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Antibiotic Glycosides. VI. Definition of the 50s Ribosomal 
Subunit of Bacillus subtilis 168 as a Major Determinant of 
Sensitivity to Erythromycin A* 

James M. Wilhelmt and John W. Corcoranf 

ABSTRACT: Two strains of Bacillus subtilis have been 
used for the preparation of ribosomes or subrjbosomal 
particles and a partially purified enzyme fraction, which 
together with synthetic polynucleotides, amino acids, 
and an energy source will synthesize polypeptides. One 
bacterial strain is sensitive to the medium-ring macrolide 
antibiotic erythromycin A, and the other strain is a 
mutant which is less sensitive. The effect of erythromycin 
A on polypeptide synthesis has been measured as a func- 
tion of the source of the ribosomes, subribosomal 
particles, and the enzyme fraction. The concentration of 
erythromycin A that is required for maximal inhibition 

B rock and Brock (1959) were the first to suggest that 
erythromycin A (EaDC)I acts as a selective inhibitor of 
protein synthesis. This conclusion was based on the ob- 
servation that both protein synthesis and growth of an 
Escherichia coli strain ceased in the presence of 1000 
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of polypeptide formation depends markedly on both the 
source of the 50s subribosomal particle and the nature 
of the polymer being synthesized. In particular, the 50s 
ribosomal subunits differ. Reconstituted systems with 
50s subunits from erythromycin-sensitive B. subtilis 
show a 15-fold greater sensitivity to the antibiotic than 
those which employ 50s subunits from the resistant 
strain of bacteria. The bacterial mutation which has led 
to a reduced sensitivity to erythromycin A probably has 
produced some change in the structure of the 50s sub- 
ribosomal particle, and this affects the interaction of the 
antibiotic with the reactions of protein synthesis. 

pg/ml of erythromycin A, while nucleic acid synthesis 
continued. Taubman et al. (1963) continued the investi- 
gation of the mechanism of bacterial sensitivity to this 
macrolide antibiotic with two strains of Bacillus subtilis 
168, one which is sensitive to less than 1 pg/ml of eryth- 
romycin A and the other which is relatively resistant 
(about 100-fold less sensitive) as the result of a mutation. 
It was shown that erythromycin A, at concentrations 
which are of physiological significance, blocked protein 
biosynthesis in the bacteria which are sensitive, and that 
these same concentrations had little effect on the strain 
which had acquired resistance. The studies were ex- 
tended (Taubman et a[., 1963, 1964), employing a cell- 
free system derived from the antibiotic-sensitive strain 
of B. subtilis, and erythromycin A was found to inhibit 
the incorporation of amino acids into polypeptides. 
Wolfe and Hahn (1964), who studied an E. coli strain 
similar in sensitivity to that used by Brock and Brock 
(1959), have reported a similar finding. 

Taubman et al. (1964) have defined the action of 
erythromycin k as an inhibition of the ribosome-de- 
pendent transfer of activated amino acids (aminoacyl- 
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tRNAs) into polypeptide linkage. Moreover, Taubman 
and Corcoran (1965) and Taubman et al. (1966) recently 
have described a specific binding of erythromycin A to 
the 50s subribosomal particle of B. subtilis, under con- 
ditions where protein synthesis is occurring and erythro- 
mycin A is effective. Under the same conditions, there is 
a much reduced binding of erythromycin A to ribosomes 
from the “resistant” bacterial strain. Tanaka et al. (1966) 
also have demonstrated binding of the antibiotic to 
ribosomes of E. coli and B. subtilis, but no studies of 
resistant organisms were reported. All of these findings 
suggest that the ribosome is the site of action of the 
drug, and the results of Taubman et al. (1966) provide 
indirect evidence that an alteration in the ribosome of 
the bacterial mutant is responsible for its resistance to 
the antibiotic. Circumstantial evidence for this is also 
provided by genetic mapping experiments of Dubnau 
et al. (1965a,b), who have shown that the chromosomal 
region of B. subtilis which is responsible for the develop- 
ment of the RNA in 50s subribosomal particles is also 
the site of mutations leading to resistance to erythromy- 
cin A 

In the present communication we wish to present the 
results of some further studies of polypeptide synthesis 
by the strains of B .  subtilis described by Taubman et a/. 
(1963). The cell-free systems have been fractionated, and 
the constituents purified and reconstituted in a manner 
which permits a comparison of the ribosome function. 
According to this criterion the ribosome, specifically 
the 50s subunit, does indeed play a major role in deter- 
mining the degree of inhibition of protein synthesis pro- 
duced by erythromycin A. 

Experimental Section 

Materials. The two strains of bacteria used, designated 
“EaDC-sensitive” or “sensitive” and “EaDC-resistant” 
or “resistant,” have been described previously (Taub- 
man el al., 1963). Amino acids uniformly labeled with 
carbon-14 were purchased from the New England 
Nuclear Corp. and Schwarz BioResearch, Inc., and 
used without further purification. ATP, GTP, poly U, 
poly A, poly C, enolpyruvate phosphate, and pyruvate 
kinase were products of Sigma Chemical. Antibiotic 
medium 3 was purchased from Difco Laboratories, and 
foaming during the growth of bacteria was controlled 
by Hodag PPG-2000 (Hodag Chemical Corp., Skokie, 
Ill.). 

Analytical Methods. In all the procedures described 
below, bacterial growth was determined by measure- 
ment of turbidity using a Klett-Summerson colorimeter 
with a 540mp filter. Protein was determined by the 
method of Lowry et al. (1951). RNA by the orcinol re- 
action (Mejbaum, 1939), and DNA by the method of 
Burton (1956). Centrifugal force values (g) are average 
values. 

Growth oj  Bacteria and Preparation of Cell-Free Ex- 
tracts (S-30 Supernatant Suspension). The bacteria were 
routinely grown at 37” in a Microferm Laboratory 
fermentor (New Brunswick Instruments) with an impel- 
ler speed of 400 rpm and aeration through a ring sparger 

at 0.5 I./min per 1. of medium. The bacteria were har- 
vested (Sharples centrifuge) in mid-log phase at an ap- 
proximate density of 3 X 10’ cells/ml and quickly 
chilled. All subsequent operations for the preparation 
of ribosomes and enzyme fraction were carried out at 
4‘ unless noted otherwise. The cells were suspended in 
three times their wet weight of buffer A (Tris-HC1,O.Ol 
M, pH 7.6; magnesium acetate, 0.012 M; ammonium 
chloride, 0.04 M ;  and mercaptoethanol, 0.002 M) and 
washed three times by centrifugation (30,000g, 10 min) 
and resuspension in the same buffer. Before the final 
wash, bentonite (prepared according to Fraenkel-Con- 
rat et al., 1961) was added to the cell suspension to a 
concentration of 10 mg/g of wet cells. The cells were 
broken by grinding one part (wet weight) of cells with 
two parts of Alumina A-305 (Aluminum Co. of America) 
for 5 min in a prechilled mortar. The resultant paste was 
extracted with buffer A (2 ml/g of wet cells). The extract 
was centrifuged at 30,000g for 60 min to remove cell 
debris, leaving the S-30 supernatant suspension. 

Preparation o,f Washed Ribosomes. The ribosomes 
were collected from the S-30 supernatant suspension by 
centrifugation for 90 rnin at  100,000g. The remaining 
supernatant solution (S-100 solution) was retained for 
the preparation of the enzyme fraction. The ribosomal 
pellet was resuspended in buffer B (composition similar 
to buffer A, except that the concentration of magnesium 
acetate is 1.2 x 10-4 M) at approximately 200 Aneo 
units/ml and allowed to stand for h hr at 0 ’. The suspen- 
sion was then dialyzed for 12 hr against 100 volumes of 
buffer A, and the ribosomes were collected by centrifuga- 
tion at 100,000g for 90 min. The ribosomes were stored 
at -X0” in buffer A at 100 ,Azfio units/ml. The prepara- 
tion retains 100% of its activity for at least 1 month. 
The above-described procedure, especially prolonged 
incubation of the ribosomes in the presence of a reduced 
concentration of magnesium ions, is necessary if minimal 
contamination with nonribosomal RNAs and enzyme 
fraction activities is to be achieved. The times indicated 
were determined empirically as a compromise between 
further purification of the ribosomes and loss of their 
function in promoting polypeptide formation. For many 
purposes more active ribosomes are useful, and these 
are obtained by omitting the incubation and dialysis 
steps. This alternate preparation is described in the 
following section. 

Isolation of 50s and 30s Subribosomal Units. Ribo- 
somes were collected directly from the S-30 supernatant 
suspension by centrifugation at 100,000g for 90 min. 
The ribosomes were resuspended in buffer A at 400 
AZeO unitsjml and stored at -X0”. For separation and 
recovery of the ribosomal subunits, the ribosome sus- 
pension (1 ml) was thawed and layered on the top of a 
centrifuge tube (3.1 X 8.7 cm) containing a sucrose 
solution (50 ml) varying in concentration linearly from 
10 to 25%;. The sucrose solution also contained Tris- 
HC1 buffer (0.01 M, pH 7.6), magnesium acetate (1.2 X 
lo-* M), and ammonium chloride (0.04 M). After cen- 
trifugation at 3 O for 10 hr at 25,000 rpm (75,500g) in a 
Spinco SW 25.2 rotor, successive 2.0-ml fractions were 
siphoned from the bottom of the centrifuge tube, and 2579 
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their absorbancy was measured at 260 mp. Fractions 
comprising each of the two peaks were pooled separately 
and centrifuged for 2 hr at 50,000 rpm (150,OOOg) in a 
Spinco no. 50 rotor. The upper two-thirds of the super- 
natant solution was removed and discarded. The sedi- 
mented ribosomal particles were resuspended in the re- 
maining solution and used immediately without further 
treatment. The residual sucrose has no effect on the 
assay procedure. 

Preparation of the Enzyme Fraction. The S-100 super- 
natant solution from 15 g ofwet B. subtifis cells was taken 
to  pH 5.3, by the addition of acetic acid (0.1 M) over a 
period of 30 min with constant stirring. After standing 
for 5 hr, a precipitate was collected by centrifugation at 
30,OOOg for 30 min. The precipitate was resuspended in 
approximately 10 ml of buffer A. The fraction prepared 
in this manner contains most of the RNA and DNA and 
approximately one-fifth of the protein present in the 
original S-100 supernatant solution. For further purifica- 
tion, the pH 5.3 fraction was applied to the top of a 
column (25 X 1.5 cm) of DEAE-cellulose which had 
been previously equilibrated with buffer A. This buffer 
(40 ml) was passed through the column and elution was 
carried out at pH 7.6 with a logarithmic gradient of 
ammonium chloride (0.04-0.67 M). Initially, the mixing 
chamber contained 200 ml of buffer A and the reservoir 
contained 200 ml of a buffer containing Tris-HC1, pH 
7.6,O.Ol M; magnesium acetate,0.012 M; andammonium 
chloride, 1.0 M. Fractions (5 ml) were collected at a flow 
rate of 1 ml/min. The main protein peak appeared be- 
tween ammonium chloride concentrations of 0.35 and 
0.45 M. The fractions constituting this peak were pooled 
and brought to 45 z of saturation with ammonium sul- 
fate by slow addition of the solid salt to a stirred solu- 
tion. After standing for 30 min, the mixture was centri- 
fuged at 30,OOOg for 30 min and a precipitate was dis- 
carded. The supernatant solution was brought to 65 
of saturation with ammonium sulfate, as before, and 
allowed to stand for 1 hr. A precipitate was collected, as 
above, and dissolved in buffer A at a protein concentra- 
tion of 2 mg/ml. This preparation was dialyzed against 
three changes of 100 volumes of buffer A and designated 
as the enzyme fraction. It contains no appreciable DNA 
or RNA and is stable for at Ieast 1 month at -80”. 

Preparation of B. subtilis tRNA. The bulk tRNA was 
derived from the S-100 supernatant solution prepared 
from the sensitive B. subtilis. It was isolated by phenol 
extraction and differential precipitation with isopro- 
panol, as described by Zubay (1962). In some cases, a 
commercial preparation of B. subtilis tRNA from Gen- 
eral Biochemicals, Inc., was substituted. The two prep- 
arations gave virtually identical results. 

Assay of Incorporation of [l4C]Arnino Acids into Poly- 
peptides. Reaction mixtures (0.5 ml) contained Tris-HC1 
(pH 7.6, 5 pmoIes), magnesium acetate (6 pmoles), 
ammonium chloride (20 pmoles), mercaptoethanol (3 
pmoles), ATP (0.5 pmole), enolpyruvate phosphate 
(2.5 pmoles), pyruvate kinase (25 pg), GTP (0.04 pmole), 
a mixture of 20 [12C]amino acids minus the particular 
amino acid under investigation (2 mpmoles each), 
tRNA (200 pg), washed ribosomes (100 pg of ribosomal 

protein), and enzyme fraction (40 pg). In addition to  
this standard assay mixture, synthetic polynucleotides, 
[‘4C]amino acids, and erythromycin A were added, as 
specified in the appropriate figure (below). Reactions 
were intiated by the addition of the enzyme fraction and 
incubated at 37”, generally for 30 min. 

The incorporation of [ 14C]phenylalanine into poly- 
peptides was determined as follows. After incubation, 
an aliquot of the mixture was pipetted onto a 2.0-cm 
disk of Whatman No. 3MM filter paper. The disks were 
treated as described by Mans and Novelli (1960), to 
precipitate hot TCA-insoluble polypeptides. The washed 
disks were placed in scintillation vials and soaked with 
0.6 ml of 1 M ammonia for 30 min. Radioactivity was 
determined by adding 10 ml of a dioxane-based scintil- 
lation fluid (Hayes, 1960) and counting in a Nuclear- 
Chicago Mark I liquid scintillation system. Counting 
efficiency was determined for each sample and was rou- 
tinely 74-78 z. 

The incorporation of [14C]lysine into polypeptides 
was determined as above, except that the TCA washing 
solution was adjusted to pH 2 and contained sodium 
tungstate (0.5 rngiml). The assay of [14C]proline incor- 
poration into polypeptides proceeded differently since 
prolyl polypeptides are soluble in the TCA washing 
solutions. The reaction was terminated by the addition 
of 1 M sodium hydroxide (0.02 ml), and incubated for an 
additional 30 min to hydrolyze prolyl-tRNA. The mix- 
tures were neutralized by the addition of 1 M hydro- 
chloric acid (0.02 ml) and the sample was applied along 
the origin of a strip (4 X 40 cm) of Whatman No. 3MM 
filter paper. The strip was chromatographed in descend- 
ing fashion for 16 hr in a solvent system consisting of 
1-butanol-methanol-water (2:2:1, v/v) (Hardy et a[., 
1955). The polypeptides containing [14C]proline re- 
mained at the origin of the chromatogram. This area 
was cut into strips (1 x 4 cm) for radioactivity measure- 
ment as described above. 

Results and Discussion 

In order to study the details of the mechanism of ac- 
tion of erythromycin A, we have fractionated and par- 
tially purified the components of the cell-free protein- 
synthesizing systems (Taubman et al., 1964) from an 
antibiotic-sensitive and -resistant strain of B. subtilis 
168. We have prepared ribosomes, subribosomal par- 
ticles, and an enzyme fraction which contains both 
aminoacyl-tRNA synthetase activity for a variety of 
amino acids and the enzymatic acitivity for transfer of 
these activated amino acids into peptide linkage. The 
components which we have obtained can be used in 
several different ways to construct “reconstituted” 
systems that are capable of synthesizing polypeptides. 
For these experiments, we have made reciprocal pairings 
of the ribosomes and the enzyme fractions, as well as 
similar pairings of the subribosomal units. In the latter 
case the assay for activity employed the enzyme fraction 
from the sensitive bacteria. 

We have studied the utilization of L-lysine, L-proline, 
and L-phenylalanine for polypeptide synthesis, as 
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Minutes 

FIGURE 1: Kinetics of the incorporation of [14C]lysine 
into polypeptides with ribosomes from EaDC-sen- 
sitive B. subtilis: (0-0) Standard reaction mixture 
(see Experimental Section) plus 50 pg of poly A and 1.6 
rnpmoles of [14C]lysine (0.4 pc); aliquots were taken 
at times indicated after addition of the enzyme fraction 
and assayed as described in the Experimental Section. 
(0-0) As above but with 2.0 x 10-6 M erythromycin. 

mediated by the appropriate mRNAs, poly A, poly C, 
and poly U. The general characteristics of the system 
which was constructed from the sensitive ribosomes 
and enzyme fraction are shown in Table I. The incor- 
poration of the amino acids into polypeptide linkage is 
seen to be dependent on a source of energy, the syn- 
thetic polynucleotide, bulk tRNA, and the enzyme frac- 

~ 

TABLE I: Requirements for Incorporation of [ 14C]- 
Amino Acids into Polypeptides. 

ppmoles of [14C]Amino 
Acid Incorporated into 

Polypeptides 

Phenyl- 
Conditions alanine Lysine Proline 

Complete system" 41.8b 31 . O c  5 . O d  

-ATP, pyruvate kinase, 0 . 8  0 . 5  0 . 3  

-Synthetic polynucleo- 3 . 0 2.0  0 . 4  

-tRNA 2 . 1  1 . 1  0 .4  
-Enzyme fraction I 1 . 0  0 . 5  0 . 3  

phosphoenolpyruvate 

tides 

Complete system contains standard reaction mixture 
(see Experimental Section) plus: bpoly U (100 pg) 
and [14C]phenylalanine (1.26 mpmoles, 0.4 pc), c poly A 
(50 pg) and [ Wllysine (1.6 mpmoles, 0.4 pc), and d poly C 
(40 pg) and [14C]proline (2.7 mpmoles, 0.4 pc). 

Minutes 

FIGURE 2: Kinetics of the incorporation of [14C]lysine 
into polypeptide with ribosomes from EaDC-resistant 
B. subtilis. (.-e) Standard reaction mixture (see 
Experimental Section) plus 50 pg of poly A and 1.6 
mpmoles of L14C]lysine (0.4 pc); aliquots were taken at  
times indicated after addition of the enzyme fraction 
and assayed as described in the Experimental Section. 
(0-0) As above with 4.0 X 10-6 M erythromycin. 

tion. All of the reconstituted systems exhibit similar re- 
quirements. The extent of the utilization of the amino 
acids is limited by the quantity of ribosomes which are 
present. The incorporation increases linearly as the 
ribosomal protein concentration is increased to 0.6 
mg/ml. An increase in the amount of tRNA, [14C]amino 
acid, or of the enzyme fraction does not stimulate the 
formation of polypeptides. Other factors probably affect 
the extent of polypeptide synthesis by the systems which 
have been studied (cf. Taubman et al., 1964). In particu- 
lar, the magnesium ion concentration used represents 
the center of a rather narrow range of values (1.0-1.5 X 

M) which are compatible with a maximal rate of 
protein synthesis. 

The duration of polypeptide synthesis by each of the 
systems which have been described was determined to be 
about 30 min after the addition of the enzyme fraction. 
In each case, a lag of 5-6 min was observed before syn- 
thesis began. No attempt has yet been made to deter- 
mine the reason for either the lag or the cessation of 
synthesis. The presence of the inhibitor, erythromycin 
A, affected neither the length of the lag nor the duration 
of active polypeptide synthesis. The situation, as mea- 
sured for the utilization of L-lysine in the presence of 
poly A, is shown in Figures 1 and 2. The first of these 
shows the system employing both ribosomes and the 
enzyme fraction from sensitive B. subtilis. The second is 
that system which is formed from the same enzyme frac- 
tion, but with ribosomes from resistant bacteria. In the 
light of the observations mentioned, either the rate of 
protein synthesis (slope of the linear portion of the time 
us. incorporation plot) or the extent of incorporation of 
an amino acid into polypeptides by the end of active 
synthesis can be cited as evidence for the behavior of a 258 1 
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FIGURE 4: Comparison of EaDC-sensitive and EaDC- 
resistant ribosomes and the inhibitory effect of EaDC 
on incorporation of [ 4C]proline into polypeptides. 
(0-0) Standard reaction mixtures incubated and 
assayed as described in the Experimental Section, em- 
ploying ribosomes from the EaDC-sensitive strain of B. 
subtilis with 40 pg of poly C and 2.7 mpmoles (0.4 
pc) of [14C]proline in 0.5 ml. (0-0) As above but with 
ribosomes from the EaDC-resistant strain. 

Log c 

FIGURE 3 : Comparison of EaDC-sensitive and EaDC- 
resistant ribosomes and the inhibitory effect of EaDC 
on incorporation of [14C]lysine into polypeptides. 
(0-0) Standard reaction mixture incubated and 
assayed as described in the Experimental Section em- 
ploying ribosomes from the EaDC-sensitive strain of B. 
suhrilis plus 50 pg of poly A and 1.6 mpmoles (0.4 pc) 
of [14C]lysine in 0.5 ml. (0-0) As above but with 
ribosomes from the EaDC-resistant strain. 

given cell-free system. We have chosen to report total 
incorporation of the amino acid into polypeptides as 
the measure of activity. 

The data presented in Table I show that the polypep- 
tide synthesis which depends on washed B. subtilis 
ribosomes requires a protein fraction from the S-100 
supernatant solution. This enzyme fraction contains 
aminoacyl-tRNA synthetase activity for all L-amino 
acids thus far studied: arginine, aspartic acid, glutamic 
acid, lysine, phenylalanine, proline, and valine. Evidence 
exists that the enzyme fraction also contains the enzymes 
which catalyze the transfer of these amino acids into 
polypeptide linkage. For example, we found that the 
supernatant solution remaining after the initial acid 
precipitation of the crude enzyme fraction possesses 
appreciable phenylalanyl-tRNA synthetase activity, but 
almost no ability to convert the activated amino acid 
into polypeptide linkage. When the protein (40 pg) 
soluble at pH 5.3 was substituted for the enzyme fraction 
in an experiment similar to that described as the com- 
plete system of Table I, but without ribosomes, 95 
ppmoles of [14C]phenylalanyl-tRNA (as assayed by 
precipitation with cold 5 trichloroacetic acid) was 
formed. Of this, however, only 0.9 ppmole of the amino 
acid was converted into polypeptide linkage in the 
presence of ribosomes. On the other hand, the same 
amount of protein as the purified enzyme fraction will 
not only catalyze the formation of 70 pprnoles of ['*C]- 
phenylalanyl-tRNA in 30 min but it also can promote 
the transfer of 41.8 ppmoles into polypeptide linkage. 
Comparable demonstrations with [14C]proline and 
[14C]lysine were not feasible, since the protein which is 2582 

soluble at  pH 5.3 possesses essentially no aminoacyl- 
tRNA synthetase activity for these amino acids. 

The difference in the binding of erythromycin A to 
ribosomes derived from the two strains of B. subtilis 
(Taubman et a/., 1966) had suggested to us that the 
ribosome of this microorganism may be the major factor 
which determines the degree of inhibition of protein 
synthesis which is produced by the antibiotic. The va- 
lidity of this presumption was shown in experiments 
which used the enzyme fraction from the bacteria which 
are sensitive to erythromycin A, and ribosomes from 
either the antibiotic-sensitive or -resistant strains. The 
synthesis of polylysine, as mediated by poly A, is 
shown in Figure 3. In the presence of ribosomes from 
the antibiotic-sensitive B. subtilis a maximal inhibition 
of polypeptide synthesis of 48x  is found at  about 2.0 
X M erythromycin A (1.4 pg of EaDC/ml). With the 
ribosomes from antibiotic-resistant B. subtilis about 14 
times more erythromycin A (2.8 X IOp5 M) is required 
for maximal inhibition of polylysine synthesis. The re- 
sults of the study of poly C dependent polyproline 
synthesis by the two cell-free systems are shown in 
Figure 4. This process appears qualitatively to be 
similar to that described for the synthesis of the 
polylysines (Figure 3). The main difference is that 
higher concentrations of erythromycin A are required 
to produce equivalent inhibitions of polypeptide syn- 
thesis. With sensitive ribosomes maximal inhibition 
(42%) is observed at  1.0 X 10-E M erythromycin 
A. As before, when resistant ribosomes are used more 
erythromycin A (1.3 X M) is needed to pro- 
duce equivalent inhibition of polypeptide synthesis. 
The reaction which is least sensitive to the antibiotic is 
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FIGURE 5 : Comparison of EaDC-sensitive and EaDC- 
resistant ribosomes and the inhibitory effect of EaDC 
on the incorporation of [ 14C]phenylalanine into poly- 
peptides. (0-0) Standard reaction mixture incu- 
bated and assayed as described in the Experimental 
Section, employing ribosomes from the EaDC-sen- 
sitive strain of B. subtilis plus 100 pg of poly U and 
1.26 mpmoles (0.4 pc) of [14C]phenylalanine in 0.5 ml. 
(0-0) As above but with ribosomes from resistant 
strain. 

- 

the forma tion of polyphenylalanines, promoted by poly 
U (Figure 5) .  The system using the sensitive ribosomes 
is maximally inhibited (4573 at 4.0 X 10-j M erythro- 
mycin A. A 15-fold increase in the concentration of the 
antibiotic (to 6.0 X lop4 M EaDC) was needed to give a 
similar maximal (40 %) inhibition of polyphenylalanine 
synthesis when resistant ribosomes promoted the syn- 
thesis. 

Since the properties of the enzyme fraction used in 
these experiments might also vary with its source, we 
repeated some of the experiments described above with 
the enzyme fraction from resistant B. subtilis. Polylysine 
and polyphenylalanine formation without erythromycin 
was comparable to the values reported in Table I.  The 
results of the reciprocal pairings of ribosomes and en- 
zyme fractions and the effect of erythromycin A on 
polypeptide formation are presented in Figure 6. It is 
apparent that the difference in sensitivity to the antibi- 
otic is primarily a function of the source of the ribosome. 

Previous studies of erythromycin A binding to B. 
subtilis ribosomes had suggested that the 50s subunit 
may be a site of difference between the sensitive and 
resistant bacterial strains. To test whether these units 
are different functionally, we recovered the 30s and 50s 
ribosomal subunits from 70s ribosomes of each strain 
of bacteria and made reciprocal pairings of the subunits. 
Experiments were carried out to measure both poly- 
phenylalanine and polylysine formation. The results 
were similar in both sets of experiments, but the activity 
of the reconstituted systems is much greater when as- 
sayed with phenylalanine and poly U. These results, 
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FIGURE 6: Inhibition by erythromycin A of polypeptide 
synthesis with various combinations of resistant and 
sensitive B. suhtilis ribosomes and enzyme fractions. 
(A) Inhibition of polylysine synthesis; incubations 
contained standard reaction mixture (see Experimental 
Section) ribosomes, enzyme fraction, and erythromycin 
as specified plus poly A (50 pg) and [14C]lysine (1.6 
mpmoles, 0.4 pc). (0) Sensitive ribosomes and sensi- 
tive enzyme fraction. (0) Sensitive ribosomes and 
resistant enzyme fraction. (A) Resistant ribosomes and 
resistant enzyme fraction. (0) Resistant ribosomes and 
sensitive enzyme fraction. (B) Inhibition of poly- 
phenylalanine synthesis, incubations as in A but 
with poly U (100 pg) and [14C]phenylalanine (1.26 
mpmoles, 0.4 pc); symbols have the same meaning as in 
A. 

shown as Table 11, demonstrate that it is the 50s ribo- 
somal subunit which determines the sensitivity of the 
cell-free systems to erythromycin A. 

Although the ribosomes of B. subtilis, particularly the 
50s subunit, do seem to differ in their function when 
erythromycin A is present, the action of the antibiotic 
on both varieties may be similar. This is not certain, but 
it is suggested by the fact that the limiting inhibition of 
protein synthesis produced by erythromycin A is 
40-50 in the case of each amino acid studied. This is 
irrespective of the source of the ribosome, and is repro- 
ducible for the reconstituted systems when assayed as 
described above. It is in contrast to the variable degrees 
of inhibition observed during studies of crude prepara- 
tions (Taubman et a/., 1964). 

All of the lines of evidence which are available at this 
moment suggest that erythromycin A interacts with the 
ribosomes of sensitive bacteria (cf. Taubman et al., 
1966). Direct measurements in the case of B. subtilis 
ribosomes show that the degree of interaction is related 
to the sensitivity of the parent bacteria to erythromycin 
A (Oleinick and Corcoran, 1967). It is tempting to 
speculate that this difference in interaction (binding) is 
related both to the difference in sensitivity to the anti- 
biotic shown by these strains and to the normal mech- 2583 
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TABLE 11: The Effect of Erythromycin A on the Synthesis of Polyphenylalanine with Recombined 30s and 50s Particles 
from Sensitive and Resistant B. subtilis.6 

_. - - __-_____ __ - 
Inhibn (z) of Polyphenylalanine Synthesisc by Erythro- 
mycin A as a Function of the Concn (M) of Antibiotic Subribosomal Particles Employedb 

50 S,,, 50 Sre, 30 S,,, 30 S,,, 10-6 10-5 4 x 10-5 10-4 4 x 10-4 

+ + 0 14 15 25 40 + + 0 15 20 34 + + 0 0 0 10 25 + + 0 0 0 15 20 

a Incubations contained standard reaction mixture (see Experimental Section), specified 30s particle (1 10 pg), 
specified 50s particle (165 pg), poly U (100 pg), and ~-[~~C]phenylalanine (1.1 mpmoles, 0.4 pc). b Sedimentation co- 
efficients are nominal values given to identify particle types. c In the absence of erythromycin A approximately 25 
ppmoles of ~-[14C]phenylalanine was incorporated into polypeptides with the complete systems. With either sensitive 
or resistant 30s particles alone, 1.0 ppmole was incorporated, and with either type of 50s particle alone, 1.5 ppmoles 
was incorporated. 

anism whereby erythromycin inhibits prptein formation. 
The results discussed in the present communication sup- 
port the hypothesis, in that they show the 50s subribo- 
soma1 unit of B. subtilis to be a major determinant of 
the inhibitory effect produced by erythromycin A on 
cell-free protein synthesis. However, it is not clear from 
these data whether there is any simple relationship be- 
tween the binding of erythromycin to 50s subunits and 
the observed degree of inhibition of polypeptide forma- 
tion. Indeed, the data shown above (Figures 3-5) in- 
dicate that some factor concerned with the nature of the 
amino acid being incorporated into polypeptide linkage 
plays a considerable role in determining the amount of 
antibiotic required for a given degree of inhibition. This 
is so even though the amount of antibiotic bound to 50s 
subunits is not much affected by changes in the poly- 
nucleotide message. 

Another major problem which remains unanswered 
is that of why erythromycin A is effective in inhibiting 
the multiplication of both B. subtilis strains, whereas 
in the various cell-free systems we have studied, the in- 
hibition of protein synthesis is always less than com- 
plete. First of all, it may well be that protein synthesis 
does not need to be inhibited completely for cell mul- 
tiplication to be affected. Secondly, the process mea- 
sured in cell-free systems with either “natural” mRNA or 
“synthetic” mRNAs is hardly physiological. On the 
assumption that cell-free studies do at least mirror the 
normal case, one can visualize several factors which may 
affect the extent of erythromycin A inhibition of poly- 
peptide (protein) synthesis. If binding of erythromycin 
A to 50s subribosomal particles is prerequisite to an in- 
hibition of protein synthesis, it may be that the resultant 
protein-synthesizing complex is not devoid of ability to 
form protein. Such a complex may function at a low 

N. L. Oleinick and J. W. Corcoran, unpublished observa- 
2584 tions. 
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rate or in some differential manner where some amino 
acids (aminoacyl-tRNAs) are affected more than others. 
A further complication seems to be that reversible bind- 
ing of the antibiotic to the 50s ribosomal subunit may 
occur best when this unit is not associated with 30s 
subunits and/or mRNA.2 If so, a given ribosomal pop- 
ulation may represent an equilibrium mixture of erythro- 
mycin A bound and unbound 50s subunits. Thus, ex- 
perimental design may play a considerable role in the 
maximal inhibition of polypeptide synthesis produced 
by erythromycin A in cell-free systems. Obviously, the 
physiological action of the antibiotic may be much more 
complex than suggested in this analysis. It must, how- 
ever, be compatible with two major facts. One is that the 
antibiotic binds specifically to 50s ribosomal subunits 
from B. subtilis and the extent of binding reflects the 
sensitivity of the parent bacteria. Secondly, the same 
sensitivity to erythromycin A is shown by the 50s 
ribosomal subunits when they are functioning in pro- 
tein synthesis. 
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ABSTRACT: The four chief electrophoretic components 
of the proteins of the large subunit of rat liver ribosomes 
have been separated and their molecular weights 
measured. Two of these components were obtained 
as electrophoretically homogeneous fractions with 
molecular weights of 14,800 and 28,600. For the other 

T he electrophoretic heterogeneity of ribosomal pro- 
teins in starch and polyacrylamide gels is well known 
(Waller and Harris, 1961; Leboy et al., 1964; Hamilton 
and Ruth, 1966; MacQuillan and Bayley, 1966; Low 
and Wool, 1966). Because of the sieving properties of 
the gels, migration is affected by molecular size and 
shape as well as by net charge and it is difficult to 
interpret the patterns. Thus: (1) the components 
might be all the same size, but differ in composition; 
(2) they might be alike in composition, but form com- 
plexes of various sizes; (3) they might vary in both 
size and composition; and (4) as an added compli- 
cation, they may exhibit conformational isomerism. 
To determine which of these descriptions applies to the 
population of ribosomal proteins, the mixture has been 
fractionated electrophoretically on a polyacrylamide 
column and the molecular weights of the fractions have 
been measured by equilibrium centrifugation. Because 
the electrophoretic distributions of the proteins from 

* From the Sloan-Kettering Division, Graduate School of 
Medical Sciences, Cornel1 University Medical College, New York, 
New York 10021. Receiued March 21, 1967. This work was sup- 
ported by U. S. Public Health Service Grants CY 3190 and CA 
08748 and Atomic Energy Commission Contract AT(30-1)-910. 
It was reported in part at the 2nd International Biophysics 
Congress, Vienna, Austria, Sept 1966, and at the 11th Annual 
Meeting of the Biophysical Society, Houston, Texas, Feb 1967. 

two, molecular weights were obtained by extrapolation 
of measurements on mixtures but the values, 16,000 
and 19,000, probably are fair estimates of the true 
molecular weights. The similar sizes of electrophoreti- 
cally distinguishable components suggest that the ribo- 
somal proteins differ in composition as well as size. 

the two ribosomal subunits differ, the subunits were 
first separated and the more stable large subunit of rat 
liver ribosomes has been used as a source of protein. 
Two of the fractions were monodisperse both in the 
ultracentrifuge and on reexamination by electrophoresis. 
These had molecular weights of 14,800 and 28,600. 
The other fractions were not monodisperse by electro- 
phoresis although some appeared to be monodisperse 
in the ultracentrifuge. 

Experimental Procedures 

Isolation of Ribosomes and Separation of Subunits.' 
Ribosomes were isolated from the livers of fasted, 
adult male rats and purified by the procedures of 
Petermann and Pavlovec (1963) and Schwartz and 
Petermann (1966) which involve the use of sodium 
deoxycholate, bentonite, a pH 8 wash, and MgClz 
precipitation. This method yields electrophoretically 
pure ribosomes. Ribosomes were dissociated to subunits 
by passage through a Sephadex G-100 column in 0.1 
hi KC1-0.001 M potassium phosphate (pH 7.0) (Peter- 
mann and Pavlovec, 1966), dialyzed overnight against 

1 All procedures were carried out in a cold room at tempera- 
tures from 5 to 10". Stock solutions of urea 10 (M) were 
treated with charcoal before use. 2585 
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