
group were obtained and an increase 
in "small" antibody was found, the 
response consisted predominately of 
the rapidly sedimentating "large" anti- 
body (Fig. 2). The deficiency in con- 
verting to "small"-antibody synthesis in 
the tertiary response of the allogeneic 
chimeras might possibly be related to 
the small amount of this antibody pro- 
duced in the primary response. To 
test this, groups of normal mice were 
injected with an antigen dose designed 
to yield a weak primary response with 
an amount of "small"-antibody pro- 
duction comparable to that obtained 
with the allogeneic mice. The normal 
mice were then given a third course 
of S. typhi antigen, and the titrations 
for antibody and sucrose gradient 
studies were performed. This response 
(data not shown) to the third antigen 
injection also consisted predominately 
of "small" antibody, similar to that 
shown for the normal control group 
in Figs. 1A and 2. Thus, the low 
amount of "small" antibody in the 
allogeneic chimeras after the primary 
injection was not the factor that pre- 
vented maximum conversion to 
"small"-antibody synthesis after the 
third antigenic stimulus. 

Finally, the absence of 2-ME-re- 
sistant antibody in the primary re- 

sponse of chimeras (Fig. 1B) does not 
agree completely with the sucrose gra- 
dient results (Fig. 2), which show 
the presence of "small" antibody. 
Therefore, some caution should be ap- 
plied in the current usage of "small" 
or "large" antibody terminology to de- 
note 7S or 19S antibody, respectively, 
when the analysis is based on 2-ME- 
inactivation studies alone. In this re- 
gard, Rocky and Kunkel (8) have 
reported the presence in human se- 
rum of antibodies having intermediate 
sedimentation coefficients of 9S to 15S 
which are also sensitive to 2-ME treat- 
ment. The antibodies discussed in this 

report may thus represent a broad 

range of molecular size, as the sucrose 

density-gradient studies alone do not 

permit distinction between 7S and 9S 
molecules, and similarly, in the more 

rapidly sedimentating zone, distinction 
between 15S and 19S antibody mole- 
cules would not be possible. 

Thus, allogeneic chimeras possess an 
abnormal mechanism for the produc- 
tion of humoral antibody. Also, addi- 
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formation. Whether this variability is 
related to the status of the immuno- 
logic tolerance between host and graft 
tissues in these animals is not known. 
Such chimeras may be used as mod- 
els for the study of the sequential con- 
version of synthesis of large antibody 
to that of the smaller type; the physiol- 
ogy of this process in normal animals 
is not yet clearly understood (9). 
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Polyribosomes from Escherichia coli: 

Enzymatic Method for Isolation 

Abstract. Polyribosomes can be rap- 
idly extracted from Escherichia coli by 
sequential passage of the cells through 
solutions of a chelating agent and 
lysozyme in a centrifugal field. Biosyn- 
thesis of protein in whole cells and 
in a cell-free system occurs almost ex- 
clusively in the polyribosomes. 

Although techniques for the isolation 
of polyribosomes from animal tissues 
have been developed by Wettstein et 
al. (1) for rat liver, Penman et al. 
(2) for HeLa cells, and Gierer (3) 
and Marks et al. (4) for rabbit reticulo- 
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of polyribosomes from animal tissues 
have been developed by Wettstein et 
al. (1) for rat liver, Penman et al. 
(2) for HeLa cells, and Gierer (3) 
and Marks et al. (4) for rabbit reticulo- 
cytes, it has proved more difficult to 
obtain them from Escherichia coli 
cells. 

Staehelin et al. (5) demonstrated the 
existence of polyribosomal aggregates 
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in E. coli, and Schaechter (6) has ex- 
tracted polyribosomes from a number 
of bacterial species, including E. coli, 
by gentle lysis of the whole organisms 
in a French pressure cell. Kiho and 
Rich (7) have also been able to ob- 
tain polyribosome-rich extracts of E. 
coli by treatment of the cells with 
penicillin and subsequent lysis of the 
protoplasts by detergent. 

We now have isolated polyribosomes 
from E. coli by a technique (8) for 
producing spheroplasts of this organ- 
ism. The spheroplasts produced by the 
original method will not yield signifi- 
cant amounts of polyribosomes, ap- 
parently because during the formation 
of spheroplasts, EDTA (disodium eth- 
ylenediaminetetraacetate) can effect 
chelation of intracellular divalent cat- 
ions and thus break down the poly- 
ribosomes. If the spheroplasts are in- 
cubated in a growth medium, poly- 
ribosomes, presumably produced from 
newly synthesized messenger RNA 
(9), can be isolated. 

If the cells could be briefly ex- 
posed to EDTA and lysozyme in suc- 
cession, rather than together, the en- 
zyme might be able to act on the cell 
wall without the undesired accompany- 
ing depletion of intracellular cations 
(10). Such treatment was achieved by 
sedimenting the bacterial cells through 
sucrose solutions of different densities 
with EDTA in an upper and lysozyme 
in a lower layer. The resulting cells 
are not true spheroplasts, but their cell 
walls are weakened sufficiently to be 
readily opened by detergents. Remov- 
al of unbroken cells and cellular de- 
bris then yields an extract rich in poly- 
ribosomes. 

The technique is simple, rapid, and 
reproducible; the protein synthesizing 
activity of crude extracts of E. coli 
is concentrated in these polyribosomes 
both in vivo and in vitro. 

Escherichia coli was grown in Me- 
dium A of Davis and Mingioli (11) 
(the disodium citrate being omitted) 
with 0.2 percent glucose added; the 
cultures (100 ml) were incubated at 
37?C on a rotary shaker. During ex- 
ponential growth the cells were har- 
vested by centrifugation and suspended 
in magnesium-tris buffer (15 mM mag- 
nesium acetate, 5 mM tris buffer, pH 
7.6 at 23?C). One milliliter of the 
cell extract [at 20 to 40 mg (wet 
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Fig. 1. The effect of ribonuclease on 
Escherichia coli polyribosomes. An ex- 
tract was prepared from exponentially 
growing cells and incubated for 10 min- 
utes at 0?C, (A) in the absence of ribo- 
nuclease, and (B) in the presence of 
ribonuclease (2 ,ug/ml). Both extracts were 
then examined by the sucrose density- 
gradient technique. 

fer; (ii) 2.5 ml of 15 percent sucrose 
in 0.03M tris -buffer, pH 8.2 at 23?C, 
and I mg of lysozyme per milliliter 
(twice recrystallized, Nutritional Bio- 
chemicals) freshly dissolved; (iii) 2.5 
ml of 10 percent sucrose in 5 mM 
EDTA; and (iv) 1.5 ml of 5 percent 
sucrose in 5 mM tris buffer, pH 7.9 
at 23?C. The tubes were placed in an 
HS-swinging bucket head in a Sorvall 
RC-2 centrifuge, the head was brought 

to 20,000gwith maximum accelerati 
for 2 minutes, and the centrifuge M 
decelerated with the brake on. i 

operations up to this point were c. 
ried out at room temperature; sub 
quent steps were at 0?C. The sucrc 
solutions were decanted, and the c 
pellets were suspended in a small v 
ume of the magnesium-tris buff 
sodium deoxycholate (10 percent) x 
added to a final concentration of 0. 
percent and left standing for 5 m 
utes. Unbroken cells and cellular 
bris were removed by centrifugation 
20,000g for 10 minutes. The sup 
natant was collected. 

For analysis of the suspension 
sucrose density gradients, 0.2 to 
ml was layered directly on a lint 
(15 to 30 percent) sucrose gradient 
the buffer of Nirenberg and Matth 
(12) (0.06M KC1, 0.01M magnesit 
acetate, 0.006M 2-mercaptoethan 
0.01M tris buffer, pH 7.6 at 23?i 
in the Spinco SW 39 head. The tt 
was centrifuged for 1 to 11/4 hoi 
in the Spinco Model L preparative 
tracentrifuge at 39,000 rev/min. '1 
bottom of the tube was then punctur 
and the contents were pumped throL 
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Fig. 2. Amino acid incorporation in whole cells. (A) Cells of E. coli growing expon 
tially at 37?C were exposed to 2 u/c of C"-leucine (1.3 Ac/lag) for 15 seconds 
rapidly chilled; an extract was then made as described. A sample of the extract 
centrifuged for 11/4 hours at 39,000 rev/min on a linear sucrose density gradient 
to 30 percent). Samples (4 drops each) were collected and precipitated with 5 perc 
trichloroacetic acid and carrier protein; the material precipitable by hot acid 
collected on Millipore filters and counted. (B) Experimental procedure as in 
except that at the end of 15-second exposure to CM-leucine, a 200-fold excess 
unlabeled leucine (0.04 mM) was added to the cells for an additional 3 to 5 
onds. (C) (Inset) Tubes 10 and 11 from the sucrose gradient of Fig. 2A x 
collected, combined, and centrifuged at 35,000 rev/min for 2/2 hours in 2-ml cellul 
tubes in the Spinco Model L preparative centrifuge. At the end of the centrifuge 
the pellet was resuspended in magnesium-tris buffer, layered on a 15 to 30 perc 
sucrose gradient, and centrifuged for 11/4 hours at 39,000 rev/min. Samples (four dr 
each) were collected, precipitated, and counted, as above. 
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on a Gilford spectrophotometer with a 
vas finger pump. Optical density was 
A11 monitored continuously with a graphic 
ar- recorder. Amino acid incorporation in 
se- vitro was assayed by the methods of 
)se Nirenberg and Matthaei (12). Radio- 
:ell activity incorporated into protein was 
ol- measured by collection of the material 
er; precipitable by hot acid onto Millipore 
vas filters and counted in a Nuclear-Chi- 
25 cago end-window gas flow counter. 
in- RNA was determined spectrophoto- 
de- metrically after partial alkaline hydrol- 
at ysis, an extinction coefficient of 32 

er- cm2/mg at 260 m,/ being used (13). 
DNA was determined by the diphenyl- 

on amine reaction (14). 
0.4 The treated cells may be lysed by 
ear 0.25 percent sodium deoxycholate, 0.1 
in percent sodium dodecyl sulfate, or 0.5 

aei percent Brij 58 (Polyoxyethylene-20 
im cetyl ether; Atlas Chemical) without 
0ol, any significant differences in recovery 
C), of polyribosomes or distribution of 
ibe ribosomes on the gradient. Varying the 
urs deoxycholate concentration from 0.05 
ul- percent to 0.5 percent had no signifi- 
'he cant effect. 

ed, In a series of 15 experiments with 
igh cells grown on minimal medium and 

harvested during the middle of the log 
phase of growth, the polyribosomes 
constituted 47 ? 5 percent of the total 
extracted ribosomes, as determined by 
measuring the relative areas under the 
polysomal and monosomal regions in 
gradient sedimentation. In four experi- 
ments with cells grown in nutrient 
broth a similar percentage was obtained 
(46 ? 3 percent). The efficacy of the 
technique was dependent on tempera- 

? ture: if the procedure was carried out 
2 at 0?C, there was no significant lysis 
, of the treated cells by detergent. The 

deoxycholate lysate of exponentially 
growing cells contained 40 to 50 per- 
cent of the total cellular RNA and no 
detectable DNA. 

Figure 1A shows a typical sucrose 
density-gradient profile of the extract 
obtained by this method from ex- 
ponentially growing cells. Very mild 

ennd treatment by ribonuclease (2 ,tg/ml for 
was 10 minutes at 0?C) led to complete 
(15 conversion of the polyribosomal ma- 
:ent terial (Fig. IB) to monosomes. De- 
was oxyribonuclease (20 ,ug/ml for 10 min- 
A, 
of utes at 0?C) did not change the sedi- 

sec- mentation profile, although this treat- 
vere ment was sufficient to reduce appre- 
lose ciably the viscosity of an S-30 fraction 
run 

(supernatant of a crude cell extract :ent 
tops centrifuged at 30,000g) prepared as de- 

scribed by Nirenberg and Matthaei (12). 
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Fig. 3. Incorporation of amino acids by 
E. coli polyribosomes in vitro. An extract 
from E. coli cells was applied to a 15 to 
30 percent linear sucrose gradient and run 
for 1 hour at 38,000 rev/min. Samples 
(four drops each, approximately 0.30 ml) 
were incubated with 105,000g supernatant 
(0.2 ml/ml), adenosine triphosphate (1 
mM), C'4-leucine (1.3 sc/,tg, 8 AM), and 
0.05 mM of the other 19 amino acids. In- 
cubation was terminated at 45 minutes by 
the addition of 5 percent trichloroacetic 
acid. Material precipitable by hot acid was 
collected on Millipore filters and counted. 
The dashed line represents the specific ac- 
tivity of each fraction as counts per minute 
per absorbancy unit at 260 m/A. 

Kiho and Rich (7) found that when 
E. coli spheroplasts were exposed to 
labeled amino acids for 30 seconds and 
were subsequently lysed, most of the 
label appeared in either the polyribo- 
somes or the soluble protein, but ap- 
preciable amounts were also found in 
the monosome region. With our tech- 
nique, exposure of exponentially grow- 
ing cells to a labeled amino acid for 
very short periods of time (10 to 15 
seconds) resulted in the appearance of 
virtually all the label in the polyribo- 
somes and the soluble fraction (Fig. 
2A). The specific radioactivity (count/ 
min per unit of optical density at 260 

mft) of the polyribosomes was five to 
six times greater than that of the mono- 
somes and accounted for more than 
80 percent of the label incorporated 
into the ribosomes. 

In order to determine how much of 
the label in the 70S region was due 
to overlap from the soluble protein and 
polyribosome areas, the monosome area 
was collected, sedimented, and layered 
on a second sucrose density gradient. 
Only about 50 percent of the radio- 
activity apparently associated with the 
monosomes actually resedimented with 
the monosomes (Fig. 2, inset), the rest 
being found in the contaminating poly- 
ribosome and soluble fractions. Thus 
relatively few of the monosomes carry 
nascent chains. 
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It seems unlikely that monosomes 
not carrying nascent protein arise by 
breakdown of the polyribosomes dur- 
ing the isolation procedure, for Kiho 
and Rich (7) demonstrated that mild 
ribonuclease treatment resulting in 
polyribosome breakdown does not re- 
move nascent protein from the mono- 
somes. Loss of nascent protein chains 
during polyribosome breakdown by oth- 
er mechanisms, however, cannot be 
ruled out. 

When cells which had been exposed 
to labeled amino acid, as already de- 
scribed, were subsequently given a large 
excess of unlabeled amino acid for 3 
to 5 seconds, about 50 percent of ra- 
dioactivity shifted from the polyribo- 
some region to the soluble protein re- 
gion without detectable appearance in 
the monosome region (Fig. 2B). Since 
approximately one half was removed 
in 3 to 5 seconds, the average time 
required to synthesize a protein mole- 
cule in vivo is approximately 6 to 10 
seconds. This estimate agrees with those 
of McQuillen et al. (15) and Goldstein 
et al. (16). 

Gilbert (17) demonstrated that most 
of the protein-synthesizing activity of 
an extract of E. coli prepared by alumi- 
na grinding resided in the polysomal 
region. Because such extracts contain 
relatively few polyribosomes, it is dif- 
ficult to calculate the specific incorpo- 
rating capacity of the ribosomes in 
polysomes. Because our technique al- 
lows the isolation of appreciable 
amounts of polyribosomes, the ability 
of these ribosomal aggregates to syn- 
thesize protein in vitro can be ac- 
curately determined. When samples 
from a gradient were collected and in- 
cubated in an amino acid-incorporating 
system in vitro (12), virtually all the 
protein-synthesizing activity was found 
in the polyribosome region (Fig. 3), 
and the incorporation ability per ribo- 
some (count/min per optical density 
unit) was the same for both large and 
smaller polysomes. Wettstein et al. (1), 
using rat-liver ribosomal aggregates, 
have obtained similar data. From the 
data of Schlessinger (18), we calculate 
that membrane-attached polyribosomes 
from Bacillus megaterium incorporate 
amino acids in vitro to roughly the 
same extent as do the Escherichia coli 
polyribosomes prepared by our method. 

It is difficult to estimate to what ex- 
tent the cells attacked by lysozyme re- 
lease their components. A priori it 
might be expected that there are all 
gradations in the extent of damage to 

cells, from those releasing only small 
molecules to those releasing polyribo- 
somes. Thus there may be a prefer- 
ential release of monosomes resulting 
in a higher ratio of monosome to poly- 
some than exists in the cell. However, 
the monosomes seen, as mentioned 
above, probably do not arise by poly- 
some breakdown during preparation. 
These monosomes are competent to 
function with polyuridylic acid in ex- 
tracts, and in vivo they can accept 
natural messenger (19). Thus it would 
appear that the bacterial cell has a 
steady-state reserve of functional ribo- 
somes. This conclusion was also 
reached by Goldstein et al. (16). 

By our method we can isolate poly- 
ribosome-rich extracts from intact 
growing cells of E. coli without pro- 
longed treatment and apparently with- 
out extensive breakdown to mono- 
somes. It should therefore be possible 
to perform experiments on the biosyn- 
thesis of polyribosomes, as reported for 
rat liver (20), and to investigate more 
closely relatively transient events in the 
control of protein synthesis. The tech- 
nique is also applicable to nongrowing 
cells. 

MARC DRESDEN 
MAHLON B. HOAGLAND 

Department of Bacteriology and 
Immunology, Harvard Medical School, 
Boston, Massachusetts 
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