulation of 14C-vahine incorporation

into proteins by fractions isolated from RNA of

normal Bacillus cereus obtained from sucrose

gradient analysis

Details are presented under Methods. #{149}-�,

0.D. at 260 mj�; Q-Q, radioactivity (cpm).
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Since messenger RNA from inimibited
cells differs from normal RNA partly by
primary structure (guanine partly replaced

by 8-azaguanine) and eventually by sec-

ondary structure, time possibility was con-
sidered timat timis drug-treated nmRNA stinm-

ulated the incorporation of different amino

acids to dissimumilar extents. However, it is
apparent frommm Table 1 timat the relative

TABLE 1

Incorporation qf rarious amino acids into proteins

using S-30 extract from E. co!i and RNA from

normal and 8-azaguanine-treated

B. cereusa

Incorporation Relative
incorpora-

tion�imoies per
j�moles per mg AzaG- AzaG:

Amino acid mg RNA RNA Control

Leu-’4C 125 195 1.56
Phe-”C 44 67 1.52

Lys-’4C 27 41 1.52

Results are expressed as j�umo1es of incorporated

amino acids per milligram added RNA.

increase in stimulation of incorl)oration of
leucine, lysine, and pimenylaianine by ab-
nornmal RNA compared to control RNA is

essentially time sanme. Timese results are
consistent w’ith time recent observations timat
poly U-azaG stinmulates the incorporation

of amino acids into protein in a nmanner
similar to poly UG, and no nmiscoding could
be observed even wimen altering time pH or

Mg�� concentration (D. Gr#{252}nberger, C.

O’Neal, and M. W. Nirenberg, in prepa-
ration).

Since in timese experiments total RNA
preparations were used, the possibility

existed that the stinmulation of the incor-

poration of anmino acids was due to the
presence of sRNA. Therefore, sRNA was
separated! fronm total RNA by treatment

with 1.5 M NaCl at 0#{176}(16) and its effect on
incorporation of phenylalanine into proteins

was determined. Table 2 simows that con-
siderable stimulation of the incorporation

of phenylalanine into proteins of the pre-
incubated S-30 fraction takes place only

in the presence of total RNA or poly U. In

TABLE 2

The effect of various RNA preparations on the

incorporation of pheny!a!anine-’4C into proteins

in 8-30 E. coli system’�

Added
�moles phe-’4C
per mg protein

%
Incorporation

- 2.04 100
0.30 mg RNA 7.20 340

0.30 mg AzaG-RNA 9.48 458

0.07 mgsRNA 2.34 118

0.015 mg poly U 60.40 2900

a The results are expressed in j.u�imoles of in-

corporated phenylalanine per milligram extract
protein.

the presence of sRNA, on the otimer hand,
the incorporation is only slightly higher

than in the absence of added RNA. These

results confirm the role of mRNA as the
limiting component of the RNA prepara-

tions in time incorporation of amino acids
into proteins.

Various investigators have reported the
sedimentation coefficient of nmRNA to be

about 14 S; by linear sucrose gradient cen-
trifugation of total RNA, mRNA is posi-

tioned between the 4 S and 16 S fractions

(17). In time present experiments nmessenger

I
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FIG. 4. St imnulation of ‘C-ra!ine incorporat ion

into proteins by fractions isolated from RNA of

8-azaguanine-treatech Bacillus cercus obtained from

sucrose gradient analysis

Details are presented under Methods. #{149}-�,

0.D. at 260 mu; Q�Q, radioactivity (cpnu).
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activity was cimaracterized after linear

sucrose gradient uitracentrifugation of total

RNA of B. cerews. The individual fractions

obtained were tested for timeir ability to

stimulate incorporation of va!ine-’4C into
proteins in time preincubatedl S-30 systenm

from E. coli. Figure 3 is cimaracteristic of

the results nornmal!y obtained and shows

that time template activity of total RNA
from normal B. cereus cells is located!
partly in time 16 S component but mainly

between time 16 S and 4 S fractions, as was

expected! for mRNA.
The distribution of messenger activity of

RNA from 8-azaguanine-treated cells dif-

fered fronm that of control cells. As can be

seen in Fig. 4, tIme spectrunm of amino acid!-

incorporating activity of RNA from analog-

treated cells is mucim broader timan timat of
normal RNA. I\Iost of time tenuplate activity
was associated witim time peak at 16 S and
time area between time 16 S and 4 S fractions,

but activity was also recovered in fractions
of 23 S, or even higher. Time relative ultra-
violet absorption profile for RNA from
analog-treated cells at 16 S was greater

than that of 23 S, in contrast to nornmal

RNA, probably because of accummmulation of

large quantities of ribosomal RNA in the

16 S area.

DISCUSSION

Several possihilities imave 1)een considered
to explain time nmecimanism of inimibition of
protein synthesis by azaguanine ol)served in
B. cereus cells. Inhibition of amumino acid

incorporation by the anabolite azaguano-
sine triphospimate, by interference witim time

GTP requirenments during protein syntimesis,
has been ruled out (18). In time in vitro

nmodei systenm time incorporation of ammmino

acid!s not only continues ( 1 1 ) but per nmii!i-

granm of RNA is actually emuimammced l)y

treatnment of cells with time analog. Incor-
poration of time analog into sRNA ap-

parently does not lead to immimihition of
amino acid! incorporatiomm or immiseoding (9,

10). Tiuere is little or no immcorj)Oration of

time analog into nihosomumes (5, 6), an(l in-

stead! a part of time analog after brief expo-
sure to cells is recovered in RNA fractions

wimich sediimment on sucrose grallieluts in a

nmanner simmmilar to timat of mHNA an(! mumay

be rihosonmal precursor (6, 8). Timus it
is conceivable that sueim 8-azaguanine-
containing RNA nmay oimly serve as an

artificial mimessemmger in vitro for the incor-

poration of ammmino acids iimto polvpeptide
chains wimicim, imowever, woul(l lack time

proper biological functions in vim’o.
Kono et a!. (19) imave simown that the

immature ribosonmal part ides are fornme� I in
several intenmmmediate steps starting from a
set of free nibosomumal H NA’s with nearly

the saimme sedimeimtation coefficients as time
mature RNA. Timese “prenmature” rihosomal

RNA’s are accuimmulated imu time E. colt cells

in the presence of chloranmpimenicol, 5-fluomo-
umracii (19) or in time early phase of recovery

fronm mmmagnesiuimm starvation (20), (Iurilug
wimicim time syntimesis of new ribosomes is

blocked. In contrast to time immature riho-

somal RNA, these particles luossessed “immes-

senger” activity (21). possibly due to the

cimangedl secondary structure wimich was 01)-

served in time “prenmature” RNA’s (20, 22).
In previous work using imietimylated album-

mm coiunmns, time accumulation of an abnor-
mal RNA imeak containing 8-azaguaruine
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was described! (8) and has been confirmed
independently l)y Chantrenne (6). Since the

half-life of tlmis fraction was nmuch longer
timan is cimaracteristic for mmmRNA (6), and
since time analog prevents the formation of

mature rihosomal particles, it is likely timat

timis fraction contains a precursor of ribo-
sommmal RNA, sinmilar to time results obtained
und!er time conditions described previously

(19, 20). Timus, the observed enimancemmuent

of nmessenger activity of RNA from 8-aza-
guanine-treated cells may then be due to
the accuimmulation of premature ribosonmal

RNA containing time analog and exhibiting
nmessenger activity, as has been observed by

Otaka et al. (21) for chloramphenicol-
treated cells. Time possibility cannot be

ruled out, lmow’ever, that RNA from 8-
azaguanine-treated cells contains messenger

that is less degradable than in nornmal cells,
and consequently displays a higher average

sedimentation rate.
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