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The nmechanism by which time antibiotics of the PA 114 complex inhibited protein

synthesis in cell-free extracts of bacteria was studied. The antibiotic consists of at least

two components belonging to two major groups, A and B. Althougim each antibiotic of
groups A and B was effective individually in inimibiting l)rotein synthesis in vivo, in

combination they acted synergistically. PA 114 A inimibited protein synthesis best when
messenger RNA was not attached to time ribosonme and functioning. If time antibiotic
was added after time messenger RNA-anminoacyl-tRNA-ribosome complex had formed

and was functioning, inimibition of protein syntimesis was decreased. This study showed
timat PA 114 A inimibited polyuridylic acid-directed binding of phenylaianyl-tRNA to

70 S ribosoimmes. Time antibiotic inimibited ribosome function by specifically destroying the
functioning of the 50 S ribosorne subunit. PA 114 B acted synergistically to inhibit pro-

tein syntimesis by enhancing the effect of time A component on time 50 S ribosonme. Timese
results suggested that time inimibition of protein synthesis by these antibiotics involved an
interaction witim a site on the 50 S ribosonme subunit of time functional 70 S ribosome re-

quired for protein syntlmesis. This site was
which anminoacyl-tRNA bound.

perhaps the saimme as or close to time site at

INTRODUCTION

The antibiotics of time PA 114 group

exist as a complex of synergistic compounds

(1) closely related in structure with verna-
mycin (2), streptogramin (3), staphylo-
nmycin (4), ostreogrycin (5), mikamycin

(6), and pristinamycin (7). All the anti-
biotic complexes consist of at least two

components belonging to two major groups,
A and B (8). The B component is a peptidic
iactone (9-12), and the A component may

be a nonpeptide macrolide (9). Each anti-
1)iotic of groups A and B is effective itself
in inhibiting bacterial growtlm, but they act
synergistically in conmbination (1, 13, 14).
Previous investigations have implicated

protein synthesis as time primary site of
growtlm inhibition in intact bacterial cells

(15-17) and in cell-free extracts (9, 18-
20).1

The A group of antibiot.ics is nmore active
against gram-positive cocci than gram-

positive bacilli; and the reverse is true for

the antibiotics of group B (13, 17, 21). The
antibiotics are essentially inactive against

gram-negative organisms (3, 13, 21, 22).
However, protein synthesis by cell-free ex-
tracts of the gram-negative bacterium
Escherichia coli is inhibited by the anti-

biotics, suggesting that the antibiotics are
unable to enter gram-negative cells (19).

The A component of the antibiotic com-

plex is a potent inhibitor of polyuridylic

acid-directed synthesis of polyphenylala-

444

Papers I and II of this series were published

in J. Bacteriol. 90, 1102 and 1109 (1965).
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nine, whereas time B coimmponent is inactive
in this system (9, 19, 20) . However, recent

observations indicate that time polyuridylic
acid-stimulated systenm is an exception and
that botim polycytidylic acid-directed syn-

thesis of polyproline and PolyatlelmYlic acid-
directed synthesis of polylysine are in-
imibited by either time A 01’ the B conmponents

(20, 23) . Investigations in the author’s
laboratory indicate that the inhibition of

polycytidyiic acid-directed synthesis of
polyproline by PA 114 B is about five

times less than that observed with PA 114
A (Ennis, unpublisimed results).

These antibiotics are potent inlmil)itors
only of the incorporation of anmino acids
into peptide stimulated by exogenously

added messenger RNA. rfime iflCOI1)OrIttiOH

due to endogenous messenger RNA is nmucim
less susceptible to inhibition than time cor-
responding stimulated system (9, 19, 24).
If the antibiotics are added after time immes-
senger RNA is firnmiy attacimed and func-

tioning, inhibition is less timan if time anti-
biotics are added before time nmessenger
RNA-aminoacyl-tRNA-ribosonme coimiplex
has formed and is functioning (9. 19, 23).
This finding suggests that the antibiotics
inhibit the formation of an active messen-

ger RNA-aminoacyl-tRNA-ribosonme com-
plex, probably by conmpetition for a site or

sites on the ribosonme required for proteiim
synthesis (9, 19). Consistent witim timis idea

is a recent observation (20, 24� wimicim
showed timat the A group of antil)iotics
compete with chloramphelmicol for a site oim

the 50 S ribosome, suggesting that timese
antibiotics act at that site.

The present investigation is concerned

with elucidating time mechanisnm l)y wimich
the antibiotic PA 114 inhibits protein syn-
thesis in cell-free extracts of bacterial cells.

MATERIALS AND METHODS

Biochemical and radioactive immaterials,

methods for preparation of ccii extracts
and ribosomes imave been described (19).

Escherichia coli B was used as the source
of time protein synthesizing system.

The bacterial cell extracts (S-30) were
prepared as described previously (19). The

S-30 fraction was preincuhated (25) and is

referred to as the i-S-30 fraction. The

supernatant fraction (S-100) containing

supernatant enzymes was prepared from
the S-30 fraction by four successive centrif-
ugations at 100,000 g for 2 hr in time Spinco

\Iodei L-2 centrifuge.
Time reactli)n nmixture for time synthesis

of polyphenylalaimine using time i-S-30 frac-

tion was, ier milliliter: Tris-HC1 buffer
(pH 7.8), 100 j.tnmolcs; 2-mercaptoethanol.
6 1�nmoles ; immagnesium acetate, 12 ��nmoles;

disodium creatine iimosphmate, 6 jammoles;
ereatine kinase, 20 j.tg; ATP, 1 �mole; GTP,

0.12 j.�nmole; KC1. 100 jtmoies; l)olyuri(lylic

acid, 50 jtg : ‘ � 0.5 itC,

23 nm1�nmold’s ; i-S-30 fraction. Timis was used
jim the experinment described in Table I.
The imietimod for determining time anmount

of polyphenylalanine syntimesized has i)een
tlescribed (19).

Time reaction mixture for the syntimesis
of polypimelmylalanine i)y mixtures of the
50 S and 30 S ribosoimmal subunits was as
indicated for the reaction mixture using
an i-S-30 except that, per milliliter, 400 1tg

E. coli B stlil)i)ed tRNA ��‘as added aimd

oul 1.33 m�tmo1es pheimylalanine was pres-
ent. An S-100 was also addled to provide

the superimataimt enzyimies. This was used in
the experiimmeimts described in Tables 5-9.

Time antibiotics used were PA 114 (the

crude mixture of A aimd B), and time conm-

poiments PA 114 A and PA 114 B. \erna-
mycin A an(l vernainycin B a. and strepto-

granmin w’ere also studied. For brevity imo
data are Presented concerning these anti-

biotics, althougim timeir mode of action is

not sigimificantly (hifierent from that of PA
114. Tlme antibiotics are sparingly soluble

iim water and were timerefore used as non-

sterile hoimmogeimized suspensions.

RESULTS

Effect of I)eia.ycd Addition of PA 114 A on
Extent of Inhibition of in Vitro Protein

Synthesis

PA 114 was shown to be a potelmt inimibi-
tor of in vitro protein synthesis stinmulated

by synthetic polynucleotides (9, 19, 20, 241.
However, inimibition was decreased if time

antibiotic was added after time messenger
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TABLE 1

1�JT�(�t of delayed addition of PA I 14 .1 on extent of

inhibition of polyp/tenylalan inc synt/tesis

‘rhe control reaction WithoUt antibiotic was

started by the addition of an i-S-30 to a fiuial con-

(entration per milliliter of 1.75 mg protein and 1.OS

ing RNA. At intervals through 45 minutes 0.2-ml

samples were taken and the ‘4C-phenylalanine

incorporated into the hot trichloroaeetie acid in-

soluble peptide was determined. The reaction went

Itt conmpletion by 45 mm. At the times indicated in

time table. ft2-nml samples of the same control reac-

tioti �iere added to tui)es (alit noting PA 114 A

(5 J.Lg/ml flutal concetit ration). These reactions were

also continued to 45 mm and time radioactivity in

the peptide was determined. Time inhibition of

peptide synthesis was determined as follows. Time
radioactivity incorporated by time control reaction

at each time of addition of time antibiotic was sub-

tracted from that amount incorporated at 45 mm.

The radioactivity incorporated in the antibiotic

inhibited reaction was determined in the same way.

The inhibition of protein synthesis was determined

by dividing the increment in radioactivity incor-

porated by the antibiotic inimihited reaction after
addition of time antibiotic by the itmerement incor-

porated in the control reaction during the same
period of time. The reaction mixture for time in vitro
synthesis of polyphenylalanine is described in the

Materials and Methods section. Experiment 1 was

carried out at 300 atmd experiment 2 at 37#{176}.

Inhibition of polyphenylalanine

syntimesis (%)

‘l’iitme antii)i()tic

added (mitt) Experiment 1 Experiment 2

0 91 93

1 87 80
2 79 65
5.5 52 29

10.5 37 (1

15.5 33

RNA-ribosome-aminoacyl-tRNA complex

formed and started functioning (9, 19, 23).
This initial observation was extended by
time experiments summarized in Table 1.
The data show that the later the antibiotic
was added during the course of normal
protein synthesis, the less was the inhibi-

tion observed.
The decrease in inhibition by time anti-

bioties was not due merely to the attach-
ument. of aimminoacyl-tRNA and immessenger

TABLE 2
litability of aininoacyl-IRNA to protect against

against inhibition by PA 114

To each of three tubes was added 1 ml of a com-
plete reaction mixture for in vitro synthesis of

polyphenylalanine (see Materials and Methods)

and containing, in addition to the usual components,
2 Mmoles of notmradioactive phenylalanine per milli-
liter and ribosomes (544 j�g ribosomal RNA/ml). To
tube 1, PA 114 A (6 �g/ml) was added; to tube 2

‘mC-phenylalanyl-tRNA (10,000 cpm, 500 &g/mi)

was added; and to tube 3 the ‘4C-phenylanyl-tHNA
was added. All time tubes were incubated for 5 miii

at 37#{176}.Maxinmum binding of ‘4C-pimeimylalanyl-tI1NA

and antibiotic occurs by this procedure (19). Then,
to tube 1 ‘4C-phenylalanyl-tRNA and S-100 (88 �ig

protein/ml) were added simultaneously to start the

reaction; to tube 2 PA 114 A (6 �igfml) and S-100

were added to start the reaction; and to tube 3
S-100 to start time reaction and water to make time
final volume equal in all tubes. Each tube was in-

cubated for an additional 20 mm at 37#{176},and the

radioactivity incorporated into hot trichloroacetic

acid-insoluble peptide was determirmed (see Materials
and Methods).

Reaction

Incorporation of ‘4C-phenylal

into peptide

anine

Cpm Inhibition (%)

1 128 88
2 134 88
:� 1080

RNA to the ribosomes, before the anti-
hiotic could bind, but required a period of

peptide synthesis. Table 2 shows that the
inhibition of polyplmenylalanine synthesis
was the same whether the aminoacyl-tRNA

was bound to the ribosomes before or after
the addition of time antibiotic as long as
protein syntimesis was not proceeding.

Inhibition of Binding of Aminow.�yl-tRNA

to Ribosom.es

These results and those described in
previous studies (9, 19, 23) suggested that

the antibiotics inimibited functional binding
of messenger RNA or aminoacyl-tRNA to

ribosomes. Measurements of the binding of

14C-polyuridylic acid to ribosomes failed to
substantiate this hypothesis (19). Further-
nmore, in this same study, no consistent
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effect of time antibiotics on polyuridylic

acid stimulated binding of 11C-phenyl-

alanyl-tRNA to ribosonies was observed,

although occasionally up to 25% inhibition
was seen. Timis observation was reinvesti-
gated and was found to be in error, pre-
sumably because saturating amounts of
aminoacyl-tRNA were not used in time as-

say.
In time present iimvestigatiomm time binding

of 14C-plmenylalanyl-tRNA to ribosomes
was performed witim wasime(l ribosonmes timat

were stored at -70#{176} until used, and w’itim

more than 2 molecules of pimcnylalaimyi-

tRNA per 70 S ribosoimme. If time ratio of

aminoacyl-tRNA to ribosonmes was less

than 2, consistent inimibition by time anti-

hiotics was not always observed.

TABLE 3
Effect of antibiotics on binding of

‘4C-phenylo2anyl-LRNA to
ribosornes

The method for the assay of binding of ‘4C-phenyl-
alanyl-tRNA to ribosomes was as previously de-
scribed (19, 33). The reaction mixture (0.5 ml)
contained 270 �g ribosomal RNA and 960 �ig amino-

acyl-tRNA (10,600 cpm in 14C-phenylalanine/mg

tRNA).

Addition to reaction
Cpm/0.5 ml Inhibition

bound (%)

Control (no antibiotic) 281 �-

PA 114 A
0.5pg/ml 179 :36

1.0�tg/m1 150 47

10.0 �hg/ml 118 58

PA 114 (mixture of A and B)
1.OIhg/ml 195 31

10.0 �zg/ml 162 42
No polyuridylic acid 42 - --

Control heated for 10 mm at 29
95#{176}in 5% trichioroacetic

acid

Time results presented in Table 3 simow’

that time antibiotics inhibited binding of

“C-pimenylalanyl-tRNA up to 50%. More-
over, time maximum inhibition of phenyl-
alanyl-tRNA binding was observed at con-
centrations of time antibiotics at wimich the

maximunm inhibition of polypimenylalanine

syntimesis occurred (19). As imas been ob-
served witim time tetraeychines (26, 27). 50%

inhibition of anminoacyl-tRNA i)umding is

apparently sufficient to give alnmost corn-

l)lete inhibition of peptide synthesis.
Thmere are 2 sites on time 70 S ribosonme

to wlmiclm anminoacyl-tRNA can bind, one

on tue 30 S subunit and anotimer on time 50 S
subuimit (28-30). If the site of inimibitioim
of tetracycline and time PA 114 group were

different, one nmigimt expect timid time inhibi-
tion of binding of anmiimoacyl-tHNA using
mixtures of time two antilnotics would be
additive. On time otimer imand, if the site of

inhii)ition of time two antibiotics were the
sanme, no such additive effect should be

observed. Table 4 presents the results of

TABLE 4

Effect of antibiotics on binding of

“C-phcnylalanyl-IRNA to

ribosoines

The method for the assay of binding of ‘tC-phenyl-
alanyl-tRNA to ribosomes was as previously de-
scribed (19, 33). The reaction mixture (0.5 ml)

contained 270 �ig ribosomal RNA and 820 jsg amino-

acyl-tRNA (10,600 cpm in ‘4C-phenylalanine/mg

tRNA).

Addition to reaction
Cpm/0.5 ml Inhibition

bound (%)

Control (no antibiotic) 515 -

PA 114 A

1.0 pg/mI 282 4�

10.0 pg/mI 305 41

100.0 pg/ml 271 47
PA 114 B

100.0 pg/mI 378 27
Tetracycline

100.0 pg/mi 201 61
Tetracycline 100.0 pg/mI 167 68

plus PA 114 A 10.0 pg/ml

No polyuridylic acid 35

one such experiment. Tetracycline itself
consistently inhibited binding to a greater
extent thaim PA 114 A. In timis particular
experinment the inilii)itioim was 61% for

tetracycline and 48% for PA 114 A. Mix-
tures of time two antibiotics also gave a
consistently greater degree of inhibition of

biimding of arninoacyl-tRNA than either
antibiotic alone, 1)llt this value never ap-

l)rOaeimed 100%.
Table 4 also shows that PA 114 B, wimicim

alone cannot inimibit polyuridyhe acid-
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stimulated synthesis of polyphenylalanine

(9, 19, 20), slightly inimibited binding, but

only at very high concentrations.

Ribosoinal kSite of Inhibition by PA 114

Since radioactive antibiotic was unavail-

able, experiimments designed to locate the site

TABLE 5

Effect of antibiotics on functioning of 50 S and

so S ribosoines

in this ex})erinment time 50 S and 30 S ribosonmes

were collected directly from sucrose density gradi-

ents made up in Tris-IICI, 102 z�, pH 7.8, 5 X 10� i�i

Mg�F and 5 X 102 �j KCI as previously described

(34). Each of time ribosome subunits was then made

102 M with respect to Mg�. The antibiotics (each

at 10 pg/mi final concentration) or an equal volunme

of distilled water in the case of time control, w’ere
added directly to aliquots of each of time ril)osomal
subunits an(1 incubated at 37#{176}for 5 mm. Maxinmum

iniul)ition of function of time 50 S ribosonme by the

antibiotics occurre(l using this procedure. The

suspensions of ribosomes were then dialyzed for

16 hr agaiimst 1()0 times time volume of standard buffer

(35) at 4#{176}.Otimer experiments imave shown timat all

unbound antibiotic was removed fronm time ribosome

suspension by this treatment. Time ribosome subunits

were then reconstituted in various combinations and

tested for their ability to syntimesize peptide by

adding timem to a complete reaction mixture. No

antibiotic was present during the iiicuhatioim of these

reactions. The radioactivity incorporated into poly-

phenylalanine was corrected for snmall anmounts of

peptide syntimesized in time absence of ribosonmes and
by each of the 50 S and 30 S compormeimts incubated

by itself jim time conmplete reaction mixture. The

reaction immixture (0.5 ml) contained 33 pg RNA in

50 S ribosomes, 23 pg RNA irm 30 S ribosomes, and
SO pg protein in the S-100.

(‘oristitution of rihosome

incorporation of ‘#{176}(1

phenvialanine into
peptide

hybrids -______________________

50 8 30 S

lnhui)ition
(pm (%)

C�ontrol (no Coimtroi 1972 --

antibiot je

Control PA 114 1482 25

Control PA 114 A 1407 29

PA 114 Control 87 96

PA 114 PA 114 38 98

PA 114 A Control 630 68

PA 114 A PA 114 A 482 76

TABLE 6

Effect of PA 114 A on functioning of 50 S and 30 8
ribosomes subunits isolated from antibiotic-treated

70 S ribosomes

Two reactions were set up containing all the corn-

porments necessary for a complete amino acid syn-
thesizing system (see Materials and Methods) in a
firmal volume of 6 ml. To one reaction tube PA 1 14 A

(2 pg/ml) was added, and to the other an equal vol-

ume of water. An i-S-30 fraction containing 2.2 mg
IINA and 3.5 mg protein per milliliter reaction was

added to each reaction and the tubes were incubated
at 37#{176}for 30 mum. The reaction mixtures were then

chilled rapidly and centrifuged at 100,000 y for 2 imr

to sediment the 70 S ribosonmes. Each ribosome

pellet was rinse(l and suspended in buffer containing

Tris-HC1 102 M, pIT 7.8, 5 X 10� M Mg� and

5 x 102 M KC1 and dialyzed overnight against 100

times the volume of the same buffer at 4#{176}.This

treatment dissociates the 70 S ribosomes into the

50 S and 30 S components. Aim aliquot of each

ribosome suspension was then run on sucrose density

gradients (5-20%) containing Tris-HC1, 10� �i,

PH 7.8, 5 X 10� M Mg� and 5 X 10� M KCI, and

the 50 5 and 30 S ribosornes were isolated. The
ribosomes were then made 102 �f with respect to

Mg�. The 50 S and 30 S ribosomes from the anti-

biotic inhibited and control reactions were recon-

stituted in all possible combinations, and the ability

of these hybrids to synthesize polyphenylalanine in

a complete protein syntimesizing system stimulated
by polyuridylic acid (see Materials and Methods)
was determined. The reaction (0.5 ml) contained

69 pg RNA in 50 S, 26 pg RNA in 30 S, and 23 pg

protein in the S-100. No antibiotic was present dur-

ing the incubation of these reactions. The radio-
activity incorporated was corrected for small

amounts of trichloroacetic acid-insoluble peptide
formed in the absence of ribosomes and formed by

each of the 50 S and 30 S components incubated by

itself in the complete reaction mixture.

Constitution of ribosome

Incorporation of ‘4C-

phenylalanine into
peptide

hybrids

50 5 30 S
Inhibition

Cprn (%)

Control (no Control 610 -

antibiotic)

Control PA 114 A 601 2

PA 114 A Control 261 57

PA 114 A PA 114 A 229 62

of binding to time ribosonmes were not pos-
sible in this way. However, in timis regard,
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an earlier investigation had shown that
when the antibiotic was added to function-

ing ribosomes, these ribosomes, when re-
isolated and dialyzed free of unbound anti-

biotic, were incapable of supporting further

protein synthesis (19) . The results mdi-
cated that the antibiotic either interacted
with a specific site on the ribosome which
was also important in protein synthesis, or
that the antibiotic destroyed the functional

integrity of the entire ribosome. Therefore,

the inability of the antibiotic-treated ribo-

somes (or ribosome subunits) to support

protein synthesis in a complete in vitro

protein synthesizing system could be used
to locate the site of action of the anti-
l)iotics.

In one such experiment the 70 5 ribosome
was dissociated into its 50 S and 30 S
subunits, and the subunits were isolated
and treated with the antibiotics (see legend

to Table 5 for the experimental details).
The effect of the antibiotics on time func-

tioning of t.he ribosome subunits was then
studied by reconstituting antibiotic-treated

and untreated ribosome subunits in all
combinations. Table 5 shows that the anti-

hiotics markedly inactivated time 50 S sub-

unit and were less effective in inhibiting
time activity of the 30 S subunit. Further-
more, crude PA 114, which is a mixture of

the A and B components, was more effective
in binding to the 50 S ribosome and

rendering it incapable of carrying out pro-

tein synthesis than the A component by

itself.
The inhibition of the activity of time 50 S

ribosome was also obtained if the 70 S
ribosome was first treated with PA 114 A
system, and then dissociated into its 50 S
in a complete in vitro protein synthesizing
and 30 S components (Table 6).

PA 114 B was ineffectual alone in in-
hibiting the activity of time ribosomal sub-

units. This is in agreement witim the finding
timat the B conmponent (lidi not inlmibit poly-

phenylaianine synthesis in a conmplete in

vitro protein synthesizing systeimm 9. 19,
20).

Synergistic Action of Mixtures of the A
and B Antibiotic Components

Time results presented in Table 5 showed

that time crude mixtures of time A and B
components of the antibiotic conmplexes
were far superior in rendering the 50 S
ribosome inactive, than time A component
alone. This occurred even timougim time B

component was itself ineffectual in stopping

i)rotein syntimesis. Previous in vivo and in
vitro experiments showed that the B coimm-

ponent of the antibiotic complex potenti-
ated the inimibitory effect of the A conm-
ponent on protein synthesis (17, 19). Time

results given in Table 7 show timat, indeed,
mixtures of the A and B components of

TABLE 7

Synergisttc action of nurtures of PA 114 A and PA 114 B on the functioning of 50 8 and 30 8 ribosoines

The procedure was time same as that outlined in the legend to Table 5. The concentrations of antibiotics
used was as follows: 5 pg/mi PA 114 A plus 5 pg/mi PA 114 B; 10 pg/mi PA 114 A (when used alone). The

reaction mixture (0.5 ml) contained 22 pg RNA in 50 S ribosomes, 11 pg RNA in 30 S ribosomes, and 23 pg

protein in the S-lOt).

(‘oristitution of ri hosome hybrids

Incorporation of ‘4C-

Pitenylalunirte into peptide

50 S 30 S Cpm Inhibition (%)

Control (no antibiotic)
Control

Control

PA 114 A
PA 114 A

PA 114 A + PA 114 B

PA 114 A + PA 114 B

Control

PA 114 A

PA 114 A + PA 114 13

(‘ontrol

PA 114 A

Control

PA 114 A + PA 114 B

936 -

775 17

830 11

367 61

290 61)

16 98

:t 100



the PA 114 complex were more effective
in destroying the activity of time 50 S ribo-

some timan the A component by itself.

Experiments were designed to provide
nmore infornmation concerning time mecima-
nisnm by which synergism between the
antibiotic components is acimieved. Time first

experiment, given in Table 8, shows that

the B antibiotic conmponent was capable of
potentiating the action of the A component

already bound to the 50 S ribosome. In
this study, 50 S ribosomes were incubated
first with the A component, dialyzed free

of antibiotic unbound to the ribosomes,
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TABLE S

Effect o.f nurtures of PA 114 A and PA 114 B on functioning of 50 8 ribosornes: Addition of PA 114 A

before PA 114 B

Purified 50 S rii)osonmes susl)ended in staitdar(l l)uffer (35) were divided into two portions. To one (portion

2) 5 pg/nil PA 114 A was added and to the other (portion 1) an equal volume of distilled water. The ribosomes

were incubated at 37#{176}for 5 niiim, and timen dialyzed for 7 imr at 4#{176}against 200 times the volume of standard

buffer. Time ribosome suspension 2 was divided into two equal portions. To one portion designated (D)

5 pg/nm! PA 114 B was added, and to the otimer portion (C) an equal volume of water. The ribosome suspen-

sion 1 was treated similarly, to (B) 5 pg/ml PA 114 A was added and to (A) an equal volume of water. The

rii)osonme suspensions were iimcubated again for 5 minutes at 37#{176}and then dialyzed as above for 18 hr. The

50 5 ribosomes were then added to purified untreated 30 S ribosomes and the reconstituted ribosomes were

tested for their ability to synthesize peptide as described in Materials and Methods. The reaction mixture

(0.5 ml) contained 37 pg IINA in 50 S ribosomes, 23 pg RNA in 30 S ribosomes, and 44 pg protein in the

S-100.

Sanmple

(‘onuiitions of incuba tiori of 50 S ribosomes
incorporation of ‘4C-phenyl-

alanine into peptide

1’irst incubation Second incubation Cpm inimibition (%)

A

B

C

D

No armtihiotic
No antibiotic

PA 114 A

PA 114 A

No antibiotic
PA 114 A

No antibiotic

PA 114 B

1235 -

518 58

558 55

92 93

TABLE 9

Effect of mixtures of PA 114 A and PA 114 B on functioning of 50 8 ribosonues: Addition of PA 114 B

before PA 114 A

Purified 50 S ribosomes suspended in standard buffer (35) were divided into two portions. To one (portion

2) 5 pg/mi PA 114 B was added and to the other (portion 1) an equal volume of distilled water. The ribosomes
were incubated at 37#{176}for 5 mm and then dialyzed for 7 hr at 4#{176}against 200 times the volume of standard

buffer. Time ribosome suspension 2 was divided into 2 equal portions. To one portion designated (D) 5 pg/mi

PA 114 A was added and to the other portion (C) an equal volume of water. The ribosome suspension 1 was

treated similarly; to (B) 5 pg/mi PA 114 A was added and to (A) an equal volume of water. The ribosome

suspensions were incubated again for 5 mm at 37#{176}and then dialyzed as above for 18 hr. The 50 S ribosomes

were then added to purified untreated 30 S ribosomes, and the reconstituted ribosomes were tested for their

ability to synthesize peptide as described in Materials and Methods. The reaction mixture (0.5 ml) contained

37 pg RNA in SO S ribosomes, 23 pg RNA in 30 S rihosornes, and 44 pg protein in time S-100.

Sanmple

Conditions of incuba tion of 50 S ribosomes

Incorporation of ‘4C-phenyi-

alanine into peptide

1”irst umcuhation Second incubation Cpm Inhibition (%)

A

B
C

D

No antibiotic

No antibiotic
PA 114 B

PA 114 B

No antibiotic

PA 114 A
No antibiotic

PA 114 A

1146 -

393 66
946 17

330 71
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and then tested for their ability to carry

out peptide synthesis. A portion of this

same batch of treated and dialyzed ribo-
sonmes was then incubated �vitim the B
component, dialyzed, and again tested for

its ability to carry out peptide synthesis.
Table 8 shows tlmat the ribosomes treated
only with PA 114 A were inimibited 55%,
while timose treated sequentially witim PA

114 A and then with PA 114 B were in-

hihited by 93%.

However, 50 S ribosomes treated as
above but first with PA 114 B and then

with PA 114 A gave only t.imat degree of
inhibition expected for PA 1 14 A-treated
ri!)osomes alone (Table 9).

DISCUSSION

Previous investigations have shown timat

time antibiotics of the PA 114 (and also
vernamycin and streptogramin) complexes

specifically inhibit protein syntimesis in in-

tact bacterial cells and in cell-free extracts

prepared from these cells (9, 16, 17, 19, 20,
23, 24, 31). The antibiotics inimibit l)rotein
syntimesis optimally only when immessenger

RNA is not attached to time rii)osonme an(l
functioning. Time present investigation Imas

further shown timat the longer the cell-free

protein syntimesizing systenm is allowed to
proceed before PA 114 A is added, the less
is time final ilmimibition of pe9tide syntimesis.
This suggests that the length of time nascent

peptide chain nmy play a role in prevent-
ing inhibition by sterically interferring witim
time attacimnment of the antibiotic to time
inhibiting site on time ribosome.

Time present investigation is concerned
with elucidating time specific meclmaimisimm by
wimich the ammtibiotics inimihit time fornmation

of an active messenger RNA-aminoacyl-
t.RNA complex. Direct immeasurcimments of
‘‘C-polyuridvlic acid binding to rihosomes
simowed that time pimysical attachnment of

this polynucieotide is unaffected by con-
centrations of antibiotic 10-fold greater
than that required to maximally inhibit in

vitro protein synthesis (19). This same
investigation also showed timat the poly-

uridylic acid-directed binding of phenyl-
alanyl-tRNA to ribosomes was not consist-

ently inhibited by timis sanme coneeimtration

of antibiotic. However, time present study
has slmown timat this finding was in error,
presunmably because a saturating amount of
anminoacyl-tRNA was not used in the assay.
Studies using at least 2 molecules of
pimenylananyl-tRNA per 70 S ribosome
simowed timat time antibiotics (10, in fact,

inhibit polyuridylic acid directed binding

of phenylalanyl-tRNA to ribosonmes. Mote-

over, the inimibition of binding closely cot-
related with the inhibition of in vitro

polyphenylalanine synthesis. For example,

inaxiimmum iimlmihition of aminoacyl -tR NA

l)ifldiflg (about 50%) was achieved at up-

proxinmately 1 1ig PA 1 14 A per nmiiiiliter,
whicim is about time same concentration re-

ciuired for umaxinmal (about 95%) inhil)ition
of the in t�itro syimthesis of pol�’ilmenylala-
imine (19). Time work on the nmode of action
of time tetracyclines has also indicated that
50% inimibition of aminoacyl-tRNA binding
is sufficient to umaxinmally inimibit in vitro

Protein syntimesis (26, 27).
Timere are two sites on time 70 S ribosome

to which anminoacyi-t1�NA can bind, one
on the 50 S subunit, and another on the

30 S subunit (28-30) . It is reasonable to
assuimme that if time antibiotics immaxinmtill�’

inhibit binding of aminoacyl-tRNA by only

50%, then only one of timese two is af-
fected. Our experinments have shown timat,
indeed, PA 114 A and nmixtures of A and
B, but not PA 114 B alone, interact, with

only time 50 S ribosome subunit. Time treated
50 S ribosoimme subunits are inactive in

supporting furtimer protein synthesis in a
conmplete in i’itio protein syntimesizing sys-

tenm. Some recent experumments are pertinent
in this connection. Clilorampimenicol binds

to time 50 S ribosonme subunit (20, 24. PA
114 A interferes witim time binding of cimlor-

ampimenicol, while PA 114 B does not. It
was shown timat PA 114 A interacts with

the 50 S ribosonie and makes it incapai)le
of bindnmg ciiloranmphenicol. PA 114 A acts

on time ribosonme at a site closely related to.
but not the same as, timat of the attacimment
of chloranmpimenicoi. Timis is quite reason-

able because chloranmplmenicol does not in-
terfere with aminoacyl-tRNA binding (32)
wimile PA 114 A does. These data, togetimer
witlm time experinments presented iim the
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I)reseflt study , give compelling evidence
timat the antibiotics affect a site involved

in protein synthesis located on time 50 S
ribosonie subunit.

These data by theumselves do not pio��e
that time site on the 50 S ribosome that is

destroyed by the antibiotics is time same as

that involved in time functional binding of
aminoacyl-tRNA . However, time circum-
stantial evidence argues in favor of this

idea.
PA 114 B is alone unable to inhibit tlme

functioning of time 50 S or 30 S ribosome
subunits. rflmjs i� in agreement witim the
finding timat time B conmponent does not

inimibit polyphenylalatmine syntimesis in an

in vitro svsteimm (9, 1 9, 20) . However, mix-
tures of time A aimd B conml)onents are far
superior in destroying time function of the

50 S ribosome tlman the A component alone

(Table 7) . Timis ability of the B component
to enhance time activity of the A component
is cotmsistent with previous work in intact

bacteria and cell-free extracts (17, 19)
which showed that certain combinations of
PA 114 A and B are mucim nmore effective
in iimhibiting proteilm synthesis than each
component by itself.

Time conclusions wimich can be derived
fronm time present investigation are circunm-

stantial, but reasonable. The antibiotics
inlmibit time binding of anminoacyl-tRNA to

time rihosonmes, and destroy or modify time
activity of a site imecessary for protein
syntimesis on the 50 S ribosonme. Aithougim

direct evidence is lacking we can reason-
ably suggest that time antibiotic coumpetes
witim the site involved in aminoacyl-tRNA
function on time 50 S ribosoimme. If one ac-

cepts timis conclusion then time antibiotic
interferes with protein synthesis by dis-
placing one nmolecule of aminoacyl-tRNA
fronm time 50 S ribosonme.

Although timis proposed mode of action

may be correct, other interpretations are
not excluded by the data. It could be ar-

gued timat the site on the 50 S ribosome

which time antibiotic inactivates is, in fact,
not the site at which aminoacyl-tRNA
binds. The antibiotic, however, by an allo-

steno effect could change the structure of
the ribosome, making the ribosonme unable

to bind aminoacyl-tRNA. Time end result
is the saimme in both instances. Protein syn-

thesis is inhibited by changes in the ribo-
some which alter time affinity for the bind-
ing of anmiimoacyl-tRNA, and the effect is

directly oim aminoacyl-tRNA binding.
Aimotimer possibility is that time inhibition

of binding of aimmiimoacyl-tRNA immay be only
an inci(leImtal reflection of other changes
in the nihosoimme structure and time mode of

action of time antibiotics may have nothing

at all to (10 With aminoaeyl-tRNA binding.
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