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Three forms of ribonucleic acid polymerase can be distinguished in exponen-
tially growing Escherichia coli cells: (i) active, (ii) inactive, inside the nucleoid,
and (iii) inactive, free in the cytoplasm.

We know that Escherichia coli bacteria
growing at various rates contain a surplus of
ribonucleic acid (RNA) polymerase. This sur-
plus is higher at low growth rates than at high
growth rates, and the number of polymerase
molecules exceeds the number of RNA mole-
cules synthesized by the enzyme two to five
times (3, 7, 9, 15). If we assume a pool of dor-
mant polymerase, the question arises whether
the enzyme molecules remain bound to their
deoxyribonucleic acid (DNA) templates, stay
inside the E. coli nucleoid between termination
and reinitiation of RNA synthesis, or whether
RNA polymerase molecules diffuse into the cy-
toplasm of the cell.

It has been shown that the isolated E. coli
nucleoid contains most of the RNA polymerase
of the cell (13). However, any in vitro experi-
ments undertaken to investigate the in vivo
distribution ofthe enzyme would run the risk of
disturbing a possible equilibrium between nu-
cleoid-bound and cytoplasmic RNA polymer-
ase. Therefore, we chose for our study the mini-
cell-producing strain E. coli K-12 P678-54 F-
that distributes its cytoplasmic components
equally between normal and minicells, but
whose minicells do not contain chromosomal
DNA(1). It has been shown recently that epi-
some-free minicells may contain measurable
amounts of the two large polymerase subunits,
( and (3' (10), and a cryptic RNA polymerase
activity (11).

Cells of strain P678-54 F- were cultured at
two different growth rates, IL = 1.23 genera-
tions/h and ,u = 0.32 generation/h, and labeled
with [3S]sulfate (cf. legend to Fig. 1). To ensure
the equal distribution of cytoplasmic compo-
nents between normal and minicells, the cul-
tures were induced for (3-galactosidase. Mini-
cells were purified by differential centrifuga-
tion and sedimentation through a sucrose den-
sity gradient (12). The purity of the minicell
preparation was analyzed by plating for viable
cells and by microscopy examination. It was

found that the viability of normal cells de-
creased by a factor of about 10 owing to the
purification procedure. Furthermore, at the
high growth rate a normal cell is approxi-
mately 12 times as big as a minicell, whereas at
the low growth rate it is only 6 times as big.
Therefore, the contamination of the minicell
preparation by normal cells was calculated to
be about 1% in cell mass for the fast- and 2% for
the slow-growing culture. On the other hand,
the contamination of the normal cells by mini-
cells could be neglected. The relative amount of
the two large polymerase subunits, 8 and (',
and of /8-galactosidase in total protein of the
two cell types was determined by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis
of crude cell lysates (6).
Figure 1 shows gel patterns of 35S-labeled

polypeptides obtained from normal and mini-
cells grown at two different rates. The 8 and (3'
bands, as well as the (8-galactosidase band,
were well resolved from other polypeptides. For
cells not induced for (8-galactosidase the appro-
priate band could not be detected on gels.
The quantity of label in the respective sub-

units was determined by subtracting a mean
background that was obtained from an upper
and a lower background as indicated in Fig. 1C.
It should be noted that the distribution of (3-
galactosidase between normal and minicells as
determined by radioactivity was about equal at
both growth rates quoted. This result is consist-
ent with measurements of (3-galactosidase-spe-
cific activities which were equal in both cell
types (data not shown). On the other hand, the
relative amount ofthe , and (3' subunits varied
considerably between normal and minicells but
was significant in minicells at either growth
rate. Table 1 summarizes the results of three
independent gel analyses.
The ap values, i.e., the amount of core RNA

polymerase relative to the amount of total pro-
tein synthesized (7), for normal cells which can
be deduced from the (,(,' data by extrapolating
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coli K-12 P678-54 F- was cultured in modified M9

medium (9), containing 80 pMKde 35S0f (63 pCil
pvmol) and 1 mM MgCli, supplemented with 0.4%

glucose, 0.5 pg of thiamine/ml and 100 pg ofeach of

the following amino acids per ml: alanine, arginine,
aspartic acid, glutamic acid, glycine, histidine, iso-

leucine,, leucine, lysine, phenylalanine, proline,

serine, threonine, tryptophan, tyrosine, and valine.
t3-Galactosidase was induced with 3 X 10( M iso-

propyl-13-thiogalactopyranoside (IPTG). The culture

was grown with acration at 37 C for several genera-

tions at a constant rate (A~= 1.23 generations/h).

After centrifugation and washing with nonsupple-
mented M9 medium, normal and minicells were

purified as described (12). The concentrated cells

were dissolved in lysing buffer [0.02 M tris(hydroxy-

methyl)aminomethane (Tris), pH adjusted with

N, N-bis(2-hydroxymethyl)glycine (bicin) to 8.6,

3% sodium dodecyl sulfate, 5% 13-mercaptoethanol,
and 20% glycerol] by heating for 10 min at 90 C and

brief ultrasonic disruption. Samples of the clear ly-

sates, containing 4.69 106 counts/mmn in 35s
labeled proteins for the normail and 5.81 X 106

counts/mmn for the minicells, were applied to 7%

acrylamide, 0.14% methylenebisacrylamide gels

containing 0.1% sodium dodecyl sulfate. The reser-

voir buffer was 02 M Tris, pH adjusted with bicin

to 8.6. The reliability of the gel system was checked

with the systems used earlier (6, 7), and the gels
were analyzed for the and 13' bands as well as for
the 13galactosidase band as before (6, 7). (A) Lysate

fr-om normal cells; (B) lysate from minicells. Only
the area around the 13,13'- and 13galactosidase

bands is shown. (C and D) E. coli K-12 P678-54 F-

TABLE 1. Relative amount of ,B and 13' subunits and
,B-galactosidase in total protein from normal and

minicells at two different growth ratesa

IA (genera- Cell type and ' -Gaacto-
tionlh) Celtp uuis idase (%

1.23 Normal cells 0.49 0.18
Minicells 0.069 0.15

0.32 Normal cells 0.27 1.26
Minicells 0.066 1.07

a Three independent gel electrophoretic analyses
were performed for all four lysates (cf. Fig. 1). The
amount of radioactivity present in the 18 and 13'
bands as well as in the 8-galactosidase band was
corrected for background and the three resulting
values were averaged. The different sulfur contents
in 1,13'-, ,B-galactosidase, and total protein were
taken into account (2, 4, 14) in calculating the
relative amount of the respective polypeptides in
total protein.

to the composition of core polymerase are some-
what lower than normally found for other E.
coli strains (3, 5, 7, 9, 15). We do not know
whether the lower values are characteristic for
the minicell-producing strain, but they could
be confirmed by incorporation of [3H]leucine
instead of 35S.
Ywakura et al. (15) have shown that expo-

nentially growing E. coli cells do not contain
free (3 and ,3' subunits but all 13 and (3' subunits
are bound in RNA polymerase. Therefore we
may assume that the /8 and 83' subunits in
minicells are also assembled in the enzyme.
According to our earlier data, the ap values for
active core polymerase are 0.09% at ,u = 0.32
generation/h and 0.34% at I = 1.23 genera-
tions/h (7). The ap values for total core polym-
erase in normal cells were found to be 0.34
and 0.61%, and in minicells 0.082 and 0.086% at
these two growth rates.

was cultured as before in modified M9 medium
supplemented with 0.4 M sodium acetate, 0.5 pg of
thiamine/ml and 100 pg each of leucine and thre-
onine/ml. 13Galactosidase was induced with 3 x
10-4 M IPTG. The growth rate was 0.32 generation
h. Normal and minicells were purified and their
lysates were subjected to gel electrophoresis as before.
The amount of radioactivity applied on the gels was
1.55 x 106counts/min for the normal and 1.65 x 106
counts/min for the minicells. (C) Lysate from nor-
mal cells. The background subtraction is indicated.
The mean background was obtained from a lower
background determined by the radioactivity present
in the upper part of the gel where no polypeptide
bands could be detected, and an upper background
given by a line which connects the lowest points ofthe
respective bands. (D) Lysate from minicells. Only
the area around the ,13'-, and the 1-galactosidase
bands is shown.
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The differences between the ap values for
total and for active polymerase give us the
amount of total inactive polymerase, whereas
the ap values from minicells indicate the frac-
tion of inactive enzyme that is not bound to
DNA but, rather, the fraction that is released
into the cytoplasm of the growing cell. This
fraction is about one-third of the total inactive
polymerase at the two examined growth rates.
We can distinguish, therefore, between three

different forms of RNA polymerase in the cell:
(i) active, engaged in RNA synthesis; (ii) inac-
tive, bound to DNA or otherwise retained in the
nucleoid; and (iii) inactive, free in the cyto-
plasm. The distribution of the enzyme between
these three forms appears to be determined by
the growth rate of the bacteria.
We thank the Deutsche Forschungsgemeinschaft for

generous support of this work.

LITERATURE CITED
1. Adler, H. J., W. D. Fisher, A. Cohen, and A. A. Hardi-

gree. 1967. Miniature Escherichia coli cells deficient
in DNA. Proc. Natl. Acad. Sci. U.S.A. 57:321-326.

2. Burgess, R. R. 1969. Separation and characterization of
the subunits of RNA polymerase. J. Biol. Chem.
244:6168-6176.

3. Dalbow, D. G. 1973. Synthesis of RNA polymerase in
Escherichia coli B/r growing at different rates. J.
Mol. Biol. 75:181-184.

4. Goldstein, A., D. B. Goldstein, and L. J. Lowney. 1964.
Protein synthesis at 0 C in Escherichia coli. J. Mol.
Biol. 9:213-235.

5. Hayward, R. S., J. P. B. Titawella, and J. G. Scaife.

NOTES 1239

1973. Evidence for a specific control of RNA polymer-
ase synthesis in Escherichia coli. Nature (London)
New Biol. 243:6-9.

6. Matzura, H., S. Molin, and 0. Maaloe. 1971. Sequen-
tial biosynthesis of the 8 and fl' subunits of the DNA-
dependent RNA polymerase from Escherichia coli. J.
Mol. Biol. 59:17-25.

7. Matzura, H., B. S. Hansen, and J. Zeuthen. 1973. Bio-
synthesis ofthe 6 and f3' subunits ofRNA polymerase
in Escherichia coli. J. Mol. Biol. 74:9-20.

8. Miller, J. 1972. Experiments in molecular genetics.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
New York.

9. Oeschger, M. P., and M. K. B. Berlyn. 1975. Regulation
of RNA polymerase synthesis in Escherichia coli: a
mutant unable to synthesize the enzyme at 430. Proc.
Natl. Acad. Sci. U.S.A. 72:911-915.

10. Rogerson, A. C., and J. E. Stone. 1974. ,8(' Subunits of
ribonucleic acid polymerase in episome-free mini-
cells ofEscherichia coli. J. Bacteriol. 119:332-333.

11. Rogerson, A. C. 1975. Evidence for a cryptic RNA po-
lymerase activity in DNA-free minicells of Esche-
richia coli. Biochem. Biophys. Res. Commun. 66:665-
670.

12. Roozen, K. J., R. G. Fenwick, and R. Curtiss III. 1971.
Synthesis of ribonucleic acid and protein in plasmid-
containing minicells ofEscherichia coli K-12. J. Bac-
teriol. 107:21-33.

13. Stonington, 0. G., and D. E. Pettijohn. 1971. The
folded genome of Escherichia coli isolated in a pro-
tein-DNA-RNA complex. Proc. Natl. Acad. Sci.
U.S.A. 68:6-9.

14. Wallenfels, K., and A. Arens. 1960. Untersuchungen
uber milchzuckerspaltende Enzyme. IV. Die Ami-
nosauren der ,3-Galaktosidase von E. coli ML 309.
Biochem. Z. 332:247-258.

15. Ywakura, Y., K. Ito, and A. Ishihama. 1974. Biosyn-
thesis ofRNA polymerase in Escherichia coli. I. Con-
trol of RNA polymerase content at various growth
rates. Mol. Gen. Genet. 133:1-23.


