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mole of each of these compounds, a molecular weight 
of 137,000 can be calculated using the protein content 
of the most active aminase preparations. This com- 
pares with a molecular weight of 140,000 calculated 
from the sedimentation velocity and the diffusion con- 
stant as roughly estimated by boundary spreading. 

The mutual enhancement by XMP, PP,, and psico- 
furanine of one another’s attachment to the aminase 
might be the consequence of bond formation among 
themselves as well as with the aminase. However, 
failure to detect adjuncts of psicofuranine and either 
XMP or PP, in ethanol-water extracts of the inhibited 
complex indicates that such bonds, if they are formed, 
could not be particularly stable. An alternative ex- 
planation might be that these compounds cause a co- 
operative distortion of the aminase which improves its 
ability to bind each of them. This latter explanation 
is particularly attractive since it can also be invoked in 
answer to the question of how binding of psicofuranine, 
XMP, and PP, causes inhibition of the aminase’s ac- 
tion. However, such configurational changes remain 
to be demonstrated. 
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The role of ribosomes in the biosynthesis of gramicidins, tyrocidines, and protein by cell-free 
preparations of Bacillus brevis has been investigated. With extracts of the Dubos strain of this 
organism, prepared under a variety of conditions, the major ribosomal component had a sedi- 
mentation coefficient (som,,) of 50 S. This particle, separated on sucrose gradients, was active 
in promoting incorporation of isotopic amino acids into both groups of polypeptides and protein. 
A small 32 S peak was also consistently observed, which participated only in peptide formation, 
Ribosomes sedimenting in the region of 70 and 100 S were detected in minor amounts under 
certain circumstances. Under conditions of low Mg2+ and high buffer concentration, two 
small subunits with sedimentation coefficients of approximately 18 and 27 S appeared on the 
sucrose gradient. Newly synthesized peptide remained bound to both these particles, while 
1WJprotein was associated only with the larger subunit. The smaller particle had approxi- 
mately the same total peptide-synthesizing activity as did the 32 S ribosome. Neither sub- 
unit was active alone in protein formation, but a recombination of the particles restored protein 
and peptide synthesis to their original levels, presumably by the reconstitution of the 50 S 
ribosome. A cellular fraction sedimenting at  40,000 X g was found capable of accepting the 
polypeptides newly synthesized by the ribosomes. Experiments with another strain of B .  
brevis, which synthesized gramicidin S, indicated the existence of the usual 30-50-70 S ribosomal 
pattern. M Mgz+, the ribosomes 
appeared in the 30 and 50 S form, with biosynthetic activity residing in the 50 S unit. It was 
concluded that the 70 S ribosome was probably the physiological form in the B. brevis organism. 

When extracts were prepared in 0.1 M Tris and 5 x 

Ribosomes are well known to serve as the site of pro- 
tein synthesis in bacterial, plant, and mammalian sys- 
tems. Until recently, however, there had been no 
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demonstration of the participation of ribosomes in the 
biogenesis of naturally occurring polypeptides. In 
fact, the synthesis of uridine nucleotide peptide (Strom- 
inger, 1962)) and glutamyl polypeptide (Leonard and 
Housewright, 1963) Seems to require only soluble en- 
zymes. 

Last year Uemura et al. (1963) described a cell-free 
system from Bacillus brevis which catalyzed the net 
synthesis of the gramicidin and tyrocidine polypeptides, 
as well as the incorporation of [14C]amino acids into 
protein. An absolute requirement for ribosomes by 
both processes was demonstrated. Subsequent work 
(Okuda et al., 1964a,b), has indicated a close relation- 
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ship between the processes of polypeptide formation 
and protein biosynthesis. The similarities included the 
participation of s-RNA and inhibition of labeled amino 
acid incorporation by puromycin and chloramphenicol. 
The major discernible difference between the two proc- 
esses involved the mode of utilization of D-amino acids 
in peptide formation. 

The work to be reported here is primarily concerned 
with elucidating the role of ribosomes in the cell-free 
synthesis of gramicidins and tyrocidines, as compared 
to protein formation. Inasmuch as the ribonucleo- 
protein particles of B. brevis were found to differ in 
certain respects from those of other sources, some physi- 
cal studies have also been included In addition, 
experiments were performed to distinguish between the 
biosynthetic activity of the ribosomes, and an apparent 
acceptor role of a lower-speed sediment, separated from 
33. brevis sonicates, 

EXPERIMENTAL PROCEDURES 
Cultures.-Cells of B. brevis (ATCC 8185, Dubos 

strain BG) were grown in stationary cultures (Okuda 
et al., 1963), using 500-ml quantities of 2Yo tryptone- 
1 % yeast extract-mineral salt medium, in 3-liter Fern- 
bach flasks, Except where otherwise indicated, this 
strain of the organism was used throughout the re- 
search. The cells were harvested after approximately 
40 hours, near the end of the log phase (optical density 
reading 0.48-0.52 in a Klett colorimeter, using a 540-mp 
filter). The yields were about 4 g of wet cell paste per 
flask. 

B. brevis ATCC 9999, which produces gramicidin S, 
was grown with shaking on a 1% tryptone-1% beef 
extract-0.5% NaCl medium adjusted to pH 7.2 with 
NaOH, as described by Okuda et al. (1960). 

E.  coli strain B was cultivated at  37" with vigorous 
aeration, on 1 % tryptone broth containing 0.5 % KC1 
and 5 x M CaC12, and harvested in the mid-log 
phase. 

Preparation of CeU Fractions.-The method was 
essentially that described by Uemura et al. (1963). 
All steps were carried out a t  0 4 " .  B. brevis cells were 
washed three times with 5 X l o p 3  M MgCls, and then 
suspended in 5 volumes of 0.1 M Tris-HC1 buffer (pH 
7.5) containing 5 X M MgClz and 0.01 M gluta- 
thione. The suspension was subjected to sonic dis- 
ruption for 15 minutes a t  60 w and 20 kc. Intact 
cells and cell debris were removed by centrifuging for 
15 minutes a t  10,000 X g. The supernatant phase was 
centrifuged, first for 30 minutes at 40,000 x g, and then 
for 1 hour a t  140,000 x g. In some cases an inter- 
mediate centrifugation was performed for 1 hour a t  
70,000 x g. The pellets derived from centrifugation at  
the higher speeds were suspended in a small volume of 
the 0.1 M Tris buffer (usually containing 5 x 10-3 M 
Mg2+), using a manually operated glass-Teflon homo- 
genizer. In some cases this procedure was modifled by 
using 0.01 M Tris-HC1 buffer (pH 7.4)) containing 0.01 
M magnesium acetate for washing; while 0.01 M gluta- 
thione was included during sonication. 

For certain experiments, alumina grinding was sub- 
stituted for sonication. The cells were ground in the 
cold with a mortar and pestle for 3-5 minutes, using 3 
parts by weight of alumina powder, and the usual quan- 
tity of 0.1 M Tris buffer (containing 5 X 10 -3  M MgC12). 
Glutathione was omitted in this procedure. E .  coli 
extracts were prepared by the methods described, ex- 
cept that the sonication time was reduced to 10 minutes. 

Chemical Analysis.-Both the 40,000 X g and the 
140,000 x g (ribosomal) pellets described were analyzed 
for protein, RNA, DNA, and chloroform-extractable 

One liter of culture yielded 1-2 g of cell paste. 

material. Total solids were determined by drying a 
portion of the particle suspension to constant weight a t  
110", and then subtracting the weight of an equal 
volume of buffer, dried in the same manner. Protein 
was determined both by the method of Lowry et al. 
(1951)) and by trichloroacetic acid treatment. In the 
latter method, protein was precipitated by cold 5% 
trichloroacetic acid, and then treated with hot (90 ") 
5% trichloroacetic acid for 15 minutes, followed by 
washing with 95% ethanol, absolute ethanol, and etha- 
nol-ether (3:1, v/v). Last, the protein was dried a t  
110" and weighed. RNA and DNA were determined 
by the orcinol and the diphenylamine methods, respec- 
tively (Schneider, 1957). Peptidic plus lipoidal mate- 
rials were extracted by chloroform (from aliquots of the 
original suspension), dried, and weighed. 

Ultracentrifugal Analysis.-Analyses were performed 
with a Spinco Model E analytical ultracentrifuge 
equipped with schlieren optics. In all cases an AN-D 
rotor was used, containing a cell@) with a 1.2-cm light 
path. Timing was begun upon reaching a speed of 
56,100 rpm, which required about 6 minutes. All runs 
were made at  24 " in 0.1 M Tris buffer (unless otherwise 
specified) containing MgCL In most cases the ob- 
served sedimentation coefficients were corrected to 
water a t  20 ", and expressed in Svedberg units. For the 
purpose of these calculations an average ribosomal par- 
tial specific volume of 0.65 was assumed (Petermann and 
Hamilton, 1961). All slopes and zero intercepts were 
determined by the method of least squares. The S 
values were in all cases extrapolated to zero concentra- 
tion. 

Viscosities were measured at  24.0 + 0.05" using a 
(size 50) Ostwald viscometer, with a flow time for 
water of 343.1 =t 0.5 seconds at  the above temperature. 
A 100-ml pycnometer was used for density measure- 
ments. In both cases deionized water was the stand- 
ard employed. 

Amino Acid Incorporation into Peptides and Protein.- 
The incorporation of isotopic amino acids into grami- 
cidins, tyrocidines, and protein was assayed by the 
method of Uemura et al. (1963), except that the reac- 
tion was stopped by the addition of 0.4 ml of 50% tri- 
chloroacetic acid. In some cases the 40,000 x g, 70,000 
x g, and 140,000 X g particulate fractions were reiso- 
lated (by differential centrifugation) a t  the end of the 
incubation period. In these instances the reaction was 
halted by chilling the system to 0 ". 

Sucrose-Gradient Analysis.-Linear sucrose gradients 
were prepared (Britten and Roberts, 1960) by mixing 
3% and 20% (w/v) sucrose solutions, containing 
the specified Tris and magnesium concentrations, in 
0.13 x 5.1-cm cellulose tubes. A ribosomal suspen- 
sion (0.3 ml) (approximately 10 mg/ml) in 3% sucrose, 
containing the same buffer and magnesium concentra- 
tion as the gradient, was carefully layered above the 
gradient phase. Centrifugation was then performed 
in a Spinco Model L ultracentrifuge for 2 hours a t  28,000 
rpm, using a SW 39 rotor. After centrifugation, the 
bottom of the tube was carefully punctured, and two- 
drop samples were collected. 

Following gradient fractionation of ribosomes derived 
from prior 14C labeling experiments, the individual 
fractions were diluted to 3 ml and the optical density a t  
260 mp was measured. Then 1 ml of 140,000 X g 
supernatant was added (as a carrier), followed by 0.4 
ml of 50 Yo trichloroacetic acid. Last, [ 14C ]protein 
and polypeptides were separated and their radioactivi- 
ties were determined in the usual way. 

When the biosynthetic activity of freshly prepared 
(unlabeled) ribosomes was to be measured, the su- 
crose gradients were run in duplicate. One set of two- 
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FIG. LSedimentation behavior of B. brevis ribhsomes 
compared to those of E. coli. (a) B. brevis ribosomes pre- 
pared in 0.1 M Tris and 5 x lo-* M Mg*+; (b) B. brwis 
crude extract prepared in 0.01 M Tris and 0.01 M Mg'+; 
(c) B. breuis (lower) and E. coli (upper) crude extracts 
prepared as in (b), after dialysis against 0.01 M Tris and 
1 X M Mgz+; (d) B. brevis (lower) and E. coli (upper) 
crude extracta prepared BS in @), after dialysis against 
0.01 M Tris and 1 X lo-' M Mg'+; (e) B. brwis (lower) and 
E. coli (upper) crude extracts prepared as in (a), after 
dialysis against 0.1 M Tris and 5 X lo-& M M@+. The 
photographs were taken 4.86, 4.52, 4.76, 7.37, and 6.55 
minutes, respectively, after reaching a speed of 56,100 rpm. 

drop fractions was assayed directly, using the 140,000 
X g supernatant-reaction mixture system (containing a 
[ I C  Imino acid); while the other set was diluted for OD 
measurement. 

RESULTS 
Composition of the Particulate Fractions-In pre- 

paring B.  brevis ribowmes, it was discovered that 
centrifugation of the sonic extract for 15 minutes at 
10,000 X g was insufficient to remove completely the 
cell debris. Consequently a second centrifugation was 
performed for 30 minutes a t  40,000 X g, prior to remov- 
ing ribosomes. The 40,000 X g pellet thus obtained 
consisted of a dark-brown pigmented material, with 
about twice the bulk of the subsequent ribosomal frac- 
tion. This pellet probably contained considerable 
quantities of cell-membrane fragments. The same 
material was observed in extracts made by either soni- 
cation or alumina grinding. Sedimentation for 1 hour 
a t  140,000 x g yielded a transparent, amber-colored, 
gelatinous pellet which gave a rather turbid suspemion 
upon dispersal in buffer solution. E. coli preparations, 
on the other hand, yielded only a relatively small quan- 
tity of 40,000 X g sediment by either method of cell 
rupture, and the corresponding ribosomal fraction 
contained less pigment and gave a clearer suspension in 
buffer. 

Table I shows the composition of the 40,000 x g and 
the 140,000 x g sediments. It may be seen that there 
wa8 good agreement between the two methods of protein 
analysis. DNA was below the level of detedion in 
both fractions. The principal component of the 
40,000 X g pellet was protein. A relatively small 
amount of RNA was found in this fraction, and could 
represent contamination by ribosomes. Semiquantita- 
tive analysis by the cellulose-charcoal method (Okuda 

a b 

FIG. 2.Sedimentation behavior of B. brevis ATCC 9999 
ribosomes. (a) Ribosomes prepared in 0.1 M Tria and 
5 X lo-* M Mg*+; (b) crude extract prepared in 0.01 M 
Tris and 0.01 M Mg*+. The photographs were taken 4.60 
and 2.59 minutee, respectively, after reaching a speed of 
56,100 rpm. 

TABLE I 
MAJOR COMPONENTS OF TWO PARTICUIATE FRACTIONS OF 

B. brevis" 

40.000 140,000 
x g  2 s  

Constituent Sediment Sediment 
Protein ~ ~ 

Lowry method 80.0 50.2 
Trichloroacetic acid 31.5 49.7 

precipitation 
RNA 4.7 47.5 
Chloroform-extract- 11.4 1.7 

able material - - 
Total 97 99 

All values are expressed as per cent of total solids (dry 
e). 

et al., 1963) revealed that a considerable part of the 
substances extracted by organic solvents represented 
gramicidina and tyrocidines. By contrast, the 140,000 
x g sediment was composed almost entirely of RNA 
and protein in a ratio of about 1:l. 

The ultraviolet-absorption spectra of B.  breuis ribo- 
soma (140,000 x g sediment) closely resembled that of 
E. coli, with a maximum and minimum a t  258 and 
238 m,t, respectively. The extinction coefficient of a 
1 '% solution of B .  breuis ribosomes was about 100 a t  260 
mM, based on dry weight. This value is somewhat 
lower than that reported for E. coli (approximately 
150). 
Sedimentation Behauior of Ribosomes.-B. brevis 

ribosomes prepared in the standard manner (see 
methods) showed one principal component with a 
corrected sedimentation coefficient of 49.8 S, in addi- 
tion to small amounts of slower- and faster-moving 
components (Fig. la). The slower particle, with a 
sedimentation coefficient of 32.2 S, which waa regu- 
larly observed, represented about 10% of the total 
sedimentable material (as measured by areas under the 
peaks). The faster components (sedimenting in the 
range 60-100 S) were never present in large quantity, 
and were completely absent in some preparations. This 
same pattern has also been observed in crude extracts 
prepared by either sonication or alumina grinding, and 
then clarified by a preliminary centrifugation a t  6000 x 
g to remove unbroken cells. 

B.  brevis celle were normally harvested in the late log 
phase, since peptide production was greatest a t  this 
stage (Okuda et al., 1963). However, it may be men- 
tioned that ribosomes prepared from cells taken from 
the mid-log phase (23 hours; OD 0.37) exhibited a 
sedimentation pattern virtually identical to that shown 
in Figure la. 
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Figure l b  shows the pattern exhibited by a B.  brevis 
crude extract prepared according to Tissibres et al. 
(1959) (alumina grinding, 0.01 M Tris-0.01 M Mg ace- 
tate). In addition to the usual 32 and 50 S particles, 
significant proportions of particles sedimenting in the 
range 70-100 S were observed. The 100 S peak was 
particularly sharp. In  this preparation the two fastest 
peaks accounted for about 40% of the total ribosomes. 
By contrast, E. coli ribosomes were virtually all in the 
100 S form, under these conditions. 

Figure IC gives the sedimentation pattern of a crude 
extract of B. brevis prepared as above, which had been 
dialyzed for 4 hours against 0.01 M Tris containing 1 X 
10-3 M magnesium acetate. A comparable E .  coli 
extract was treated in the same manner, and placed in 
the wedge cell as a control. It was found that the B .  
brevis particles moving faster than 50 S disappeared, 
and that the 32 S peak was rather diffuse. By com- 
parison, E. coli ribosomes were largely in the 70 S form, 
with some 50 and 30 S subunits present. The results 
of dialyzing both extracts against Tris buffer containing 
1 x 10-4 M Mgz+ are shown in Figure Id. It may be 
seen that the E.  coli ribosomes were completely dis- 
sociated into their subunits. In the B. brevis prepara- 
tion, in addition to the usual 32 S and 50 S components, 
a new peak appeared with a sedimentation coefficient 
of 4045 S (estimated relative to the other two peaks). 
This new particle apparently originated at  the expense 
of the 50 S ribosome. The same pattern was also ob- 
served in B. brevis extracts dialyzed against 1 X 10 -5 M 
Mg2+. 

Large amounts (more than about 10%) of 32 S par- 
ticles were never observed with the Dubos variety of B. 
brevis, not even in crude extracts immediately after 
preparation. Likewise, only minor quantities of 70 and 
100 S ribosomes were found.' The proportions of the 
faster peaks appeared to decrease with the age of the 
preparation. However, the 32 and 50 S pattern (in a 
ratio of about 1:9) was very stable, and remained 
unchanged on storing for a t  least 3 weeks, or after 
incubation a t  37 for 4 hours. When B.  brevis ribosomes 
were prepared in the presence of 0.1 M Tris and 5 x 10 -3 

M MgC12, followed by 4-hour dialysis against 0.1 M Tris 
and 5 x 10-5 M MgCL, the pattern was markedly 
different (Fig. le, lower half). The 50 S peak (fastest- 
moving component) was greatly reduced in size, and at  
least two slower-moving fractions appeared. The ratio 
of these peaks (although somewhat variable) was 
about 1.5 : 1. The slowest-moving component (apart 
from the large soluble 4 S fraction) was partly resolved 
into two peaks upon prolonged centrifugation. E. coli 
ribosomes also appeared to dissociate into small par- 
ticles on short-term dialysis under these conditions (Fig. 
le, upper half), but upon dialysis overnight only a 4-5 S 
peak was observed. These small E. coli particles were 
not further examined. 

Crude sonic extracts (0.1 M Tris, 5 x 10 -3  M Mgz +) 
of the ATCC 9999 strain of B. brevis, which produces 
gramicidin S, showed two peaks corresponding to 30 
and 50 S ribosomes (Fig. 2a). In contrast to the par- 
ticles found in the D u b s  extracts, the ratio between the 
two components (1 : 2) resembled that of the 30 and 50 S 
subunits of E. coli. With 0.01 M Tris and 0.01 M Mg2 +, 
the 30 and 50 S peaks were virtually absent and the 
predominant particles sedimented in the region of 70 
and 100 S (Fig. 2b). 

Investigation of the physical properties of the smaller 
B. brevis particles has proved very difficult, owing to 

1 The corrected sedimentation coefficients for these faster 
particles were not determined, but they appeared to sedi- 
ment at approximately the same rate as the 70 and 100 S 
E. coli ribosomes. 

- 
Z E  - 4 
2 600- 
I- a g 400- 
u z 
*" 200- 

L I 
0 30 60 90 

TIME M N )  

FIG. S.-Rates of incorporation of DL- [l-14C ]leucine 
into tyrothricin of particulate fractions in standard systems. 
After incubation for the indicated time intervals, each 
reaction mixture was cooled to 0'. The fractions were 
immediately separated by differential centrifugation. 
0-0, 70,000 x g sediment; 0 4 ,  140,000 X gsediment; 
X-X, 40,000 x g sediment. 

their instability and to a decrease in their sedimenta- 
tion coefficients with increasing times of dialysis. One 
preparation, which had been dialyzed overnight in the 
cold, gave corrected values of 18 and 27 S. When the 
dialysis was performed at  room temperature, 260 mp- 
absorbing material appeared very rapidly in the ex- 
ternal solution, suggesting the activation of a ribo- 
nuclease by the high buffer and low Mg2 + concentra- 
tions. 

Activities of Ribosomes and of 40,000 X g Sediment.- 
It was reported (Uemura, et al., 1963) that the bio- 
synthesis of gramicidins, tyrocidines, and protein in the 
B .  brevis cell-free system required a particulate frac- 
tion sedimenting between 10,000 and 140,000 x g. 
However, it was obvious that the ribosomes prepared by 
this method were contaminated by cell debris, probably 
including cell membrane fragments. The data shown 
in Table I1 compare the biosynthetic activity of three 
particulate fractions. In a control assay (expt l), 
the three fractions were recombined in approximately 
the proportions in which they occurred in the original 
extract. Good incorporation of [I4C ]leucine into both 
polypeptide and protein was obtained. Experiment 2 
shows that the 40,000 X g precipitate was itself vir- 
tually inactive in either peptide or protein synthesis. 
The 70,000 x g (expt 3) and the 140,000 X g (expt 4) 
sediments were each about half as active in both bio- 
synthetic processes as was the combination in experi- 
ment 1. The gramicidin- [ 4C ]tyrocidine ratio did not 
vary significantly in experiments 1,3, and 4. When the 
40,000 x g pellet was combined with either of the 
higher-speed fractions (expts 5 and 61, there was a sig- 
nificant increase in ['4C]amino acid incorporation into 
peptide, and only a small rise in labeling of protein. 
The combination of 70,000 and 140,000 X g fractions 
(expt 7) restored peptide and protein synthesis to the 
original level. 

It is noteworthy that cell extracts prepared by 
alumina grinding had only one-fourth the activity for 
polypeptide synthesis as did sonicates. Amino acid 
incorporation into protein was the same by the two 
methods. Hence only sonication was used in connection 
with biosynthetic experiments. 

Figure 3 shows the rates of [14C]leucine incorpora- 
tion into tyrothricin, with each of the three particulate 
fractions. It may be seen that the process was rapid 
for the two ribosomal preparations. There was a 15- 
minute lag period, and after about 60 minutes the 
rate appeared to level off. Incorporation of isotope 
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TABLE I1 
ACTIVITIES OF PARTICULATE FRACTIONS IN POLYPEPTIDE AND PROTEIN BIOSYNTHESIS~ 

[ I C  ]Leucine Incorporated (cpm) 

Tyro- Grami- Tyro- 
Expt Particulate Fractions Employed thricin cidins cidines Protein 

1 40,000 x g + 70,000 X g + 140,000 X g 5300 1070 4150 3970 
2 40,000 X g 140 460 
3 70,000 X g 2880 730 2150 1560 
4 140,000 X g 2910 835 2175 2080 
5 40,000 x g + 70,000 X g 4380 2630 
6 40,000 x g + 140,000 X g 4130 2260 
7 70,000 x g + 140,000 X g 5310 3950 

a Particulate material derived from 1 ml of sonicate was assayed under standard conditions in the presence of 140,000 x 
The 70,000 X g pellet had a composition similar to that of the 140,000 g supernatant solution and 0.5 pc of DL- [1-I4C ]leucine. 

x g ribosomes (Table I), but with a slightly lower RNA content. 

TABLE I11 
DISTRIBUTION OF LABELED PEPTIDE AND PROTEIN AMONG PARTICULATE FRACTIONS AFTER INCUBATION IN THE PRESENCE 

OF ISOTOPIC AMINO ACID' 

[14C ]Leucine Incorporated (cpm) 

Particulate Fraction Tyrothricin Protein 

Added Added after 40,000 X g Super- 40,000 X g Super- 
Expt Initially 2 Hours Fraction natant Fraction natant 

1 70,000 X g 1590b 1370 
4 140,000 X g 1520b 1700 
3 70,000 x g 40,000 x g 780h 640 20 1670 
4 140,000 X g 40,000 X g 760h 780 160 1680 

' The conditions employed were those of Table I. 
the entire reaction mixture was subjected to analysis. 
hours. After chilling to O", the coarser particles were sedimented (30 minutes at 40,000 X g). 
formed separately on this fraction, and on the supernatant phase (containing ribosomes and soluble substances). 
cidins accounted for 31-37%, and tyrocidines 63-69%, of the 14C incorporated into tyrothricin. 

In  expts 1 and 2 the time of incubation was 2 hours, and subsequently 
In  expts 3 and 4 the incubations were terminated a t  the end of 3 

Analyses were then per- 
Grami- 

TABLE IV 
EFFECT OF CERTAIN CONDITIONS ON THE TRANSFER OF LABELED PEPTIDES FROM RIBOSOMES TO 40,000 x g PARTICLES' 

[IrC ]Leucine Incorporated (cpm) 

Expt Conditions Employed 

Ribosomal + 
Supernatant Fractions 40,000 x g Fraction 

Protein Tyrothricin Protein Tyrothricin 

1 Standard conditions, with usual 140,000 X g 1600 1080 90 1060 

2 140,000 X g supernatant replaced by 0 . 0 5  M, 1820 1700 280 180 

3 140,000 X g supernatant heated 5 minutes at 1630 1210 180 620 

4 Omitted ATP, phosphoenolpyruvate, and pyru- 1860 1060 76 980 

supernatant 

pH 7 .4 ,  Tris buffer 

100" before use 

vate kinase from standard system 

a The ribosomes, representing 70,000 plus 140,000 X g particles, were labeled with isotopic leucine on a large scale in a 
preliminary 2-hour incubation under standard conditions. After sedimentation and washing with Tris buffer (pH 7.4), 
portions of the radioactive ribosome preparation, equivalent to the amount present in 1 ml of original sonicate, were em- 
ployed in each experiment, together with nonlabeled 40,000 X g particles. The experiments were terminated after 1 hour 
of incubation, and the indicated fractions were separated and analyzed. 

into the 40,000 X g fraction did not begin until after 30 
minutes of incubation. However, the labeling con- 
tinued a t  a slow linear rate for a t  least 2 hours. 

One possible interpretation of the results in Table I1 
and Figure 3 is that a transfer of newly synthesized 
tyrothricin from the 70,000 and 140,000 X g fractions 
(both of which behaved similarly) to the 40,000 X g 
material occurred. Table I11 presents data in support 
of this hypothesis. Experiments 1 and 2 of this table 
provide a measure of the preliminary labeling of pep- 
tide and protein with the higher-speed fractions. The 
subsequent redistribution of radioactivity in the system, 
following the addition of 40,000 X g particles, is shown 
in experiments 3 and 4. It may be seen that the total 

[14C]leucine appearing in either peptide or in protein 
did not change significantly, and that approximately 
50 % of the prelabeled tyrothrycin became associated 
with the 40,000 x g fraction. However, very little 
[14C]protein appeared in the 40,000 X g pellet in experi- 
ments 3 and 4). 

In order to further investigate this apparent transfer 
of newly formed peptide, additional experiments were 
performed with prelabeled ribosomes (Table IV). 
When incubations were conducted under standard con- 
ditions (Expt 1) the radioactive peptides were dis- 
tributed equally between ribosomes and larger particles, 
while the [ 14C ]protein remained in the ribosomal-super- 
natant phase. Upon replacement of the 140,000 X g 
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supernatant by Tris buffer (Expt 2) ,  relatively little iso- 
tope was recovered in polypeptides of the 40,000 X g 
pellet. This observation suggested that the peptide 
transfer required a soluble component. Experiment 3 
demonstrates that this soluble factor was at least par- 
tially heat-labile. Omission of ATP and the ATP-gen- 
erating system led to no significant decreasein theamount 
of tyrothricin associated with the heavier particles. In 
all instances, the labeled gramicidin-to-tyrocidine ratio 
of the various fractions was constant (approximately 
1:3 ) .  In no case was there a significant transfer of 
[ 14C ]protein from ribosomes to the 40,000 X g fraction. 

Optimum Mg2 + Concentration for Peptide and Protein 
Synthesis.-It was previously shown (Uemura et al., 
1963) that the B .  brevis cell-free system was most ac- 
tive in both gramicidin and tyrocidine synthesis when 
prepared in 5 X M MgC12. Because of the im- 
portance of Mg2 + in stabilizing ribosomal structure, 
it was desirable to determine the optimum Mg*+ con- 
centration for the synthesis of both peptide and protein 
by a second method. Figure 4 shows the biosynthetic 
activity of the 40,000 X g supernatant, after dialysis 
against buffer containing different concentrations of 
Mg2 +. The curves for incorporation of [lC]amino acid 
into both peptide and protein had rather sharp peaks a t  
5 x 10-3 M Mgz+. M Mg2+, protein 
precipitated from the reaction mixture during incuba- 
tion. Labeling of protein was virtually abolished at  
high and at  low Mg2 + concentrations, while peptide bio- 
synthesis was about 20% of the optimal value under 
these conditions. 

Biosynthetic Activity of Ribosomes Separated on Su- 
crose Gradients Containing High Mg 2 + Concentrations.- 
The existence of 50 and 32 S ribosomal species and the 
apparent lack of the 70 and 100 S particles under the 
conditions of optimal peptide and protein synthetic 
activity raised the question of the relationship of these 
particles to the two biosynthetic processes in the Dubos 
strain of B .  brevis. One approach to this problem was 
to incubate the ribosomes with the 140,000 x g super- 
natant and in the presence of an isotopic amino acid, 
under standard conditions. After incubation the 
labeled ribosomes were sedimented and applied to a 
sucrose gradient containing 0.1 M Tris and 5 x 10-3 
M Mgz+. Following gradient centrifugation, each 
fraction was analyzed for radioactive peptide and pro- 
tein, and its ultraviolet absorption was measured. 
Figure 5 shows the results of such an experiment. 
Under these conditions only two peaks were observed, 
corresponding to the 50 and 32 S components in the 
analytical ultracentrifuge. No 70 or 100 S peaks ap- 
peared. It is noteworthy that newly synthesized pro- 
tein was associated only with the 50 S ribosomes. 
[14C]Peptide, on the other hand, appeared in both the 
50 and 32 S peaks. It may be mentioned, in this 
connection, that Uemura et al. (1963) found radio- 
active peptides to be wholly bound to the (crude) ribo- 
somal fraction of B.  brevis, while about half the labeled 
protein was released into solution. 

While the 32 S ribosome accounted for only about 
10% of the total 260 mp absorption, this particle con- 
tained approximately 20 % of the total 1°C ]tyrothricin 
of Figure 5. High-voltage electrophoresis of the latter 
fraction revealed that the proportions of labeled grami- 
cidins and tyrocidines were identical in the 50 and 32 S 
peaks. Leucine, which was the isotopic amino acid 
used in this experiment, is known to be a constituent of 
both these classes of polypeptides. 

A second procedure, designed to investigate the bio- 
synthetic properties of B .  brevis ribosomes, involved 
their prior separation on a sucrose gradient, followed 
by the assay of each component for activity. The re- 

Above 5 x 

loo t /I 

1 
0” 

- 1  0 I 2 3 

FIG. 4.-Effect of dialyzing the ribosomal-Supernatant 
system (40,000 X g supernatant) against various concentra- 
tions of Mgz+ on subsequent biosynthetic activity. DL- 
[14C]Leucine was the isotopic amino acid used. 0-0, 
t4C incorporated into protein; 0-0, I4C incorporated into 
peptide; both expressed as the percentage of the activity 
of the undialyzed system, assayed at 5 X 10-3 M Mg* +. 

LOG Md+CONCENTRATION (mM) 

sults of such an experiment with [14C]alanine are shown 
in Figure 6. This amino acid occurs in the gramicidins, 
but is absent from the tyrocidines. The results were 
very similar to those of Figure 5, except that the de- 
gree of radioactive amino acid incorporation into pep- 
tides was lower. 

In view of the unique character of the foregoing re- 
sults, it seemed desirable to provide additional confirma- 
tory data. Accordingly, the experiment of Figure 6 was 
repeated, using labeled DL-aspartic acid (found only in 
tyrocidines) and DL-leUCine, in separate experiments. 
In each case, the results were comparable to those of 
Figures 5 and 6. In  both of the foregoing types of 
experiments only radioactive peptides (gramicidins 
and tyrocidines) were associated with the 32 S ribosome, 
while both labeled peptide and protein were either 
attached to, or synthesized by, the 50 S ribosome. 

It was of interest to determine whether 30 and 50 S 
ribosomes from another variety of B. brevis could also 
function independently. Consequently, ribosomes from 
the ATCC 9999 strain were separated on a sucrose 
gradient prepared in the usual way, and the biosyn- 
thetic properties of the individual fractions were as- 
sayed. The results in Figure 7 clearly indicate that the 
50 S ribosome possessed activity for both polypeptide 
and protein synthesis. The 30 S particle, however, 
although present in considerable amount, had very little 
peptide-synthesizing ability. 

Biosynthetic Proverties of Ribosomes Separated on 
Sucrose Gradients Containing Low Concentrations of 
Mg2 +.-The B. brevis ribosomal subunits (smaller than 
50 S) were much more readily observed on sucrose gradi- 
ents than in simple buffer solutions. With buffers it 
was necessary to dialyze the preparation in order to 
witness dissociation. However, ribosomes in sucrose 
containing 0.1 M Tris and 5 X 10 -5 M Mg readily yielded 
subunits. It was of interest to examine the properties 
of these smaller particles. For this purpose, ribo- 
somes were labeled under standard conditions with 
[14C]leucine as in Figure 5, and then centrifuged on a 
sucrose gradient containing 5 X 10 -5 M MgCL (Fig. 8). 
It may be seen that the 50 S ribosomes were not com- 
pletely dissociated (in this particular experiment), and 
in agreement with previous observations this residual 
50 S peak contained both labeled peptide and protein. 
Similarly, radioactivity was associated with the peptide 
and protein of the 27 S ribosomal particle. However 
the 18 S subunit contained only labeled peptide. The 
sedimentation values assigned to these two small par- 
ticles are somewhat arbitrary (based on the sedimenta- 
tion coefficients exhibited by preparations dialyzed over- 
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FIG. 6.--Assay of protein- and peptide-synthesizing activity of individual ribosomal fractions, following sucrose-gradient 
The symbols are centrifugation in the presence of 5 X 

the same as in Fig.5. 
M Mg*+. ~ ~ - [ l - ~ ~ C ] A l a n i n e  was employed in the inclibation. 

night in buffer solution), and are included only for refer- 
ence purposes. The observation that the 27 S particle 
invariably sediments farther on the gradient than the 
32 S particle in high Mg2 + suggests that the assigned S 
values are somewhat in error. 

To confirm these rather novel findings, the same 
experiment was repeated using isotopic alanine (Fig. 

9). This time the dissociation of the larger ribosomes 
was virtually complete, and the labeled peptides (grami- 
cidins) were distributed approximately evenly between 
the 27 and 18 S subunits. Again [ l4C ]protein appeared 
only in the 27 S component. 

Reference has been made to the observation (Fig. 4) 
that about 20% of the biosynthetic activity for peptide 
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FIG. 8.-Centrifugation of [14C]leucine-labeled ribosomes on a sucrose gradient containing 5 X M Mgz+. The 
symbols are those of Fig. 5. 

remained at  low Mg2 + concentrations, and that protein 
synthesis was virtually abolished under these conditions. 
In this connection it was pertinent to assay the activity 
of the individual ribosomal subunits. In Figure 10, 
ribosomes fractionated in 5 x 10 -5 M Mg2 + were tested 
in the standard incubation mixture containing 5 x 10 -3  

M Mgz+. Under these conditions the small residual 
quantity of 50 S ribosomes promoted the formation of 

both peptide and protein. Neither the 27 nor the 18 S 
particle was active alone in protein synthesis. How- 
ever, the 18 S subunit supported peptide formation. 
The activity of this 18 S fraction was quite comparable 
to that of the 32 S ribosome separated in 5 x 10-3 M 
Mg2 + and to the peptide-synthesizing ability remaining 
in 5 X M Mg2+ in the dialyzed preparations. The 
small amount of activity under the 27 S peak was prob- 
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ably owing to undissociated 32 S ribosomes, which to the original level, owing, presumably, to the recon- 
would appear a t  almost the same place. These results stitution of the 50 S particle. 
have been c o h e d  using [14C]alanine, so there appears We wished to determine the stability and reproduc- 
to be little doubt as to their validity. Additionally, it ibility of the particles (nominally referred to as 18 and 
was found that a recombination of aliquots from the 27 S) which were separated on low Mgz+-sucrose gradi- 
27 and 18 S peaks in 5 x 10-3 M MgClz resulted in the ents, since these particles were relatively unstable 
restoration of peptide and protein biosynthetic activity when prepared in simple buffer solution by the dialysis 
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FIG. 11.-Recentrifugation of the [14C ]leucine-labeled 27 S ribosomal subunit. The symbols are those of Fig. 5. 

technique. For this purpose the individual fractions 
of the 27 S peak (obtained as in Fig. 8) were combined, 
and again subjected to the sucrose-gradient procedure 
a t  5 x M Mg2+ concentration. A very sharp 
peak resulted (Fig. 11) in the same position as that ob- 
served with the original gradient. This peak con- 
tained both radioactive peptide and protein. Only a 
very minor proportion of the 18 S component was 
present. 

Similar studies were performed on the 18 S subunit. 
In this case, unlabeled ribosomes were separated on a 
low MgZ+-sucrose gradient, and the 18 S fractions com- 
bined. Half the resulting material was then refrac- 
tionated on a gradient containing 5 x M MgC12, 
while the other half was centrifuged on a gradient con- 
taining 5 x 10 - 3  M Mg? +. The biosynthetic activity 
of the fractions from both gradients was then assayed 
a t  5 x M Mgz+ concentration. The results of 
this experiment are given in Figure 12. 

Following recentrifugation a t  the low Mg level (Fig. 
12a), only a small amount of 27 S component was de- 
tected, and this material did not promote [l*C]amino 
acid incorporation into peptide. However, the large 
18 S peak had peptide-synthesizing activity. None of 
the individual fractions supported [ 14C ]leucine incor- 
poration into protein. 

At high Mgz+ concentration (Fig. 12b), the 18 S 
peak was slightly reduced in size, but retained peptide- 
synthesizing activity. The 27 S peak was absent, while 
a small quantity of the 50 S ribosomal component ap- 
peared. In agreement with previous results this larger 
particle was active in both peptide and protein synthe- 
sis. 

DISCUSSION 
In addition to substantiating the obligatory require- 

ment for ribosomes in the cell-free biosynthesis of the 
gramicidins and tyrocidines, the present work suggests 
an acceptor role for a particulate material sedimenting 

The 32 S ribosome was not reconstituted. 

in 30 minutes at 40,000 x g. This low-speed fraction 
was itself inactive in either protein or peptide synthesis, 
but when combined with ribosomes in the presence of a 
soluble factor(s) it appeared to accept peptides, but 
not proteins, from their site of synthesis on the ribo- 
somes. This transfer process was not further stimu- 
lated by the addition of an energy source, and the re- 
quired soluble factor(s) was a t  least partially heat labile. 
The 40,000 X g pellet was obviously heterogeneous, in 
that it did not yield a sedimentation pattern in the 
ultracentrifuge. This coarse fraction was clearly dis- 
tinct from ribosomes on the basis of chemical composi- 
tion and biological activity. In addition, the 40,000 X 
g pellet contained a considerable concentration of poly- 
peptides. This finding is reminiscent of the report by 
Chern (1960) that gramicidin J accumulated on the 
"ghosts" of the Nagano strain of B.  brevis. The fore- 
going observations suggest the possibility that cell- 
membrane fragments were a major component of the 
low-speed fraction. Since polypeptide production pro- 
ceeded well in the absence of the 40,000 X g material, 
the latter was omitted in assays of ribosomal activities. 

When it became evident from sucrose-gradient ex- 
periments that B. brevis ribosomes differed in certain 
aspects from those reported for other systems, such as 
E .  coli (Gilbert, 1963)) sedimentation analyses were 
performed to clarify the nature of the particle observed. 
With crude sonic extracts of B. brevis, a major com- 
ponent sedimenting a t  50 S was observed. In addi- 
tion, a small amount of a 32 S particle was present, as 
well as minor amounts of faster components in some 
preparations. The use of alumina grinding with lower 
Tris and higher Mg concentrations (TissiBres et al., 
1959) led to the detection of increased proportions of 
particles sedimenting in the range 70-100 S. However, 
these particles did not appear to be as stable as the 50 S 
ribosome. The latter was unchanged by storage in the 
cold for at  least 3 weeks, or by 4-hour incubation a t  
37" in 0.1 M Tris and 5 x 10-3 M Mgz+. In control 
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FIG. 12.--Assay of 18 S subribosomes following recentrifugation on sucrose gradients. Gradients contained: (a) (upper) 5 x 
~~- [ l -1~C] leuc ine  was employed in the assays under standard conditions. 10-SM Mgz+; and (b) (lower) 5 X 10-3 M Mgp+. 

The symbols are those of Fig. 5. 

experiments, crude extracts of E. coli produced the 
usual pattern of 100, 70, 50, and 30 S particles (Tis- 
sibres et al., 1959; Huxley and Zubay, 1960). Unlike 
the B. brevis ribosomes with similar sedimentation coef- 
ficients, the 50 and 30 S E. coli subunits occurred always 
in a ratio of 2 : 1. The dissociation and reaggregation 
of the E. coli particles were freely reversible, while B. 
brevis ribosomes remained predominantly in the 50 S 
form a t  Mgz+ concentrations well in excess of the opti- 
mum for biosynthetic activity. 

When B. brevis preparations were dialyzed against 

low Mgz+ concentrations in the presence of 0.01 M Tris, 
a new particle was observed with a sedimentation value 
of about 40-45 S, which apparently originated a t  the 
expense of the 50 S ribosome. This observation may be 
analogous to that of Elson (1961) with E. coli prepara- 
tions, but we were unable to demonstrate the release 
of a 4-5 S component with the crude extracts employed. 

Dialysis against low Mgz+ concentrations in 0.1 M 
Tris buffer produced markedly different results. At 
least two subunits were observed. The particles, nomi- 
nally referred to as 18 and 27 S, were apparently derived 
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from the 50 S ribosome, since the latter accounted for 
about 90% of the ribosomal material in the undialyzed 
preparations. The significance of these small com- 
ponents has been difiicult to assess, since their sedi- 
mentation coefficients decreased with increasing times 
of dialysis, and the high buffer concentrations appar- 
ently activated a latent ribonuclease. The gradual 
decrease in S values suggested possible conformational 
changes. Despite the anomalies arising in buffer solu- 
tion, reproducible data were obtained for the analogous 
particles obtained on sucrose gradients. 

When B. brevis preparations were sedimented on 
sucrose gradients containing 0.1 M "ris and 5 x M 
Mg2+, only 50 and 32 S particles were observed, even 
though in some cases the same ribosomal preparations 
exhibited faster particles on the analytical centrifuge 
in the absence of sucrose. Gilbert (1963) has shown 
that either the 70 S ribosome or a combination of 50 
and 30 S subunits was required for isotopic amino acid 
incorporation into protein, with an E.  coli system. 
In the case of B. brevis ribosomes, the 50 S particle was 
active in peptide and in protein formation. Further- 
more, the 32 S particle also had a significant amount of 
peptide-forming ability. Although we have not teated 
a recombination of 32 and 50 S particles, the amount 
of synthesis by the individual components corre- 
sponded approximately to that observed with un- 
fractionated systems. 

B. brevis ribosomes, separated on gradients containing 
high (0.1 M) Tris and low (5 X 10 --5 M) Mgz+ concentra- 
tions, yielded a consistent pattern: 18 and 27 S peaks. 
When labeled ribosomes were fractionated under these 
conditions, [ I4C ]protein was associated exclusively 
with the 27 S unit, while 114C]peptide occurred in both 
peaks. An examination of the biosynthetic activity 
of these particles revealed that neither component was 
active alone in protein formation. However, a recom- 
bination of the two subunits led to a complete restora- 
tion of protein, as well as peptide, biosynthesis. A 
reformation of the 50 S riboeome apparently occurred. 
The 18 S particle showed approximately the same total 
peptide-synthesizing activity as did the 32 S ribosome. 
This correspondence suggested a relationship between 
these two structures. It is possible that some of the 185 
particles were derived from the 32 S ribosomes, either 
by dissociation or by a conformational change. We 
have not been able to obtain evidence for the re-forma- 
tion of the 32 S ribosome. 

The data presented in this paper raise a number of 
interesting questions. Although an active 50 S ribo- 
some was the predominent form in extracts of the Dubos 
strain of B.  brevis, the existence of other ribosomal 
species (in minor amounts) with sedimentation proper- 
ties similar to the 30, 70, and 100 S particles of E. coli 

seems more than coincidental. In  fact, experiments 
with another strain of B.  brevis (ATCC 9999) provide 
strong evidence for the existence in this bacterial 
species of a native 70 S ribosome similar to that found 
in E. coli, and in other bacterial and mammalian sys- 
tems (Petermann and Hamilton, 1961). It appears 
unlikely that the B.  brevis organism is atypical in this 
respect, but our present data do not entirely exclude 
such a possibility. However, the observation (J. D. 
Watson, personal communication) that the 30 S par- 
ticle from some bacterial species is quite susceptible 
to proteolytic digestion might offer an explanation for 
our inability to detect large amounts of the 30 as well as 
the 70 S ribosome. 

The physical significance of the 18 and 27 S particles 
arising from the 50 S ribosome is not presently clear. 
It is possible that these structures may bear some rela- 
tionship to the small E.  coli subunits observed by other 
investigators (Bowen et al., 1959; Rodgers, 1964). 

Finally, i t  is hoped that future studies may throw 
light upon the intriguing problem of the basic physico- 
chemical structure of riboaomes concerned with bio- 
synthesis of natural polypeptides, and on the mode of 
participation of these units in the intimate mechanism 
of peptide-bond formation. 
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