
MOLECULAR PHARMACOLOGY, 8, 111-127

‘7opyright © 1972 by Academic Prca, Inc.

Eflects of Aurintricarboxylic Acid on Ribosomes and the

Biosynthesis of Globin in Rabbit Reticulocytes

Mou-TUAN HUANG AND ARTHUR P. GROLLMAN’

Depathnents of Pharmacology, Medicine and the Division of Biology, Department of Molecular Biology,

Albert Einstein College of Medicine, Bronx, New York 10461

(Received October 15, 1971)

SUMMARY

The triphenylmethane dye, aurintricarboxylic acid (ATA), inhibits the synthesis of globin

in reticulocyte lysates. The principal effect of low concentrations of ATA (0.01-0.1 m�i)
is on initiation of protein synthesis. This conclusion is based on the following observations:

(a) a delay of 1-2 miii occurs before inhibition of globin synthesis by ATA is observed;

(b) complete breakdown of polyribosomes is induced by ATA; (c) peptide chains, previously

identified as completed a and � chains of globin, are completed and released from the ribo-

some in the presence of the dye; and (d) an increase in the number of ribosomal subunits
is observed in the presence of the dye.

ATA inhibits binding of polyuridylic and polycytidylic acids to reticulocyte ribosomes.

This observation is in accordance with the view that a primary action of the dye is the in-
hibition of attachment of niHXA to ribosomes. Translocation, peptide bond formation,

and rate of release of nascent globin peptides are unaffected by 0.1 m�i concentrations of

ATA. The activity of guanosine triphosphatase is inhibited, but on1y when the enzyme is

assayed as an isolated preparation. If ATA is incubated with guanosine triphosphatase in

the presence of all components require(l for amino aci(l polymerization, hydrolysis of (TP

is not affected.

High concentrations of ATA (1 m�iI) prevent chain elongation. 1nder these conditions,

breakdown of polyribosomes is incomplete and single ribosomes unfold, forming discrete
particles sedimenting at 54-56 S. Such unfolding can be prevented by increasing the con-
centration of magnesium ions. ATA also induces a decrease in the sedimentation rate of

polyribosomes, single ribosomes, and t.he smaller ribosomal subunit.

[3H]ATA binds to polyribosomes and SO S and 40 S particles, but not to the 60 S subunit.

Taken together, our results suggest that the dye binds to the 40 S ribosomal subunit,

venting the subsequent attachment of mItNA. As a consequence of this action, ATA in-

hibits initiation of globin synthesis in rcticulocyte lysates.

INTRODUCTION methane dye, aurint ricarboxylic acid, pre-

Previous communications from this labo- vents attachment of natural and synthetic

rttor\ (1, 2) h we �hoi� n th tt th( tripht ir� 1 the inhibition of attachment of inl�N A to riho-
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mRNA to Esc/ieric/iia co/i ribosomes and, as
a consequence, inhibits initiation of protein

synthesis. In the present paper, we show
that ATA2 has similar effects on the syn-
thesis of globin in extracts prepared from
ret iculocvt e ribosomes. Our results indicate

that elongation of nascent globin chains is
relatively unaffected by ATA at concentra-

tions of dye that inhibit initiation of new
peptides. Reticulocyte ribosomes and sub-

units treated with low concentrations of
ATA are unable to bind synthetic poly-
nucleotides and, at higher concentrations,

unfold reversibly to form discrete particles
with lower sedimentation coefficients. The

effects of ATA can be distinguished from
those of cycloheximide, sodium fluoride,

pactamycin, and other agents that are be-
lieved to inhibit initiation of protein syn-
thesis in animal cells.

EXPERIMENTAL PROCEDURE

Preparation of rabbit reticulocytes. Reticulo-
cytosis was induced in New Zealand rabbits
by a slight modification of the protocol

originally described by Borsook et al. (3).
Acetophenyihydrazide (15 mg/kg) was in-
jected subcutaneously on the first day, 10

mg/kg were injected on each of the next 3
days, and blood was obtained by cardiac
puncture on the sixth day. Under these
conditions, 95 % of the erythrocytes ob-
tained were present in the form of reticulo-
cytes. Plasma was separated from packed

reticulocytes by centrifugation at 1500 X g
for 15 mm at 40; the cells were suspended in

a solution composed of 0.13 M NaC1, 5 m�i
KC1, and 7.5 m�i MgC12, and washed twice
with the same solution.

Isolation of ribosornes. Crude ribosomes
were prepared from reticulocytes by a modi-
fication (4) of the procedures described by
Allen and Schweet (5) and by Grayzel,

Horchner, and London (6). Ribosomes were

further purified according to the method of
Felicetti and Lipmann (7) as follows. Crude
ribosomes (20 mg), suspended in 10 ml of a
buffer (0.25 M sucrose, 0.05 M Tris-HC1, pH

2 The abbreviations used are: ATA, aurintri-

carhoxylie acid; TF-1, aminoacyl transfer ribo-

nucleic acid-binding enzyme; TF-II, aminoacyl-
transferase II.

7.4, and 2 m�i MgCl2) were layered onto
10 ml of a solution composed of 1 M sucrose,

0.05 �sI Tris-HC1 (pH 7.4), and 2 mr�t MgCl2
and centrifuged at 7S,480 X g for 10 hr at

4#{176}in a Spinco No. 30 rotor. The ribosomal
pellets were resuspended in a buffer com-
posed of 0.25 M sucrose, 0.05 M Tris-HC1
(pH 7.4) 10 m�i MgC12, and 0.5 M NH4C1,

at a concentration of approximately 1 mg/
ml, stirred for 20 mm at 4#{176},and centrifuged

at 30,000 rpm for 3 hr. This process was
repeated twice, and the washed ribosomes

were finally resuspended in a buffer com-

posed of 0.25 �i sucrose, 0.05 �i Tris-HC1
(pH 7.4), and 2 m�i MgC12, at a concentra-

tion of approximately 10 mg/mi, and stored
in liquid nitrogen. Ribosomes prepared in
this manner are free from TF-I and TF-II

activity.
Partial purification of transfer factors.

Crude reticulocyt e lysat es were prepared
and a 40-70 % ammonium sulfate fraction
was obtained, as described by Allen and
Schweet (5). Partial resolution of TF-I and

TF’-II from this fraction was achieved by a

slight modification of the procedure de-
scribed by McKeehan and Hardesty (8).

Sucrose was added to the 40-70 % am-
monium sulfate fraction at a final concentra-

tion of 10 % (w/v). The suspension was

clarified by centrifugation at 12,000 X g for
10 mm, and 20 ml of the supernatant solu-
tion, containing 1 g of protein, were ap-

plied to a 15 X 5 cm column of Sephadex
4B. This column had previously been washed

for 24 hr with a buffer composed of 10 m�i
Tris-HC1 (pH 7.5), 6 m�i 2-mercaptoethanoi,
and 0.2 m�r EDTA. Enzymes were eluted

with the buffer used for washing the column,
at a flow rate of 40 mi/hr. Fractions eluted
between 560 and 680 ml of buffer contained

TF-I activity, and fractions containing pri-

marily TF-II activity were eluted between

830 and 940 ml. The eluate containing TF-I
activity was concentrated by ultrafiltration
to approximately 10 mg/mi of protein and

dialyzed twice for 18 hr against 2 liters of
0.02 M Tris-HC1, pH 7.5. This enzyme could

be frozen and stored at -40#{176}without loss

of activity. The eluate containing TF-II
activity was concentrated in a similar man-

ner, dialyzed for 18 hr against a buffer con-

taining 20 m�i Tris-HCI (pH 7.4), 0.2 m�i
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EDTA, and 4 m�r glutathione, and stored

at - 90#{176}in liquid nitrogen.
Measurement of globin biosynthesis by

reticulocyte lysates. Lysat es were prepared by

adding an equal volume of 1 m�r �\IgCi2 to a

packed suspension of reticulocytes and
shaking gently for 2 mm. Cell membranes
and debris were removed by centrifugation

for 10 mm at 10,000 rpm in a Sorvall SS-34
rotor; the crude lysate was divided into small

aliquots and stored in liquid nitrogen.

Biosynthesis of globin was measured, as
described by Maxwell and Rabinovitz (9),

by modification of the method originally
described by Zucker and Schulman (10) and
by Adamson, Herbert, and Godchaux (11).

The standard reaction mixture contained
10 m�i Tris-HC1 (pH 7.4), 75 m�sI KC1, 1 msL
ATP, 0.2 m�r GTP, 15 m�r creatine phos-

phate, 2 m�i magnesium chloride, 2 �i [‘4C]
leucine (315 Ci/mole), 6 mu 2-mercapto-
ethanol, a 0.1 m�i mixture of 19 amino acids
(4), 0.9 mg/mi of creatine phosphokinase,
60 jhu hemin, and 0.10-0.13 ml of iysate in a
final volume of 0.5 ml. Following incubation

at 33#{176},aliquots (50 ,.d) were removed from
the reaction mixture and added to 3 ml of

5 % trichioroacetic acid. The solution was
heated for 15 miii at 95#{176}and then chilled in

an ice bath. Precipitates were collected on
Millipore membrane filters and washed three
times with cold 5 % trichloracetic acid, and
the radioactivity was determined as de-
scribed below.

Density gradient centrifugation. Density
gradient centrifugation was performed ac-

cording to the procedure of Britten and
Roberts (12). Samples of 1 ml were layered
over 36 ml of 10-25 % (w/v) sucrose gradi-

ents prepared in “reticulocyte standard buf-

fer” (13), composed of 0.01 u Tris-HC1 (pH
7.4), 0.01 M KCI, and 1.5 mu MgCl2. All

gradients were centrifuged at 4#{176}for various

lengths of time at 25,000 rpm (average force,

80,900 X g) in a Spinco SW 27 swinging

bucket rotor, and the absorbance at 260 nm

w-as determined during collection of the

gradient by means of a flow cell (light path-

0.5 cm) attached to a Gilford spectrophotom-

eter. Fractions of 1.2 ml were collected from

the bottom of the tube for determination of

radioactivity.

Determination of radioactivity. \ I embrane
filters containing ‘4C were dried, and their
radioactivity was determined in a low-back-

ground counter (counting efficiency, 20 %)

or by liquid scintillation counting in a
toluene solution containing 0.5 % 2, 5-di-

phenyloxazole and 0.003 � 1 ,4-bis[2-(4-
methyl-5-phenyloxazolyl) ]benzene efficiency,

80%). Filters containing tritium were
treated with 0.6 ml of NH4OH for 15 miii

and dissolved in Bray’s solution (14) (effi-
ciency, 20 %). Aqueous samples containing

tritium were counted by adding 10 ml of

Bray’s solution (efficiencies, 10-60 %).

Preparation of aurintricarboxylic acid.

None of the published procedures for the
synthesis of ATA (15-19) includes a satis-

factory chemical characterization of the

reaction product. The experiments reported

in this paper were performed with a single

lot of aluminon, purchased from Aldrich

Chemical Company.3 This lot (No. 761145)

was equally active, on a weight basis, with

material used in this laboratory for earlier

studies (1, 2, 20). The average molecular

weight of aluminon is assumed to be 475.

{3H}ATA was prepared as described by

Welcher (18). Sodium nitrite, 0.4 g, was

dissolved in 4.4 ml of cold concentrated

sulfuric acid, and 1.2 g of salicylic acid were

slowly added, with vigorous stirring, over a

period of 10 mm. Then 10 ,�l (0.12 mg) of

[3H]formaldehyde (specific activity, 125 Ci/

mole) were added, in an ice-water bath, to

200 �l of the sulfuric acid-sodium nitrite

The sodium salt of aurintricarboxylic acid is

marketed under the name chrome violet (C.I.

43810), and the ammonium salt is known as
aluminon, a reagent used in analysis of aluminum
(18). Preparations of chrome violet and aluminon

obtained from Aldrich, Baker, Fisher Scientific,
Eastman Kodak, Sandoz, K & K Laboratories,

Geigy, and several other commerical sources
proved to be grossly impure and vary widely in

their ability to inhibit protein synthesis. Certain
samples had little inhibitory activity at concen-

trations as high as 100 �g/ml. The sample used for
the experiments reported in this paper inhibited

globin synthesis by 50% at a concentration of 3

,�g/ml. Preparations of aluminon have also been

reported to vary in their suitability as analytical
reagents for the detection of aluminum (19).
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Melting points for this compound have beeii

reported to he 238#{176}(22) and 247#{176}(19).

FI(;. I. Effect of various concentrations of A TA

Ofl sYnthesis of �jlobin

Synthesis of globin in reticulocyte lysates was

measured in the presence of the indicated concen-
tratioiis of ATA, using the standard reaction

mixture (0.5 ml) described under EXPERIMENT�L

PItO(’EI)t’RE. [‘4C] -Leucine incorporation represents

hot t richi or )a(ct ic acid-insoluble radioactivity

found in a 50-M1 aliquot.

solution. The I’e!t(tioIi mixture was Vigor-
ouslv nuxed for several minutes and allowed
to stand at 4#{176}overnight. The resulting red

I)r((iI)it ate was collected by centrifugat ion,
�vaslied thI�(( times with 0.5 u H(’l and
t \Viee \vit h wat er, and dried under vacuum
�s,T(q. P2( )5 . The fiuial yield WaS 25 mg of

crude ATA; sp(�(ifi( activity, 3.5 j�Ci/�mole.4

This material displayed numerous corn-

ponet it s when subjected to paper chroma-

I ography iii a solvent system composed of

ethyl acetate-pyridine-water (55:25:20),

identical with those found in the sample of

aluminon obtained from Aldrich Chemical
(‘oml)any. The synthetic sample of [3HJATA
inhibits globin synthesis by 50 % at a con-

(elitlatioll of �3 �g/ml.

To determine whether inhibition of plo-

tent sviithesis by aluminon could be due to

the presence of a contaminating product of

the synthetic procedure, Dr. A. F’ocella,

Chemical 1� esearch I)epart ment, Hoffman-
La Roche, Inc., prepared a chemically i�ure

sample of aurintricarboxyhc acid. The Iro-

Tritium is presumably incorporated into

several positions in the aromatic ring by this

procedure. Since the product is impure, l)inding

studies using [311j-ATA are reported as counts

Ier minute hound.

I �
IC 15 20

FIG. 2. Effect of A TA , (z(/(le(1 at various tunes on

synthesis of globin

ATA, at a final concentration of 0.1 IflM, was

added to the standard reaction mixture at three

different times, as indicated by the arrows.

Synthesis of globin was measured as �lesc ribed

under EXPERIMENTAL I’ROCEDURE. t’�CI-Leucine
incorporation represents hot t richloracet ic acid-

insoluble radioactivity found in a 50-j.�1 aliquot

cedure differs from those reported (19) in

that the intermediate, met hylenedisalicylat e,

was purified prior to the condensation reac-

tioti.

Dirnethvl 5 ,5-met hvlenedisalicylate (com-

pound I) (21) \VItS sapomfied with 10 %
sodium hydroxide at 90#{176}for :30 mm and
acidified. The resulting amorphous pre(ipi-

tate was dissolved in ether and precipitated
again with petroleum ether. The product,

methvlenedisalirvlic acid, melted at 265-

267#{176}.�Infrared, ultraviolet, and XM1( spec-
tra were compatible with the proposed

structure, analysis for carbon and hydrogen
agreed with ±0.4 % of the theoretical values,
and two carboxyl groups could be titrated

with sodium hydroxide.
\ let hylenedisalievlic a(id was condensed

with salicylic acid in the presence of a mix-
ture of sodium nitrite and concentrated

sulfuric acid, according to the piocedure of

Smith et al. (19). The reaction product was

dissolved in the minimum volume of acetone,
filtered free of insoluble material, and diluted

with 3 volumes of benzene. The precipitate
formed was removed by filtration, and the

filtrate was evaporated under reduced pres-
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sure to 50 % of its original volume. The re-

sulting brick-red, amorphous solid wa�

vacuum-dried at 56#{176}for 4 hr to yield pure

aurintricarboxylic acid (II). This product

exhibited a single component (RF 0.57), as

detected by thin-layer chromatography on

silica gel using dimet hylformamide-met ha-

noi-acetic acid (10:8:3) a� a solvent system.

Analysis for carbon and hydrogen agreed

within ±0.4 % of the theoretical values.
Ultraviolet spectra of this material in 2-

propanol displayed peaks at 2:32 (#{128}
32,500), 280 (#{128}= 10,800), 303 (#{128}= 13,250),
428 (#{128}= 2,500), and 550 nm (#{128}= 6,100).

The NMR spectrum was compatible with
the structure assigned. Gradual decomposi-
tion of compound II was noted even after

storage in the dark under vacuum.

Further identification of compound II was

obtained by catalytic reduction to tris(3-

carboxy-4-hydroxyphenyl) methane (III). A

solution of compound II, prepared in 50%
ethanol, was subjected to catalytic hydro-

genation on carbon in the presence of 10 %

palladium at 1000 psi at room temperature.

The catalyst was filtered, the colorless flit tate
was evaporated, and the residue ��as crystal-

lized from a(etic acid (m.p. 298#{176}).A single

component (R1 0.9) Was detected by thin-
layer chromatography on silica gel usitig a
solvent system composed of ether-acetic

acid-methanol (120:60:18:1). Infrared, ul-

traviolet, and XMR spectra were compatible
wit Ii the assigned struct tire.

Compounds II and III inhibited globin

synthesis by 50% at coiicent rations of 15

and 40 �g/ml, respectively, when assayed in

the standard reaction mixture dese ri bed

above. Compound I had no inhibitory ac-
tivity when tested at a (Onceiit rat ion of

100 ,�g/nsl.

.llaterials. Fusidic aci(l was obtained

through the courtesy of 1)r. \V. 0. Godfred-

sen of Leo Pharmaceutical Products and

pactamycin was a gift from i)r. I. H. Gold-

berg. Anisomyrin was obtained from Pfizer
Laboratories; cycloheximide, from Nut ri-
tional Biochemicals Corporation; creatine

phosphate and c reatine phosphokinase, from
Boehringer/Manneheim Corporation; and
[3H]polyuridylic a(id (78.1 Ci/mole of phos-
phorus), [3H}polycytidylic acid (67.3 Ci/

mole of phosphorus), polyuridyhc acid, and

polycytidylic acid, from Miles Laboratories,

Inc. {‘4C]Leucine (:3 15 Ci/mole), {‘4C]L-

phenylalanine (194 Ci/moie), [‘4C]i�-phienyi-

T.\.IILE 1

Effects of A TA , cyclohexiinide, pactamycin , and sodium fluoride on binding of

synthetic polyn ucleotides to ribosoines

Each reaction mixture contained MgC12, 0.008 si; KC1, 0.06 si; Tris-IIC1, pH 7.5, 0.025 si; ammoniuin

chloride-washed ribosomes, 33 �g; and [�H]poly U, 0.5 �g (36,070 cpm), or [‘Hipoty C, 1.7 �g (155,424

cpm), in a volume of 0.25 ml. Inhibitors were added to the reaction mixture after the ribosomes and

before the addition of [�H]poly U or [�Hlpoly C. Samples were incubated at 36#{176}for 10 miii, filtered

through a Millipore membrane filter, and washed seven times with a buffer containing the sante ionic

composition as that used in the reaction mixture. Filters used iii this experiment were first treated by

immersion in 0.5 M NaOIl at 23#{176}for 30 miii, then rinsed with distilled water, and stored in 0.1 M Tris-

HCI, pH 7.4. Filters thus treated retails ribosomes, but not �)o1y U (23) or poly C. In the absence of

ribosomes, 543 or 349 cpm of poly U and poly C, respectively, were bound to the filter.

Inhibitor l3HlPolv U . . . [3HJPolv C
Inhibitor added - Inhibition - Inhibition

concentration bound bound

None

ATA

Cycloheximide

Pactamycin

Sodium fluoride

.1! cp�n

12,479

1 X 10� 1,130
1 X 10� 1,574

1 X 106 10,171

3 x 10-v 11,362

1 x 10� 13,515

1 X 10� 11,391

1 X 10-2 12,667

cpm

23,556

91 5,573
87 14,246

19 22,227

9 23,045

0 20,655

#{182}1)
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alanyl-tRXA (1.91. /2Ci/mg), and [“CJL-

leucyl-tRNA (0.355 /2Ci/mg) were products

of New England Nuclear Corporation. The
sources of acet ophenylhydrazide, nucleo-

tides, salts, buffers, scintillators, and other

reagents used in these experiments were

described previously (4).

RESULTS

Effects of A TA on rate of synthesis of globin..

As shown iii Fig. 1, ATA inhibits the syn-

thesis of globiti in crude reticulocyte lysates.

At 1 mM ATA, ilihibitioli occurs without

delay; at 0.1 Ifl\E and lower concentrations of

dlye, there is a ithttivt� lag before the in-
hibitory effect is observed. As shown iii

Fig. 2, this delay doeS not depend on the time

25 50 75
AlA CONCENTRATION (Mx 06)

Fi �;. 3. EfJect of A TA on synthesis of

P0l!IP/1(�� Ilalun Ut C

The reaction mixt uire (0.125 ml) contained 0.025

�u Tris-liCi (pH 7.4), 0.06 \I KCI, 0.008 iu MgCl�

0.016 �u ditliiot lureitol, 0.008 M GTP, 200 �g/ml of

polv IT, 224 Mg/nil of E. (oh f14C1_phenylalanyl_

tIINA (4312 cpni), 1(X) �g (If washed ribosomes,

20 �g of TF-I, and 20 j�g of TF-I1. The final corn-

poncnts added to the reaction were rihosomes,

polv IT, and i4C]�phenylalanyl�tRNA, in that

or(ler. ATA was added before poly U (0- - -0)
or after the addition (If [‘�CJ -phenvialanvi -t RNA

(S- -S). Reaction mixtures were incubated for

10 miii at 37#{176},and reactions were stopped by the

addition of 5! richloracetic acid. hot acid-

insoluble radioactivity was determined as de-
scril)ed under EXPERIMENTAL PROCEDURE for

measuring the synthesis of globin. In the unin-

hibited control, 2442 cpm were incorporated.

of addition of the inhibitor. The following

experiments were designed to diet ermine

which of the established in(lividual steps in

globin synthesis are specifically affected by

ATA.
Effects of A TA on binding of synthetic

/)olynucleot.ides to ribosomes. ATA pievent s

attachment of polyuridylic acid and poly-

cytidylic acid to washed reticulo(yte ribo-
somes, a� d(t ermi ned by measuring ret cut ion

of the po1yiitit leot ide-ribosome complex on

membrane filters (Table 1). Inhibition of

l)olynucleotide atta(hment by ATA is in-
versely proportional to the number of ribo-
somes iii the react ion at ATA to ribosome

TAI6LE 2

Effect of A TA �n translocatio,( (lint pcptiile bone!

forma lion

The first incubation mixture (0.25 ml), con-

taining 0.06 T%t Tris-IIC1 (p11 7.4), 0.07 si K(’l.

0.004 �i MgCI2, 0.01 a dithiothreitol, 0.2 mr�i (TP,

an(l 500 �g of ammoniuns chloride-washed ribo-

somes, was incubated at 37#{176}for 15 mm, after which

the reaction was stoj)ped by chilling at 0#{176}.[“C]

Leucyl-t HNA, 15 �g (9000 (pm); TF-I, 40 SAg;
NaF, 8 Mmoles, and the iuidicated antibiotic were

added. Sufficient Tris, KCI, MgCl2, GTP, and

dithiothreitol were also added to maintain their

original concentration in the reaction mixture,

the final volume being 0.5 ml. This secon(l reac-

(iou mixt ure was incubated at 37#{176}for 20 miii, and

incorporation of [i4Clleia.iiie into hot t richior-

ace t ic acid-i ns IIuble pe pt ide was measured as

descril)e(I under EXPERIMENT.� L PROCEDURE.

TF-I1 (40 pg) was added before the first or second

incubation as indicated below.

None 940 942

ATA 0.1 1669 0 1379 0

Cvcloheximide 1.0 1062 0 513 45

AfliSomycifl 0.1 110 88 73 92

TF-hI was added before the first incubation.

TF-II was added before the second incuba-

tiouu.



Components present Inhibitor added

Hibosomes and TF-II

80

53

79

41

25
4

37

34

11

44

None

ATA

Fusidic acid

13,163

11,75:3

7,382
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TABLE 3

Effect of ATA on (utit’il!/ of GTPu.s’e

All reaction mixtures contained, in a final volume of 0.125 ml, 0.05 �i Tris-l1(’l (p!1 7.4), 0.08 �i KCI,

8 m�s MgCl,, 8 ms� dithiothreitol, and 4 MM [32p](rfp (168 Ci/niole). llibosomes, 2(X) �g; TF-h, 50 �g;

TF-II, 7O,�g; polyuridylic acid, 25j�g; and phenylalanyl-tRNA, 3Oj�g, were present as indicated below.

Reaction mixtures were incubated at 37#{176},and reactions were terminated by addition (If 2.5 ml of 0.02 M

silicotungstic acid dissolved in 0.02 si H2S04. [32P]Phosphate, liberated by hydrolysis during the first

10 mm of incubation, was determined as the phosphoniolybdate complex following extraction into 2.5

ml of a 1: 1 mixture of isobutyl alcohol-benzene (w/v). An aliquot of the organic l)hase was evaporated

to dryness, and the radioactivity was determined. ATA and fusidic acid were l)resent at final concen-

trations of 0.1 and 1 ns�, respectively.

:01)] Phosph�tte
Inhibitionreleased

cpnz

Hibosomes None

ATA
Fusidic acid

781

159
367

TF-II None

ATA
Fusidic acid

3,302

718
1954

Hibosomes, TF-I, poly U, and phenyl-

alanyl-t RNA#{176}

Ribosomes, TF-I, TF-II, poly U, and

phenylalanyl-t RNAh

None

ATA
Fusidic acid

None
ATA
Fusidic acid

a Components required for binding of aminoacyl-t IINA.

Components re(luired for amino acid polymerizat ion.

3,665

2,733

:3,500

4,805
3,026
3, 177

molar ratios of less than 220.6 Cycloheximide,
sodium fluoride, and pactamycm, agents

that also inhibit initiation of protein syn-

thesis, had no effect on binding of poiy-

uridvlic acid to ribosomes in this assay.
Effects of ATA on synthesis of polyphenyl-

alan. me and on binding of p/teii ylalanyl-tR�\A

to ribosomes. Polyphenylalanine synthesis

on washed reticulocyte ribosomes was mea�-

ured using polyuridyiic acid as mRNA (Fig.

3). The effect. of ATA on polyphen�’lalatiint’

6 Calculations of the molar ratio of ATA to

ribosomes are based on approximate molecular

weights of 475 and 4 X 106, assigned to ATA and

reticulocyte ribosomes, respectively. A 1 mg/nil
suspension of ribosomes is-as assumed to have an

optical density of 11.2 at 260 nun (24).

synthesis is most pronounced when the dye

is added prior to the addition of poly U. If

the ternary (omplex of j)lIe!Iylalanyl-tH NA,

1)ol�’ U, and ribosomes is allowed to form
before adding ATA, the effect ott the reac-

tion is less; however, significant inhibition

still occurs.

The effect. of ATA on the TF-I-catalyzed

binding of phenylalanyl-t RNA to ribosomes

was similar to that on polyphienylalanine

synthesis. Binding was measured as de-
scribed by Felicetti arid Lipmann (7), arid
the product was shown to contain less titan

1 % diphenylalanine and t ri phersylalani tie.

ATA inhibits enzymatic binding of phenvl-
alanvl-tRNA to ribosomes by 50 % at a

concentration of 10 j�t if the dye is adde(1 to



0�

U

1600
>

U
4
0

4

FRACTION NUMBER

118 HUANG AN!) GROLLMAN

the reaction mixture before the addition of

polyuridylic acid.

Effects of A TA on translocation, and pep-
tide bond formation. Elongation of peptide

chains occurs after formation of the initia-
tion complex. Two of the enzymatic reac-

tions required for chain elongation involve

translocation of peptidyl-tRNA and forma-

tion of the peptide bond. The method of
\IcKeehan and Hardesty (25) was Usedi to

dietermine the effect of inhibitors on these
reactions. In this assay, translocation of

nascent globin peptide is allowed to take

place during the first incubation in the pres-
ence of TF-II. Labeled aminoacyl-t1�NA,
TF-I, and sodium fluoride are then added,

and l)eptide bond formation is permitted to
occur (luring a second incubation. By adding
the inhibitor before or after translocation,
the assay can distinguish inhibitors of trans-

location and peptide bond formation. The
data shown in Table 2 indicate that ATA

has no inhibitory effect on either process
when tested! at concentrations as high as

0.1 mit. (‘vcloheximide, test cdl under con-
ditions t hat inhibit t ranislo(at.ion (25, 26),

and aniisom\’cin, an inhibitor of �)eptidc
bond formationi (27, 2M), served a� controls

in this experiment.

Effects of A TA on act u’itij of qua nosine

triphosphatose. Tue effect of ATA on hy-

drolysis of (TP was assayed under various

conditions, a� (le�(ribed by l’elicetti andi

Lipmann (7). GTP hydholysis, associated
with TF-II, is inhibited significantly by the

dlye; however, the degree of inhibition is

alteredi by the presence of additional �om-

ponents (Table 3). Inhibition of GTPa.se is

greatest when the enzymatic activity is die-

ternIinedl on the ribosonie or TF-II alone; it

is least when assayed in the pneseru( of all
component s required for protein synthesis.

The concentration of free ATA in those

experiments containing ribosome is cahu-

lated, from data shown in Fig. 10. to be

redluced by 40 Yc.

The assay used for these experiment s

measures the activity of all enzymes that

I
Fw. 4. Effect of ATA on rebease of nascent peptides fiom polyiibosomes

Iwo reaction mixtures, prepared as described for measuring the synthesis of giobin, were incubated

for 1 mm at 33#{176};ATA was added to one of these at a final concentration of 0.1 mn, and both were in-

cubated 3 miii longer. Reactions were terminated by chilling and diluting the mixtures to 1.0 ml with
reticulocvte standard buffer, after which they were layered onto sucrose density gradients. Gradients

were (Cult rifuged for 2.5 hr, and fractions were collected as described under EXPERIMENTAL PLWCEDURE.

Trichloracetic acid was added to each fraction at a final concentration of 5Yc arid heated at 90#{176}for 15

miii, and the radioactivity was determined as described under EXPERIMENT.�L PROCEDURE.
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hydrolyze GTP, including those that are

specific for GTP. Nevertheless, fusidic acid,

a eompoundi that inhibits the specific GTPase

associated with TF-II (7, 29), prevents

hydrolysis of GTP under the conditions of

this experiment.

Effects of A TA on chain completion and

release of ii asce nt pe/)t ides from. ribosomes.

6

4

2

05 10 � 20

TIME (mm)

Fi�. 5. Effect of ATA on the completion and

release of nascent pcptides from labeled ribosomes

Reaction mixtures, prepared as described for

measuring the syntheis of globin, were incubated

for 1 mm at 33#{176},and the reactions were terminated

by chilling and adding 20 Mmoles of [‘2C]-leucine.

ATA or cycloheximide was added at a final con-

centration of 0.1 (Jr 0.5 rn�n, respectively, arid

sufficient amounts of the other reactants were

added to maintain their original concentratioii in

the diluted solution. These reaction mixtures were

incubated further at 33#{176}and terminated at the

times indicated by diluting them to 10 ml with a

cold solution composed of 7.5 m�u MgC1, , 0.13 ii

NaCl, and 5 mM KC1. The diluted reaction was
centrifuged for 3 hr at 30,000 rpm (average force,

78,480 X q) in a Spinco No. 30 rotor. Hot trichlor-
acetic acid-insoluble material in the resulting

supernatant solution is indicated as radioactivity

“released from ribosome,” and that remaining in
the ribosomal pellet, as radioactivity “retained on

ribosome.’’ S - - S, uninhibited control;

0- - -0, ATA; �-‘-‘�, cvcloheximide.

ATA effe(ts (Oflij)lete dissociation of l)oly-

ribosonies , i’elettsi rig radioact iv( � pept ides

from the ribosonm in less than 3 mm, when

tested at a concentration of 0.1 mit (Fig. 4).

During this time, ther(’ is an increase in the

nuniber of polyribosonies i n t he uninhibited
control reaction (2). Peptides released from
the ribosome in the presence of ATA have

previously beeni identified as completed

chains of globin (2).

The over-all rate of (haiti complet ion and

release of nascent peptides from previously

labeled reticulocyte ribosomes was deter-

mined by experiments in which ribosomes

cont anung nascent globin chains were labeled

for 1 miii by addition of [t4Clleucine. Further

imtiation was prevented by adding ATA

and! an excess of unlabeled amino acids. The

effects of ATA on release of completed

globin chains from the ribosome were incas-

ured (Fig. SA), and the residual peptide
bound to the ribosome was simultaneously

dietermined (Fig. SB). The rate of peptidie

release u-as essentially the same in the ATA-

treated sample as in the untreated control.

C ycloheximide, which inhibit s chain elonga-

tion and peptide release at the concentration
used in this experiment, served as a control.

The slight decrease in peptide bound to the

ribosomes observed in t lie presence of (yclo-

heximide is not consideretl to be significant

Effects of A TA on polyribosomes, ribcsoine.s

and ribosomal subun its. Incubation of reticu-

loeyte lysates in the presence of low con-

dent rations of ATA results in the dissociation

of polyribosomes into single ribosomes and

ribosomal subunits (Fig. 613 and C). 1)uring

the same period of time, polyribosomes re-

main intact in the uninhibited control re-

action (Fig. GA). At ATA concentrations of

0.3 mit or higher, dissociation of l)ol�’ribo-

somes is incomplete (Fig. GD-F). Under

these conditions, there is a decrease in the

number of single ribosomes, a concomitant

increase in particles sedimenting in the 54-

56 S region of the gradient, and a small but

significant decrease in the rate of sediment a-

tion of single ribosomes and polyribosornes.

The effects of ATA on ribosomal subunits

can be seen more clearly when centrifugation

of the sucrose gradients is continued for
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longer periods of time (Fig. 7). At concen-

trations of dye that induce complete dis-

sociation of polyribosomes, the number of
larger and smaller subunits increases by 2-3-
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fold (Fig. 7C). Single ribosomes and the

smaller subunit sediment. more slowly as the

concentration of ATA is increased (Fig. 7B
and C); the monosomes appear to unfold

Fic. 6. Effect of A TA on polyribosomes in retieiibocyte lysates

Reaction mixtures (0.24 ml), containing ATA at the fiuial concentrations indicated in the figure, were

prepared as described for measuring the synthesis of glohin. These solutions were incubated for 4 mm
at 37#{176},the reactions were terminated by chilling and diluting to 1.0 ml with reticulocyte standard buf-

fer, and the solutions were layered onto sucrose density gradients. Gradients were centrifuged for 2.5

hr as described under EXPERIMENTAL PROCEDURE. The dashed lines (B-F) represent the optical density

pattern of the uninhibited control, taken from panel A. Sedimentation coefficients of 80, 120, 150, 182,
and 204 S for monosomes, disomes, trisomes, tetrasomes, and pentasomes, respectively, were adopted

from values given by Hoerz and McCarty (30). A linear relation exists between these assignments and

the position of the ribosomes in the sucrose gradient. This relationship was used to estimate the sedi-

mentation coefficients observed in the presence of ATA.
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Fin. 7. Effect of A TA on ribosomes an (1 ri bosoinal sib an its in relic a loci�1e l!/sa tes

This experiment was performed as described iii the legend to Fig. 6, except that the sucrose density

gradients were centrifuged for 7.8 hr. The (lashed hues (B-F) represents the optical (lensity I)att(rn ob-

served in the uninhibited control (panel A). Sedimentation coefficients of 80, (�J, amid 40 S were arbi-

trarily assigned to the monosome amid its subunits. Approximate sediment ation coefficients of ATA-

treated particles were derived by interpolation, as described in the legend to Fig. 6.

Fro. 8. Effect of ATA on polyribosoines at various concentrations of magnesium chloride

The standard reaction mixture (0.24 nil) for the synthesis of globin was prepared R5 described under

EXPERIMENTAL PROCEDURE. The final concentration of magnesium ions in each solution was adjusted to

that indicated in the figure. In the experiments shown in panels A-E, ATA was present in the reaction

mixture at a final concentration of 2 mM. Solutions were incubated for 4 mm at 37#{176},chilled, diluted to
1 ml with reticulocyte standard buffer, and subjected to density gradient cent rifugation for 2.5 hr. The

dashed hues (A-E) represent the optical density pattern observed in the uninhibited control (panel F).
Approximate sedimentation coefficients were assigned as described in the legend to Fig. 6.

121
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(Fig. 71)-I’) as the conCentrations of ATA
anid! MgCl2 approach 2 n-tM.

HXA was extracted from particles sedii-

meriting in the 34-36 S region of thie gradi-
cut by the adldit.ion of sodium diodecvl sul-
fate and El)TA, and then was analyzed by

density gradient cent.rifugation. From the

proportion of iS S RNA present, it. was

calculated that 65 Y of thie.se particles (OD-

sist of unfolded SO S ribosomes, the ic-

maiiider being 60 S subunits.

E
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4

Unfolding of SO S ribosomes could not be
duplicated by adding EDTA or pyrophos-

phmtte to the reaction mixture and to the
sucrose gradienit. At concentrations of 2 mit,
thiese chelating agents merely served to dis-

Sociat e polyribosomes hit o subunits. The

ATA-induced conversioni of monosomes to

54-56 S l)articl(� could be prevented by

in(reasing the (oncent ration of magnesium

loins in the reaction prior to thie addition of
the dye (Fig. 5). The decreased sediment-a-
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Fin. 9. Binding of (‘lT]A T.4 to polyribosomes and ribosomal subunits

(�l 1] ATA (25,3.X) cpnn), at a finial concenitrat ion of 0.1 m�, was added to t lie st andard react-iou nuixt uire

described un(ler EXPERrMENT.iL PROCEDURE. The final volume was 0.24 ml. Mixt mires for the reactions

shown in panels A and B were (hilled immediately, while those for panels C 101(1 1) w�e incubated at

35#{176}for 4 mm. All four samples were diluted to 1.0 ml by a(1(hit ion of ret iculocyte standard buffer, then

subjected to sucrose density gradient cenitrifugationn. ( ;I�Rh(I1t5 shown inn panels A and C were centri-
fuged for 2.5 hr, amid those showni in panels B and I), for 7.8 hr. Fractions (1.4 ml) were collected directly

into scintillation vials, arid the radioactivity was determinned as described tinder EXPERIMENTAL PRO-

CE!) IRE.
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Fun. 10. Rim/lay of [‘JJ(A TA I’) ribosomes

The reactionn mixtuin( (0.125 nil) comutained 25

mit Tris-llCl (1)11 7.5), 8 mit Mg(l� ,60 mit KC1,
varied (1 )nncennIrat i ins f washed ril)osornes, mind

80 ��\i (‘II)-AT:� (11.093 cpm). Following inicinba-

ion for 20 ruin at 00. nibosonues were collected on

Milhipore filters, using minimal vacuum, ani(l

rapidly washed seveni t i rues wit Ii 3 ml of buffer

composed of 25 ruin Tris-II(’l (1)11 7.5), 8 mM

MgCl . and 60 mm KCI . The radioactivity re-

aine(l oil the flit ers was (let erminned is (les(ribed

under ExnEumnmnENr�n PII0(En)InuE.

tioni of polysomes and stnhuniits \‘is riot

prevented by the highest (oni(enitratiori of
magnesium loris tested.7

Bindinq of [111jA li to ,‘thosonies and Sub-

units. If [1H ATA is added to a crude

reticulocyte lysate at 00, the dye hinds to

polysornes, n-tolloson-ti( s, arid! 40 S subunits
(Fig. 9A and B). If tlic lysate is inu(ubated

for 4 mm tit 3s#{176},polyribosomes dissociate

and [3HJATA associates with SO S nmnniomers
amid 40 5 subunits (Fig. 9C and 1)). In it

parallel experiment, the lysate used for the

studies shouvni in Fig. 9C arid D was centri-

fuged for 9.0 hr to separate [3HIATA bound

to the 40 S subunit from [3HIATA remaining

at the top of the gradient (n-tot shown). The

The purified preparation of ATA (compound

II) did not cause unfolding of single ribosomes at

a concentration of 1 mit.

specific activity of the [3HJATA-40 S par-

ticle was approximately twice that ealcu-

latedi for the {3H]ATA-SO S complex.

Binding of {3HJATA to ribosomes was also

determined by measurinig ret ciii ion of the
complex on \ [illipore membrane filters.

Wheni the molar ratio of dye to ribosome is

high, binding is proportional to the con-

cent rat ion of ribosomes (Fig. 10). Sat urat.ion

with ATA begins to 0(1W at a toncent nation

of ribosomes (l.S niig,/ml) at which the

molar ratio of dye to ribosonies is approxi-

matelv (ISO.

TI membrane filter techni(111( � used

to exaniinie thi( (ff((ts of V�iri0tIS l)an�nn1l(t(�rs

Ott the binding reartioni. Binidlinig of ATA to
ribosonies is (omplete mi less than 20 sec

audI shows no (lepen(lennce oil ternperat tire

bet.w’eeni 0#{176}and 35#{176}.Magnesium, cal(ium,

and manganese (not sh )WI i) are optimally
effective in stiniulatinig the biniding of ATA

at a (oncent nat ion of 6 nun, while mono-

Valent (IttiOliS tiI( required at (Oni(enltrittionis

greater than 0.1 mm (h”ig. 11). Spermine and

sperniidmne (not shown in figure), at eon-
eeuit.iat ions of 6 mm, were (qtiitll\’ eff((tive

in promoting tli( binidinig of ATA to the

ribosome.

z
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Fin. ii. Effect of various cations on binding of

[3H]-A TA to ribosoines
Binding of )311)-ATA was determined as de-

scribed in the legend to Fig. 10, except that, the

(livalenit and nuoniovalenit cat ions inidicated iii the

figure were stnbst itute(l for magnesium chloride in

the reaction mixt tire amid in the butler tiseni for

washing the ribosonies. �- -�, CaCl2 ; 0 ---0,

MgCl2; #{174}- -#{174}, NaC1; A A. NlI4Cl;

D- -El, KCI.
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Effect of concentration of poly I on bindinq of

[3H)ATA to rihosomes

Binding of [811]ATA to amnmonitnm chloride-

washed ribosomes was determined as described

iii the legend to Fig. 10. All reaction mixtures

contaimie(l 200 jsg of washed rihosomes. )�H1ATA

was added in experiments A, B, anud C at final

concentrations of 80 �mm (11,097 (pm), 20 �mt

(2,774 cpm), amid 10 /hM (1,387 cpm), respectively.

[3HJATA bound
Polv U

A B C

m,#{231}ml cpnn c/nil cpm

0 3583 1256 675
0.2 1179 594

0.4 3575 1086 593
0.8 3352 1158 563

1.2 3124 1079 590

No significant (liffererice in the amount of

ATA bound! to ribosomes was detected over

a pH range of 6-9. Binding cannot- be over-

conic by adding 1.2 nig/ml of polyuridyhc
acid to the reaction mixture if the conceit-

tration of ATA is 10 jut (Table 4). At SO jun
couicent rations of ATA, addition of the same

amount of polyuridylic acid displaces i3 �

of the bound ATA.

DISCUSSION

LjJect of A TA on, initiation of /)1otein.

syntli esis. We have j)reviously shown that

ATA affects chain initiation in extracts of E.

co/i, musing bacteriophage f2 HNA as a

source of niH NA (1, 2, 20). In related
studies, Webster and Zinder (31) reached
similar (onclusions. On the basis of results

report ed in the present paper and previously
(2), it seems probable that t-he dye exerts
similar effects on protein synthesis in ret icu-

hocyte lysates. Evidence supporting this view
includes the following observations. (a) Fol-

lowing addition of ATA to a lysate, a delay

of 1--2 miii occurs before inhibition of globin
synthesis is observed. (b) During this period
of tmnn(, I)eI)tide chains, previously identified

as completed a and $ chains of globin (2), are
completed and released! from the ribosome.

(() ATA induces SN luenit ial breakdown of

polvriboson-nes, beginning wit hi the larger

eonil)lexes (2). (d) A 2-3-fold increase inn the

number of ribosomal subunits is observed in

the presence of the dye. Additional evidence
is (lerived from the recent report of Lodish
et al (32) , in which AT;� was shown to in-

hibit in(orporat 1011 of formylmet-hionine into

globin from yeast formylmethionyl-
tllNA�n(t. In these (xperiments, formyl-
unethioniuie residues are introduced at- the

itn.nino terminal of a auid fi chains (33) but
iLl( not subse �uenit ly reflioved!

Initiation of protein syuithiesis (omprises

initial binding of mHNA to the smaller

ribosomal subunit, subsequent addition of

the larger subunit, and binding of aminoacyl-

tRNA to form the ternary complex (34). The
effect of ATA on the reactions involved in

initiation was examined using synthetic
polynucleotides as a source of rnRNA.
Binding of poly U and poly C to the ribosome

was strongly inhibited by the dye. As ex-

pected, poly U-direct cdl enzymatic biuidiuig

of phenylalanyl-tRNA and synthesis of poly-
phenylalanine were also affected; however,

inhibit ion of pol�’pheuiYlalauiiui(1 svnit hesis

ivas dlmrninished if ATA was added after

pol�’urmdylic acid had been allowed to bind to
the ribosome. This inhibitory effect of ATA
on attachment of synthetic mRXA to ribo-
somes is supported by recenit reports that
the dye prevents binding of 40 S ribosomal
subunits to “natural” globin mRNA (35, 36).

Effects of ATA on eliatti eionqatwn. The
individual react ions involved in (ham clout-

gation, i.e., binding of aminoacyl-tRNA,

pept idle bond format ioni and t ranslocat ion,

and the rate of (ompl(tion and release of
globin peptide (hams tb not appear to be
affected by low (on(entrations of ATA. In-
hibitory effects of the dye were detected on
GTPase act ivit V associated with ribosomes

and “iT-Il. Under the (on(Imtions used in our

experiments, it cannot. be determined

mi-hetlier this inhibition represents effects on
spe(ific GTPase(s) mnivolved in protein

syrithiesis. In any event, GTPase is protected

from the effect-s of ATA, since inhibit-ion of

enzymatic activity by the dye was greatly

decreased! in the prt�sni� of other corn-

Portents required fon arni no acid polymeriza-
tion. Furthermore, any significant inhibition

of specific GTP hydrolysis in crude ret iculo-

cvte lysates by ATA would have diminished
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the over-all rate of thamit elongation. High

concent-rat torts of ATA partially inhibit chat n

elongation, but only at (oncentrations of the
dlye that- induce eonforn’tational changes in

the ribosome.
Confoini at ionai c/u aiu,es in- ci bosoines ‘in -

duced by A TA. In reticulocvte lvsatcs,

selective effect-s of ATA on initiation of

protein synthesis are obtained if the ATA

to ribosome molar ratio is 330 or less (ribo-

somes, 1.2 mg/ml; ATA, 0.1 nun or less).

Under these condit ions, polyribosomes dis-

sociate to SO S monomers, and 40 S and 60 S

subunits accumulate. At higher concentra-

tionis of dye (e.g., 1 nun), dissociation of

pol�’ribosonie.s is mnconiplet e, suggest iuig t hat
ATA, or a ui-tim-ton constituent of the (rude
dye, affects (haiti elouigatioui. At these h-tighter

con(ent rat ions, t hie seth merit at ion coefficient

of all classes of ribosomes decreases, the ef-

fe(t on monosomes being l)ttrt icularly

marked. The latter partially unfold at ATA

to ribosome molar ratios greater than 330,

becoming discrete particles sedimnenit ing at

54-56 S (35). The 40 S subunit d!isphays

similar behiavior, sedimenting progressively

slower as the concentration of dye is mi-
creased and, in turui, becoming a discrete

parti(l(� wit Ii a sediment at ion doeffncicutt of
33 S. Reversibility of the unfoldiuig effect d)�

single ribosomes argues against the mnt(r-

pnet at ion that t lie lower sediment at jolt co-
efficieuitreflects loss of ribosomal plotcmnt or

RNA. In the case of the 40 S subunit, this

possibility cannot be excluded, Sltl(C the

lower sedimentation coefficient is not uc-
versed by increasing the (one( nit rat ion of

magnesium ions.

ATA is a weak chielaton of dlivalent metals

(37), but its effects on reticulocyte ribosomes

do not resemble those observed with other
chelating agents Additionu of EI)TA dlisu-

sociates polvribosomes into ribosomah sub-

uniits, 9 S RNA (mRNA), 5 S RNA, and

tHNA (3M). Pvrophosphate, Itt con(euttra-
tionis suffi(ienit to chelate all I lie available

magnesium jut the solutiout, dissociates nbc-

somes mnito sttbuitits (39). The effects of ATA

on ribosonies are (leanly different from those

of E1)TA. and pyrophiosphat e. Furthermore,

the (ouicenttrationns of dye required! for iuu-

hibition of initiation (0.1-0.01 ni-tin) are niu(hi

lower than the cont(enttratiorl of niiagnesiun
ions (2 n-tin) present in till solution. Seques-

tration of divalenit cations, thierefore, (ariniot
accouutt for the inhibitory effects of ATA on
initiation of prot cmi svntt hesis. However, t lie

unfolding of ribosonies auid subunits ob-
servedi at high concent rat ions of AT;� is

reversedi by inc reasintg the conicent rat-ion of

niagnesium ions in the solution.

Bindin.q of A TA to reticulocyte ribosoines.

Certain requiremenits for binding of ATA

to the nibosome arc reported in the presentt

paper. Divalent cations are required! for t lie
binding reaction, and much hiighter con(en-

tratiorts of moniovalenit cat bus are ne(fuired

to obtain the same effe(t. Sperminie and

spermidine are its effective as magnesium
ions in stimulating biutdiuig, and it appears

that the fundamental requirement for t lie

bimtding reaction is neutralization of the
negative charge on the nibosomal phosphate

groups. Similar dependence on charge uieu-
tralization is Observed! when synthetic polv-

nucleotides are bound to rRXA (40).
The binding of ATA to ribosomes is rapid

and independent of teniperature and pH
over the range tested. The dye cant be only

partially displaced from t lie ribosome by
addition of excess mRNA. A primary binding
site for the dye appears to lie on thte 40 S
subuuiit-, since ATA binds to polynibos )mes,

SO S nibosomes, and 40 S subunits, but not�

to 60 S nibosontes. The binding site for
niH NA is also found on the smaller subuuiit
(34, 39).

Comparison tnt/u other inhibitors of in itia-

lion- of protein synthesis. Biopolvniers, su(hi
as pohyadenyhc a(id (41, 42), dextran sulfate

(43), and viral RNA (44), bear certain
functional similarities to ATA mi thteir ef-
fects Ott protein synthesis. This is not sur-

pnisinig, since these polyanionis may also

(onpete with mRNA for binidintg sites on the

nibosome. The effects of AT:� cant be dif-

ferenitiated front those of other low molecular
‘vci ght conj)ounids, su(h its (yclohiexi mide,

I)it(t arnvcin, and sodium fluoride, agent-s
that have been reported to inhiibit intitiation

of protein syuithesis itt reticulocyte extra(ts

auid d)t her eukarvot es. Cvcloheximide (45)

acts primarily as art inhibitor of translota-

tion itt (eli-free extracts dienived from rct.icu-
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lorytes (25, 46) or iat liver (26), but may

also inhibit- initiationi (46, 47) and chain

terminationi and release (45, 49). Cyclo-
hexiniide iuiduees prolonged ‘‘freezing” of t lie

polynibosome-pept ide (Omplex, i nihibit i rig

prot tint synit hesis almost immediately aft en
addition to the reaction. Itt contrast, nibo-

somes systematically d!isengage from poly-

ribosomes itt the presence of ATA, and a

signtifi(ant delay occurs before the uihibit ory

effect of the dye out protein syuithe�is be-

comes evident.

Pactamycin, at low coniceritratiouts, itt-

hiibits initiation of proteini synthesis iui

reti(ulote lvsates (32, 50-52) autd extracts

of E. co/i (53). In coutt rast to ATA, pact a-

mycin does riot inhibit binding of poiy-

uridylic acid to E. co/i riboson’ies; instead, it

appears to alter the structure of the intitia-
tion complex so as to lead to its destabihiza-

tiout arid dissociation (53).

The mode of act-ion of ATA also differs
from that of sodium fluoride (2, 35, 36,

preseuit paper). Treat merit of rabbit reticulo-
(vtes with sodium fluoride produces utter-

mediate complexes composed primarily of
mRNA arid 40 S subunits (30). Sodium
fluoride does not preventt attachment of

globini mRNA to the su’naller subunit (30,
35, 36). These results were interpreted as

showing that- fluoride inhibits attachment of

60 S nibosomal subunits to the initiation

(onnplex formed between mRNA atid the
smaller subunit. Suchi complexes do not

accumulate in lysat cs treated with ATA;

instead, there is art increase in thie number

of 40 S and 60 S subuitits. Finally, mm-c have

shown that AL� inhibits the biuid!inlg of

pohyunidyhic acid to ribosomes, while sodium
fluoride has no effect on this process.

A ctive component of AT_I. Although ATA

is used as a standard analytical reagenit fou
tue detect-ion of aluminum (17-19), it has
never beeut prepared in a homogeuteous form.

Previously reported biochemical studies em-

ploying ATA (e.g., 1, 2, 20, 31,32, 33, 36, 44)

have used either commenical or partially

j)uni fled preparat ioiis. Since all conimerical

I)reparat ions scent to (out ai ii several (Otti -

ponents,3 purified ATA was synthesized to

det ermirte mvhichi biochemical effects could

be unequivocally assigned to the tniphicn-tyl-

methane structur( Pt’0P0.�(d! for this com-

pound. E.Jntfortuniately, tue punified dye
proved unit able, event wheni prot ected from

the light, and the leuigthty pro(edlure re-

quired for its (hen’ni(al s nithesis precluded!
its u�e for all of thie studies reported in this

Thie basic actions of tue cru(!e de, i.e.,

inihibitiont of atta(hin’nenit of mRXA to ribo-

sor’ne.s, wene demortst rated using Pun( ATA,

but uuifoldinig of r’ibosonies wa� tiot observed

with the latter nnateriah. This gross (ott-

fon’mat ional (hiange uiiay uniderhe the oh-

served effects on chaint elonigationt iuiducedl

by high couiceuit rations of ATA, and it is

possible that su(hi (fleets are caused! b�’
minion’ (onistituenlt-s of thie crude dyestuff.

(‘on clusion. We coutclude from on!’ (xpel’i -
nienits that ATA binids to the smaller sub-

uunt, preventing subsequent. attachmeutt- of

mRNA. As a result-, initiation of giobin

svutthtesis is inihiibited lU (eli-f tee extracts

prepared from u’abbit retieuloeytcs. Inihibi-

t-iot of intitiatioti is a(hiieved at eouiecnt-ra-

tiouis of dye that do not- affect (haiui ext en-
sboni; however’, h-tight (oilleni� rat iotts of dye

eX(rt an unfolding effect on tue nibosome

and iuthibit (haiui elouigatiout. The unique

properties of ATA should prove useful in

studying molecular events inivolved in the

lutitiationiof pn’oteiui syuithesis.
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