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Abstract

Post-translational control of Escherichia coli ribosome on newly synthesised polypeptide leading to its active conformation
(protein folding) has been shown in the case of the enzyme L-galactosidase. As expected, antibiotics chloramphenicol and
lincomycin, which bind to 23S rRNA/50S subunit and kasugamycin and streptomycin which interact with the 30S subunit
instantaneously inhibited protein synthesis when they were added to the growing cells. The increase in L-galactosidase
activity, though stopped immediately after the addition of chloramphenicol and lincomycin, went on considerably in the
presence of streptomycin and kasugamycin even after the stoppage of protein synthesis. ß 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

We have shown a general protein folding activity
in vitro in the ribosomes from various sources. In the
case of E. coli, this activity was traced ¢rst to the 50S
subunit and ¢nally to the domain V of its 23S rRNA
component [1^6]. This in vitro protein folding prop-
erty of 23S rRNA was inhibited by antibiotics chlor-
amphenicol, erythromycin lincomycin, etc. [3]. These
antibiotics inhibit protein synthesis by blocking pep-
tidyl transferase reaction. Mutations occur in the 23S
rRNA in cells resistant to these antibiotics and these
antibiotics bind to 23S rRNA in vitro [7^9]. Thus,
the peptidyl transferase and protein folding activity

overlap on the 23S rRNA (50S subunit). It may not
be possible then to score a putative folding defective
mutant of E. coli having normal peptidyl transferase
activity. In addition to this problem, the presence of
multiple 23S rRNA operons make the search for a
protein folding defective mutant even more di¤cult.
Under such circumstances, we asked whether a tem-
poral non-overlap is possible between these two par-
tially overlapping processes. If there is a measurable
lag between ¢nishing o¡ the synthesis of a polypep-
tide and appearance of its activity, we can visualise
that by inhibiting protein synthesis by antibiotics
which bind to the 30S subunit of ribosome, when
the 50S particle can still engage in folding the protein
synthesised before adding these antibiotics. We used
these antibiotics to stop protein synthesis in E. coli
K12 cells 30 min after induction of L-galactosidase.
Although the protein synthesis stopped immediately,
the L-galactosidase activity increased considerably
after the arrest of protein synthesis in cells treated
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with streptomycin and kasugamycin, which bind to
30S subunit, but not in cells treated with chloram-
phenicol and lincomycin. Therefore, the antibiotics
which act on 23S rRNA to inhibit reactivation of
denatured protein in vitro [3] also inhibit post-trans-
lational activation (folding) of the protein in vivo.
The details of the experiments are given below.

2. Materials and methods

2.1. TGC medium

TGC medium contains 100 mM Tris-HCl, pH 7.5,
100 mM KCl, 8.5 mM NaCl, 20 mM NH4Cl, 1 mM
CaCl2, 1 mM MgSO4, 0.3% casamino acid, 15 mM
sodium pyruvate, 1 mM potassium phosphate pH 7.5
and 0.2% glycerol. FeSO4 (0.2 Wg) and 10 Wg thi-
amine were added to a litre of this medium. L-Ga-
lactosidase, mouse polyclonal antibody against it,
anti-mouse IgG peroxidase conjugate and substrate
O-phenylenediamine dihydrochloride were purchased
from Sigma, USA.

2.2. Estimation of protein synthesis by 35S-methionine
uptake

E. coli K12 was grown to log phase in TGC me-
dium. L-Galactosidase was induced by adding IPTG
and 35S-methionine was added to the growing cells.
The antibiotics were added to the cells at appropriate
times. Samples were withdrawn at di¡erent times as
mentioned in the text and the 35S-methionyl tRNA in
the cells were destroyed by incubating the samples in
the presence of 1 M NaOH, and 0.5 M H2O2 at 40³C
for 30 min [10]. Finally, the 5% TCA precipitable
protein was trapped on glass ¢bre (GFC Whatman
25 mm) ¢lters. The ¢lters were dried and the 35S
counts were taken in a scintillation counter.

2.3. Estimation of L-galactosidase protein in the cell
by ELISA

Cells were grown in TGC medium to log phase as
before and L-galactosidase was induced with IPTG.
At appropriate times, antibiotics were added to the
growing cells. Samples were withdrawn at the desired
times. The cells were spun down and suspended in

M9 bu¡er and lysed with toluene. The amount of
L-galactosidase protein in the extracts was estimated
by ELISA. Polyclonal mouse antibody against.
L-Galactosidase, anti-mouse IgG peroxidase conju-
gate and substrate O-phenylenediamine dihydro-
chloride tablets were obtained from Sigma.

2.4. Assay for L-galactosidase

L-Galactosidase activity in the cell extracts was
measured after toluene treatment of the cells. The
assay bu¡er contained 100 mM sodium phosphate,
pH 7.0, 10 mM KCl, 1 mM MgSO4, 50 mM L-mer-
captoethanol and 1 mg/ml ONPG. To 1 ml of the
assay mixture an equal volume of toluene extracts of
cells grown under di¡erent conditions was added and
incubated for 30 s at 37³C. The reaction was stopped
by adding 1 ml 1 M sodium carbonate and enzyme
activity was measured by recording the A420.

The experimental results described below are the
average of at least ¢ve independent observations and
the standard deviations are indicated in the ¢gures.

3. Results

3.1. Inhibition of in vitro refolding of L-galactosidase
by antibiotics

L-Galactosidase (100 nM) was unfolded in the
presence of 4 M guanidine hydrochloride and 50
mM L-mercaptoethanol for 1 h. The secondary struc-
ture was completely destroyed as shown by far UV
CD spectrum (not shown). The denatured protein
was allowed to refold after 50-fold dilution in the
refolding bu¡er in the absence and in the presence
of 10 nM 23S rRNA. After refolding, the enzyme
was diluted 5-fold in the assay bu¡er, its activity
was measured and expressed as percentage of the
activity of the native protein. Fig. 1 shows that 23S
rRNA could refold the denatured enzyme. The re-
folding could not be inhibited by antibiotics strepto-
mycin and kasugamycin even at concentrations high-
er than what would completely stop protein synthesis
in the cell, but chloramphenicol and lincomycin,
when added to the 23S rRNA [11,12], progressively
inhibited refolding of the enzyme with increasing
concentrations until it was brought down to the level
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of unassisted folding. The 23S rRNA assisted folding
was completely eliminated by about 500 WM chlor-
amphenicol and 50 WM lincomycin.

Once we showed that the antibiotics chloramphe-
nicol and lincomycin inhibited in vitro protein fold-
ing by 23S rRNA, whereas streptomycin and kasu-
gamycin failed to do so, our objective was to look at
the e¡ect of all these antibiotics (which inhibit pro-
tein synthesis) on the in vivo activity of the enzyme
L-galactosidase. It must be noted that none of these
antibiotics in£uences the assay of L-galactosidase ac-
tivity.

Although these antibiotics are well known inhibi-
tors of protein synthesis, we checked again to make
sure that they instantaneously stop protein synthesis
at the concentrations at which the in vitro folding of
L-galactosidase was inhibited.

3.2. Inhibition of protein synthesis by antibiotics

E. coli K12 cells were grown in TGC medium at
37³C with shaking to log phase (A550 = 0.25) and L-
galactosidase was induced in IPTG. At the same time
35S-methionine was added and after 7 min of growth,
the cells were divided into ¢ve equal portions. The
antibiotics chloramphenicol (150 Wg/ml, 464 WM),

lincomycin (44 Wg/ml, 99 WM), streptomycin (25 Wg/
ml, 17 WM) and kasugamycin (83 Wg/ml, 193 WM)
were added to the ¢rst four portions and the ¢fth
was left to grow without antibiotic. As expected,
the A550 of the cells did not change after the addition
of the antibiotics. These are the concentrations of the
four antibiotics normally used to inhibit protein syn-
thesis in E. coli. An equal volume of cells was then
withdrawn from each portion at 7.5 and 15 min, 35S-
methionine labelled tRNAs were destroyed as de-
scribed in [10], and then 5% chilled TCA precipitable
35S counts were taken. Fig. 2 shows the 35S counts in
proteins in each of the above cases. Whereas in the
control sample, protein synthesis continued linearly,
it came to a halt in all the samples containing the
antibiotics. This observation is in complete agree-
ment with earlier observations on the e¡ect of these
antibiotics on protein synthesis. Although faulty pro-
tein synthesis starts in the presence of streptomycin if
one waits for a longer time [7], protein synthesis
stops immediately after adding streptomycin and no
translation is expected to occur within 10^15 min [9].

35S-Methionine uptake was measured to estimate
total protein synthesis in the cells under di¡erent
conditions of growth. In order to estimate the syn-
thesis of L-galactosidase protein itself under similar
experimental set-up, an equal volume of the cells was
lysed with toluene and the L-galactosidase protein in

Fig. 1. E¡ect of antibiotics on the 23S rRNA mediated recov-
ery of activity of denatured L-galactosidase. Continuous lines
and dotted lines represent RNA mediated and unassisted recov-
ery of the enzyme activity, respectively. In both cases, the sym-
bols represent recoveries of activity in the presence of strepto-
mycin (-O-O-), kasugamycin (-R-R-), lincomycin (-b-b-)
chloramphenicol (-a-a-) and without antibiotic (-E-E-). The
concentration of chloramphenicol is shown in the upper scale
and the concentration of other antibiotics are shown in the low-
er scale.

Fig. 2. Incorporation of 35S-methionine in E. coli K12 cells.
35S-Methionine was added at zero time. After 7 min of growth,
cells were divided into ¢ve equal portions; the antibiotics were
added to four portions and the ¢fth was left without antibiotic.
Samples were taken at di¡erent times and 5% cold TCA precip-
itable counts were taken after destroying aminoacyl tRNAs by
alkali. The symbols represent 35S-methionine incorporation in
the presence of streptomycin (-O-O-), kasugamycin (-R-R-),
lincomycin (-b-b-) chloramphenicol (-a-a-) and in the absence
of antibiotics (-E-E-).
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cell extracts was estimated by the method of ELISA
at the appropriate dilution as mentioned Section 2.
As shown in Fig. 3, synthesis of L-galactosidase
under di¡erent conditions essentially followed the
same pattern as the total protein synthesis. Although
the antibiotics instantly stopped protein synthesis,
their e¡ects on the activity of L-galactosidase were
not the same as shown below.

3.3. E¡ect of antibiotics on L-galactosidase activity in
E. coli

The E. coli K12 cells were grown to log phase
exactly as before. L-Galactosidase was induced with
IPTG and the level of induction was seen by meas-
uring the enzyme activity for up to 30 min. At this
point, the culture was divided in ¢ve portions. The
four antibiotics were added to the four portions,
while the ¢fth was allowed to grow as control as
mentioned earlier. Then aliquots were taken from

each of these samples at di¡erent times, the cells
were extracted with toluene and the L-galactosidase
activities of the extracts were measured. While the
enzyme activity immediately stopped increasing in
cells treated with chloramphenicol and lincomycin,
the activity continued to increase for about 10 min
in cells to which streptomycin and kasugamycin were
added (Fig. 4). The increments were not negligible
and could be as high as 25% of the enzyme activity
present at the time of adding the antibiotics. This rise
in enzyme activity in spite of inhibition of protein
synthesis could be due to post-translational activa-
tion of the enzyme molecules by the 50S ribosome
particles which was not inhibited by streptomycin
and kasugamycin, but was inhibited by 50S speci¢c
antibiotics. The E. coli ribosome, its 50S subunit and
23S rRNA have been shown to be able to reactivate
unfolded proteins in vitro [2^4]. It appears, therefore,
that the 50S subunit folds the newly synthesised
polypeptides on the ribosomes in the cell and the
antibiotics chloramphenicol and lincomycin inhibit
this folding process. The protein concentrations in
the toluene extracts of the cells grown in the presence
of all the four antibiotics were checked to ensure that
they were the same and remained unchanged with
time.

To show that the limited increase in the activity of

Fig. 4. Thirty minutes after induction of L-galactosidase, cells
were divided in ¢ve equal portions; four antibiotics were added
to four portions and the ¢fth was left without antibiotics. Sam-
ples were withdrawn at di¡erent times, cells were lysed with tol-
uene and L-galactosidase activities were measured. The ordinate
shows the measured enzyme activity in A420. The symbols repre-
sent enzyme activities in the presence of streptomycin (-O-O-),
kasugamycin (-R-R-), lincomycin (-b-b-) chloramphenicol
(-a-a-) and in the absence of antibiotics (-E-E-).

Fig. 3. ELISA to estimate L-galactosidase synthesis in E. coli
K12 cells. Thirty minutes after induction of L-galactosidase,
cells were divided in ¢ve portions. Antibiotics were added to
four portions and the ¢fth was allowed to grow without antibi-
otics. Samples were taken at di¡erent times and the amount of
L-galactosidase was estimated by immunoprecipitation with
polyclonal mouse antibodies against L-galactosidase. Symbols
represent the amount of the immunoprecipitable protein in the
absence of antibiotics (-E-E-) and in the presence of streptomy-
cin (-O-O-), kasugamycin (-R-R-), lincomycin (-b-b-) and
chloramphenicol (-a-a-).
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L-galactosidase in the presence of 30S speci¢c anti-
biotics could be stopped at any point during this rise
by chloramphenicol and lincomycin, these antibiotics
were added at di¡erent times after the inhibition of
protein synthesis by streptomycin and kasugamycin.
Di¡erent combinations of these 30S and 50S subunit
speci¢c antibiotics were used. In all the experiments,
as shown in Fig. 5, enzyme activity increased to some
extent after adding 30S speci¢c antibiotics, but the
addition of 50S speci¢c antibiotics immediately
stopped that increment. The enzyme activity in-
creased for about 10 min after the addition of 30S
speci¢c antibiotics. This does not imply that the ri-
bosome took that time to fold the already synthes-
ised polypeptides, as we discuss below.

4. Discussion

In vitro folding of denatured L-galactosidase by
23S rRNA of E. coli ribosome is inhibited by anti-
biotics which bind to this RNA/50S subunit and in-
hibit protein synthesis in the cell [3]. There are a
number of antibiotics which also inhibit protein syn-
thesis by interacting with 30S subunit, but they do
not inhibit in vitro protein folding by 23S rRNA.

When this observation is extended in vivo, we see
that the rise in the activity of the enzyme L-galacto-
sidase promptly stops after adding chloramphenicol
and lincomycin, whereas streptomycin and kasuga-
mycin allow considerable increase in the enzyme ac-
tivity for more than 5 min, although all these anti-
biotics would stop protein synthesis instantly.
Considering the slow rate of synthesis of the poly-
peptide chains on the ribosome (15 amino acids per
second), it is almost certainly true that the secondary
structure of the proteins is formed by the time they
are synthesised [13^17]. Ribosome may not play any
active role in it. In fact, we have seen that about 10^
15 s delay in adding ribosome to the refolding pro-
tein did not reduce the extent of reactivation (unpub-
lished observation), although the secondary struc-
tures are formed by this time. The time taken by
L-galactosidase activity to reach the saturation level
in the presence of streptomycin and kasugamycin (5^
10 min), should then be spent organising the tertiary
and quaternary conformation of the protein and the
ribosome must have a role to play in it.

Our experiments on in vitro folding of di¡erent
multimeric proteins by ribosomal RNA showed a
time lag of about 5^10 min between the release of
the polypeptide from the RNA with the formation of
the multimer and reappearance of activity (manu-
script in preparation). So the ribosome/rRNA appear
to be binding at speci¢c region(s) of the polypeptide
to prevent misfolding and releases it after proper
nucleation is achieved so that there is no chance of
misfolding any more. Formation of the active site
takes place after release from ribosome/rRNA and
it takes a considerable amount of time (5^10 min).
The addition of 50S speci¢c antibiotics prevents this
nucleation step and the protein goes to fold by itself
without proper nucleation so that most of it misfolds
to inactive conformation.

The fate of L-galactosidase enzyme was followed
for a short time of about 10^15 min after its syn-
thesis was stopped by any of the four antibiotics. The
activity reached its maximum within this time. All
the antibiotics stopped protein synthesis instantane-
ously. Although a later release of error prone protein
synthesis is found with streptomycin [7], there was
complete inhibition of protein synthesis in the short
span of our experiment. We have shown this in the
case of total protein as well as L-galactosidase itself.

Fig. 5. L-Galactosidase activities in induced E. coli cells in the
presence of various combinations of antibiotics. Cells were
withdrawn at di¡erent times, lysed with toluene and enzyme ac-
tivities were measured as shown by A420 in the ordinate. The
antibiotics streptomycin in A and C (-O-O-) and kasugamycin
in B and D (-R-R-) were added to the cells at 30 s. Antibiotics
lincomycin in A and B (-b-b-) and chloramphenicol in C and
D (-a-a-) were added at 3 and 6 min, respectively, to the cells
already growing in the presence of streptomycin and kasugamy-
cin.
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As mentioned earlier, none of these antibiotics in£u-
ence the assay of L-galactosidase enzyme activity.

There is no reason to be sceptic in correlating the
results on protein folding by the 70S ribosome, 50S
subunit and the 23S rRNA [1^3,18]. Even in its na-
tive state within the 50S particle, the domain V of the
23S rRNA which we have shown to be mainly in-
volved in this process [3,5], has a large number of
nucleotides accessible by chemical agents, amino acyl
tRNA, 30S subunit etc. More than 20 such nucleo-
tides have been identi¢ed from biochemical and ge-
netic experiments [8,18^23]. These could be the nu-
cleotides in the three-dimensional structure of 23S
rRNA in 50S subunit which play crucial role in pro-
tein folding.

Finally, a strong similarity in the 23S ribosomal
RNA mediated folding of L-galactosidase in vitro
and in vivo strengthens our point that within the
cell, the ribosome plays a major role post-transla-
tionally in folding newly synthesised proteins. The
folding is determined by ribosomes which initiate
by giving it the correct direction and the polypeptide
goes to complete the process (folding) by itself in a
slow pace so that a considerably length of time is
taken for the formation of active site and the chap-
erones could contribute to this step [16,17].

Acknowledgements

The authors thankfully acknowledge the help from
the laboratory of Dr. R. Kumar in doing the ELISA.
S.P. is a junior research fellow of Council of Scien-
ti¢c and Industrial Research. D.S. and S.C. are se-
nior research fellows of University Grants Commis-
sion. C.D. acknowledges the grants received from
Department of Biotechnology, Department of
Atomic Energy and Council of Scienti¢c and Indus-
trial Research, Government of India. The manuscript

was prepared at the Distribution Information Centre,
Calcutta University.

References

[1] B. Das, S. Chattopadhyay, C. Das Gupta, Biochem. Bio-
phys. Res. Commun. 183 (1992) 774^780.

[2] S. Chattopadhyay, B. Das, A.K. Bera, C. Das Gupta, Bio-
chem. J. 300 (1994) 717^721.

[3] S. Chattopadhyay, B. Das, C. Das Gupta, Proc. Natl. Acad.
Sci. USA 93 (1996) 8284^8287.

[4] B. Das, S. Chattopadhyay, A.K. Bera, C. Das Gupta, Eur. J.
Biochem. 23 (1996) 613^621.

[5] D. Pal, S. Chattopadhyay, S. Chandra, D. Sarkar, A. Chak-
raborty, C. Das Gupta, Nucleic Acids Res. 25 (1997) 5047^
5051.

[6] W. Kudlicki, A. Co¡man, G. Kramer, B. Hardesty, Folding
Design 2 (1997) 101^108.

[7] D. Moazed, H.F. Noller, Biochimie 69 (1987) 879^884.
[8] S. Douthwaite, J. Bacteriol. 174 (1992) 1333^1338.
[9] H.F. Noller, Annu. Rev. Biochem. 60 (1991) 191^227.

[10] W.C. Merrick, Methods Enzymol. 101 (1983) 606^615.
[11] R.E. Monro, D. Vazquez, J. Mol. Biol. 28 (1967) 161^165.
[12] Vazquez, D. (1979) Inhibitors of Protein Synthesis, Springer,

Berlin, pp. 169^175.
[13] A.N. Fedorov, B. Friguet, L. Djavadi-Ohaniance, Y. Ala-

khov, M.E. Goldberg, J. Mol. Biol. 228 (1992) 351^358.
[14] A. Fedorov, T. Baldwin, Proc. Natl. Acad. Sci. USA 92

(1995) 1227^1231.
[15] V. Kolb, E. Makeyev, A. Spirin, EMBO J. 13 (1994) 3631^

3637.
[16] W. Kudlicki, O.W. Odom, G. Kramer, B. Hardesty, J. Mol.

Biol. 244 (1994) 319^331.
[17] W. Kudlicki, J. Chirgwin, G. Kramer, B. Hardesty, Bio-

chemistry 24 (1995) 14284^14287.
[18] A. Barta, G. Steiner, J. Brosius, H.F. Noller, E. Kuechler,

Proc. Natl. Acad. Sci. USA 81 (1984) 3607^3611.
[19] D. Moazed, J.M. Robertson, H.F. Noller, Nature 34 (1988)

362^364.
[20] D. Moazed, H.F. Noller, Cell 57 (1989) 585^597.
[21] C.D. Sigmond, M. Ettayebi, E.A. Morgan, Nucleic Acids

Res. 12 (1984) 4653^4663.
[22] G. Steiner, E. Kuechler, A. Barta, EMBO J. 7 (1988) 3949^

3955.
[23] B. Vester, R. Garatt, EMBO J. 7 (1988) 3577^3587.

BBAPRO 35750 29-12-98

S. Chattopadhyay et al. / Biochimica et Biophysica Acta 1429 (1999) 293^298298


