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SUMMARY

Ribosomes, isolated from Bacillus megatertum or from rat liver, were found capable
of binding considerable quantities of tetracycline. The amount bound depended upon the
concentrations of tetracycline and of Mg* and K* present. The highest level of binding
observed was equivalent to about 300 molecules of tetracycline per ribosome.

Binding of the antibiotic was largely reversible, but, using tetracycline-*H of high spe-
cific activity, it was possible to detect a low level of irreversible binding, amounting to
less than one molecule per ribosome under the conditions used. This binding was ob-
served to take place to both 30 S and 50 S ribosome subunits.

The possible relevance of the binding to inhibition of protein synthesis by tetracycline

is discussed.

INTRODUCTION

The tetracyclines are a group of anti-
biotics which inhibit protein synthesis in
intact bacteria (1-3) and in cell-free sys-
tems from bacterial (4-8) and mammalian
cells (4, 8). They do not affect amino acid
activation or attachment to transfer RNA
(tRNA) but strongly inhibit the transfer
of amino acids from amino acyl-tRNA to
polypeptide on the ribosome (4, 5). Such
inhibition might result from an inactiva-
tion of ribosomes, perhaps by binding of
the antibiotic to essential sites on these
particles. Preliminary experiments showed
that tetracycline was capable of binding to
ribosomes in wvitro, and studies of this
binding under various conditions are de-
scribed in the present communication.

During the course of this work it has

! Present address: Chester Beatty Research In-
stitute, Pollards Wood Research Station, Nightin-
gales Lane, Chalfont St. Giles, Bucks., England.

*In Figs. 3, 4, and 5 and in Table 1 the con-
centrations of free and bound tetracycline are
expressed in terms of micrograms of tetracycline
hydrochloride.

been reported by Connamacher and
Mandel (9) and by Day (10, 11) that
tetracycline binds irreversibly to ribosomes
and ribosome subunits isolated from Bac:il-
lus cereus or Escherichia coli. The results
presented below indicate that tetracycline
binds to ribosomes reversibly in consider-
able quantity and irreversibly to a much
lesser extent. The observations concerning
the irreversible binding are similar to those
of Day (10).

MATERIALS AND METHODS

Preparation of Ribosomes from
Bacillus megaterium

1. The following method of preparation
was employed for the ribosomes used in
the experiments in which tetracycline was
estimated spectrophotometrically.

Bacillus megatertum, strain KM, was
grown in 5 liters of C medium (12) con-
taining 1% w/v glucose and 1% w/v
casamino acids (Difco Laboratories, vita-
min-free) at 30° with vigorous aeration.
The exponentially growing culture (0.5-
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0.7 mg dry weight of cells per milliliter)
was chilled by addition of 500-1000 ml of
frozen C medium and the cells were har-
vested at 0-4°. The pellets were rinsed
with 10 mm Tris-HCl (pH 7.4), 10 mm
magnesium acetate, 60 mM or 200 mm
KCl, 10% w/v sucrose, and then the cells
were resuspended in 40-45 ml of this me-
dium. Egg-white lysozyme (Armour Phar-
maceutical Company) was added (20 ug
per milligram dry weight of cells) and the
mixture was incubated at 37°. Conversion
of the cells to protoplasts was complete
within 20-30 min. Subsequent operations
were carried out at 0-4°. The protoplasts
were harvested by centrifugation and were
then lysed by resuspension in 15 ml of
Tris buffer of the same salt concentrations
but lacking sucrose. DNase (Worthington
Biochemical Corporation) was then added
to the viscous mixture to give a concen-
tration of 520 ug/ml. Sodium deoxy-
cholate (final concentration 0.5% w/v)
was added and then the mixture was
centrifuged for 10 min at 23,000 rpm in a
Spinco, model L ultracentrifuge. The re-
sulting pellet was discarded and the super-
natant was centrifuged for 60 min at
50,000 rpm to give a crude ribosome pellet.
The latter was resuspended in 10 mm Tris
HCIl (pH 7.4) containing appropriate con-
centrations of magnesium acetate and KCI.
Remaining debris was removed by cen-
trifugation for 10 min at 23,000 rpm and
then the ribosomes were again sedimented
by centrifugation at 50,000 rpm for 60
minutes (10 mM Mg*) or 130 min (0.1
mm Mg?*). The ribosome pellet was resus-
pended by hand, using a glass pestle, in
5-10 ml of the same buffer. After low-
speed centrifugation to remove aggregated
material, the suspension was dialyzed
overnight against 50 volumes of buffer.

2. In later experiments, using radio-
actively labeled tetracycline, the ribo-
somes were prepared by a modification of
the above procedure, described elsewhere
(13). The modification allowed a much
more rapid conversion of the cells to pro-
toplasts and gave a final preparation con-
taining a high proportion of polysomes.
The method described above gave prepara-
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tions containing mainly ribosome mono-
mers and dimers.

Preparation of Ribosomes, Depleted
of Messenger RNA

Exponentially growing cultures of Bacil-
lus megatertum KM were incubated with
actinomycin D (4 pg/ml) for 15 min be-
fore chilling and harvesting the cells.
Ribosomes were then prepared from the
cells by method 2, above. This procedure
gave preparations containing ribosome
monomers and dimers but very little poly-
some material.

Preparation of Ribosomes from Rat Liver

Rat liver ribosomes were prepared by
the following method, based on that of
Korner (14). Four rats were starved over-
night and were then decapitated. The
livers were rapidly removed into 50 ml of
ice-cold 0.5M sucrose, 3 mm MgCl;, and
were minced and then homogenized using
a hand homogenizer. Subsequent opera-
tions were performed at 0—4°. The suspen-
sion was centrifuged for 6 minutes at 1500
rpm and then for 10 min at 11,000 rpm.
The middle part of the supernatant was
pipetted off and was centrifuged for 30
min at 50,000 rpm. The pellet of micro-
somes was resuspended in 10 mm Tris HCI
(pH 7.4), 10 mM magnesium acetate, 200
mM KCl, and sodium deoxycholate was
added to 0.5% w/v. The mixture was cen-
trifuged for 60 min at 50,000 rpm, and the
resulting pellet of ribosomes was resus-
pended in the same medium (lacking
deoxycholate).

Measurement of Ribosome Concentrations

The absorbances of diluted suspensions
of ribosomes were measured at wave-
lengths 260 and 280 mg using a Unicam
SP 500 spectrophotometer. The values
obtained were related to RNA concentra-
tions using the nomograph of Adams based
on extinction coefficients for enolase and
nucleic acid (15). This was a convenient
means of determining ribosome concentra-
tion although the value obtained for RNA
concentration could only be regarded as
approximate.
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Technique Used in Studying Binding of
Unlabeled Tetracycline to Ribosomes

Tetracycline hydrochloride was obtained
from Lederle Laboratories Division,
American Cyanamid Company, New York.

Binding was studied in media containing
10 mm Tris HCI, pH 7.4 and various K*
and Mg? concentrations. Measured quan-
tities of ribosomes and of tetracycline, each
in the appropriate medium, were mixed at
4° in cellulose nitrate centrifuge tubes.
Control mixtures were prepared containing
(a) tetracycline but no ribosomes, and (b)
ribosomes but no tetracycline. The ribo-
somes were sedimented by centrifugation
and tetracycline was estimated in the su-
pernatants, diluted when necessary, by ab-
sorbance measurement as described below.
Correction was applied for any absorbance
of remaining ribosomal material, using con-
trol (b). This absorbance was very small,
and it was necessary to apply this correc-
tion only when determining low concentra-
tions of tetracycline, when measurements
were made on the undiluted supernatants.

The tetracycline concentrations of con-
trols (a) were determined after these also
had been centrifuged. The uptake of the
antibiotic by the ribosomes was calculated
for each mixture from the difference be-
tween the tetracycline concentrations of
the supernatant and of the corresponding
control (a). The uptake could be calculated
in this way with reasonable accuracy be-
cause a considerable proportion of the anti-
biotic was bound by the ribosomes. For
each point shown in Figs. 3 and 4, the
amount of tetracycline taken up was not
less than 20% of that remaining in the
supernatant. In Fig. 5 the least amount of
tetracycline bound was approximately 7%
of that remaining. Only one measurement
of uptake was made for each tetracycline
concentration, and so it was not possible
to estimate a standard error. However, it
is considered that the error in reading an
absorbance of approximately 0.5 is not
likely to be greater than +0.002. Thus the
least accurate calculated uptake in the data
presented in this paper is not considered
likely to be subject to an error of more

than =+12%, approximately. On the same
basis, where the uptake was 20% or more
of the amount remaining in the superna-
tant, the error would not be more than
+4%.

In most experiments the mixtures were
prepared in a total volume of 3.5 ml in
4-ml tubes. These were centrifuged for 4
hr at 40,000 rpm in the 40 rotor of a
Spinco Model L ultracentrifuge. In some
experiments a total volume of 2.0 ml was
used in 2-ml tubes. These were centrifuged
for 130 min at 50,000 rpm in the 50 rotor.
Centrifugation was started as soon as the
mixtures had been prepared and was
carried out at 4°. The upper part of each
supernatant was pipetted off for tetra-
cycline estimation, about 0.5 ml being left
above the pellet. The remaining 0.5 ml was
discarded and the tubes were inverted and
the pellets were allowed to drain.

In order to study the reversibility of the
binding, the pellets were resuspended in
fresh buffer and the suspensions were made
up to the same volumes as the original
mixtures (usually 3.5 ml). The suspensions
were allowed to stand at 4° for 30 min and
then the ribosomes were again sedimented
and tetracycline was estimated in the su-
pernatants.

Spectrophotometric Determination of
Tetracycline Concentration

At the time of commencement of this
work isotopically labeled tetracycline was
not available and so a spectrophotometric
estimation for the antibiotic was devel-
oped. Tetracycline solutions in water show
strong ultraviolet absorbance, with absorp-
tion maxima at wavelengths of approxi-
mately 275 and 360 mu. The absorption
at the latter wavelength offered the possi-
bility of tetracycline estimation in the
presence of small quantities of RNA which
has negligible absorbance at this wave-
length (16).

In the experiments described below,
tetracycline was estimated in the presence
of high and low Mg?** concentrations and
various K* concentrations. The absorption
spectrum of the antibiotic did not change
with the K* concentration, in the range
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used, but was considerably affected by the
Mg?** concentration. Figure 1 shows that
an increase in Mg?* concentration from 0
to 10 mM results in a slight shift of the
tetracycline absorption maximum to longer
wavelengths and in a considerable increase
in the maximum absorbance. The binding
experiments were carried out (as described
above) in media which contained either
0.1 mM or 10 mmM Mg?*. In supernatants
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Fia. 1. Effect of magnesium concentration on
the absorption spectrum of tetracycline

The absorption spectra of solutions of tetra-
cycline HCI (10 pg/ml) in 10 mm Tris HCl (pH
74), 60 mMm KCl, containing magnesium acetate
(concentrations ranging from 0 to 10 mM) were
measured using a Zeiss PMQ II spectrophotom-
eter.

prepared at the lower Mg?** concentration,
a slight shift of the tetracycline spectrum
was observed compared with the controls
(a) which had not contained ribosomes.
This was probably due to release of small
quantities of Mg?* by the ribosomes. No
shift of spectrum was observed at the
higher Mg?* concentration.

The curves shown in Fig. 1 pass through
an isobestic point at wavelength 350 mg,
at which the absorbanee is independent of
Mg+ coticentration. In oider to eliminate
the effect of slight release of Mg by the
fibosoines; tetracytline was estithdted by
absorbanice iheasurettient at this wave:
lehigth in siperhatants obtained from thix:
tires containihg 0.1 mM Mg Measiire:
ietits were edrried olit at the absorption
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maximum, wavelength 374 myu, with super-
natants obtained from mixtures containing
10 mm Mg*. Figure 2 shows calibration
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Fic. 2. Calibration curves for spectrophoto-
melric eslimation of tetracycline

The absorbances of standard solutions of tetra-
cycline HCI in 10 mm Tris HCI (pH 74), 10 mm
magnesium acetate, 60 mm KCl were measured at
wavelengths 350 and 374 mu using a Zeiss PMQ
II spectrophotometer.

curves obtained by measuring the absorb-
ance of standard solutions of tetracycline
at these two wavelengths.

Technique Used in Studying Binding of
Tetracycline-*H to Ribosomes

Mixtures (0.20 or 0.25 ml) containing
normal or messenger RNA-depleted ribo-
somes and tetracycline-7-H (240 mC/
mmole, Radiochemical Centre, Amersham,
England) were prepared in 10 mm Tris
HCl (pH 7.4), 60 mm KCl, 1 mM or 10
mM magnesium acetate, and were allowed
to stand for 15 min at 0°. Excess labeled
tetracycline was removed from mixtures
containing 1 mM Mg* by dialysis against
300 ml 10 mm Tris HCl (pH 7.4), 60 mm
KCl, 1 mM magnesium acetate for 5 hours
at 4°. Mixtires conitainitg 10 mM Mg
were layered on top of 8 mﬁportwﬁs of 1M
slicrose; toiitaining the sathe biffer atd
salt concentratiohs; it 4 ml centrifuge
tiibes. The tiibes were carefilly filled with
the satie theditm (lacking stitrose] and
wete centrifiged for 90 miftites at 50.000
¥pin ih a Spitico; model 1. ltracentrifuge.
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The supernatants were decanted and dis-
carded. The small, colorless pellets were
drained and were then resuspended in small
volumes of 10 mm Tris-HCl (pH 7.4), 60
mM-KCl, 10 mM magnesium acetate.

Samples (0.05-0.20 ml) of the ribosome
suspensions were layered on 4.6 ml linear
5-20% w/v sucrose gradients (17) con-
taining appropriate buffer and salt concen-
trations. These were centrifuged at 37,000
rpm and 4° in the SW39 rotor of a Spinco
Model L or L2 ultracentrifuge. In some
experiments the gradient tubes were then
punctured at the bottom with a needle and
fractions (8 drops; approximately 0.14 ml)
were collected. Alternate fractions were
mixed with 2.5 ml Bray’s solution (18)
and were counted in a Nuclear Chicago,
Model 725, liquid scintillation counter. Ab-
sorbances at 260 myu of the remaining frac-
tions after dilution with 2.5 ml water were
measured with a Unicam SP 500 spectro-
photometer. In other experiments the tubes
were again punctured and then 50% w/v
sucrose solution was pumped into the tubes
through the needle, at a constant rate. The
gradients were passed from the tops of the
tubes through a flow cell attached to a
Beckman continuous recording spectro-
photometer, set to record absorbance at
260 my. Fractions (approximately 0.20 ml)
were collected from the exit of the flow
cell and radioactivity was determined in
Bray’s solution as above.

RESULTS

Experiments using Unlabeled Tetracycline

Binding of tetracycline to ribosomes in
10 mm Mg?*. The medium used initially
consisted of 10 mM Tris HCl (pH 74),
10 mM magnesium acetate, 60 mMm KCI.
Mixtures containing ribosomes (2 mg RNA
per milliliter) from Bacillus megaterium
and tetracycline HCl (concentrations rang-
ing from 10 to 700 ug/ml) were centrifuged
to sediment the ribosomes. The tetracycline
remaining in the supernatants was esti-
mated as described above.

Figure 3 shows the quantities of tetra-
cycline bound by the ribosomes plotted
against the concentrations of the antibiotic

18¢
Z
g
I
g
2
°
g ;
m 1 1 1 1 1 J
% 300 600

Free tetracycline (ug/mi)

Fie. 3. Binding of telracycline by ribosomes
from Bactllus megatertum in 10 mm Mg* and
removal of the antibiotic on resuspension of the
ribosomes in fresh medium

Mixtures (3.5 ml) contained ribosomes (2 mg
RNA per milliliter) and tetracycline at various
concentrations, in 10 mM Tris HC1 (pH 74), 60
mM KCl, 10 mM magnesium acetate. The ribo-
somes were sedimented by centrifugation at
40,000 rpm for 4 hours and the concentrations of
tetracycline remaining in the supernatants were
determined. The ribosome pellets were resus-
pended in fresh medium (3.5 ml) and were again
sedimented by centrifugation. The quantities of
tetracycline released into the supernatants were
then estimated’! Binding ——@——; removal
e X =,

remaining in the supernatant. A consider-
able proportion of the total tetracycline
was bound, saturation apparently being
reached at a free tetracycline concentration
of about 500 ug/ml.

A rough calculation was made of the
greatest number of tetracycline molecules
bound per ribosome in this experiment. The
greatest binding observed was equivalent
to about 85 ug of tetracycline HCIl per
milligram of RNA of ribosomes. Assuming
a molecular weight of 1.7 X 10®* for the
total RNA of a 70S ribosome (19), this
amount was equivalent to about 300 mole-
cules of tetracycline bound per 70 S ribo-
some.

Chloramphenicol has been shown to bind
optimally to ribosomes in vitro in 10 mm
Mg at a K* concentration of 200 mm
(20). This K* concentration may be nearer
to that pertaining in the cell than the con-
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centration of 60 maf used in above experi-
ment (31). Tt was therefore of interest fo
study the efiect of K* concentration on the
hinding of tetracyeline to ribosomes. Table
1 shaws the amounts of the antibiatie
whieh were hound te ribasames in 10 ma
Tris HCl (pH 74), 10 my magpesiym
acetate in the presence of various K* cop-
eentrations. The hinding of tetracycline to
ribosames, unlike that of chigramphenicel
(30), was iphibited by the presence of
KO\ It cannat be eaneluded definitely that
this inhihitian was due to K* rather thap
OI iops, but it seems mare likely that k'
was the respansible factar sinee tetra:
exeline itself 1s a eation.

Tapre 1
Effect of KCI conceniration on the hinding
" of teprgeychine by ribosomes
from Bacillus megaterjum
in 10 mat Mg
Experimental conditions were as given for Fig. 3
exeept that the concentration of KCl was varied ?

Tetracycline .

KOC! caneentration hound Tetracycling

(ap) (pg/2 g RNA)  free (ug/mb

0 145 3
0.0004 142 220
0.008 136 238
0.08 af 333
.20 88 233

Binding of iesracychng o ribosomes
01 my Mg*. The experiment shown in
Fig- 8 was repeated using medium contain-
ing 0.1 my magnesium acetate (Fig. 4).
TFhe amaunt of the antibiatic bound was 0.6
ta 0.7 times that beund ab the higher mag-
nesium eoneentration.

Reversibihity of the binding of tefra-
eychine ta ribasames. The ribosame pellets
abtained in the experiments of Figs. 3 and
4 were used ta study the reversibility of
the hinding, as described in Methods, by
resnspending in fresh buffer and sediment-
ing again. The amaunts of tetracyeline re-
maining an the rihasames were faleulated
as the difference between the amaupts
baund in the first experiments and the
amounts released ap resuspension. These
ealenlated values were plotted agaipst the
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1

tetrayyclineua/2moRNalRs

668
Free tetracyeline fpg/mi)

Fig. 4. Binding of tetracychine by ribosomes
from Bacillus megaterium i 0. myM Mg* and
removal of the antibjotic on resuspenston of the
rihosomes wn fresh medium

Experimental details were as givep for Fig. 3
except that the medium contaiped 0.1 my mag-

Resipm  acetate” Binding @—@; remaval
X=X,

cancentrations of tetracyeline in the super-
patants after the secand sedimentation of
the ribgsemes in Figs. 3 and 4 (brokep
lines). If the binding were completely re-
versible, these paints would be expeeted to
lie an tﬁﬁ same eurves as the popts fram
the binding experiments, provided nope of
the hound material was lost hefare resus-
ension of the pellets. The points did nat
ie op these eurves but lay approximately
an straight lines through the origin. The
results ean be explained if about 30% of
the bound tetracycline was lost before the
ellets were resuspended. This lgss could
ave aeenrred in the last 0.8 ml quantities
of the supernatants which were discarded
after the hinding experimente (see Meth-
ods). Inhamogeneity of refraction was ob-
served when these last ?fmtmns of super-
patants were pipetted off, suggesting that
same ribesamal material was beipg re-
maved. . o
Bwding of tetracychne ta rat hyer ribo-
sames. Higher coneentrations of the fetra-
eyelines are required to produce a given
percentage inhibition of pratein synthesis
m eell-free systems from mammalian cells
than in these from hacterial cells (4). It
was therefare  desirable to  determine
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whether different amounts of tetracycline
were bound by the ribosomes from the two
types of organism.

Mixtures were prepared in 10 mM Tris
HCl (pH 7.4), 10 mM magnesium acetate,
200 mM KCl. They contained ribosomes
isolated from Bacillus megaterium or from
rat liver (1 mg RNA per milliliter) and
tetracycline HCIl (concentrations ranging
from approximately 100 to 600 ug/ml).
After sedimentation of the ribosomes, the
concentrations of tetracycline remaining in
the supernatants were determined.

The results are shown in Fig. 5. There

70r
xl R
7’
g I'
: b ,I
g .
2 o
er o
7/
= ’
7’
%.- o’/
[ ’
3t 4
< .
2 <
’
: -
o %
m|,’
0 1 3 1 1 ) )
0 300 600

Free tetracycline (pg/ml)

Fia. 5. Binding of tetracycline by ribosomes
isolated from Bacillus megaterium (@) and from
rat lver (X)

Experimental details are given in the text.?

was no significant difference between the
amounts of tetracycline bound by the two
types of ribosome.

Ezxperiments Using Tetracycline-*H

The experiments described above demon-
strated that tetracycline was capable of
binding reversibly to ribosomes in consider-
able quantities. However, the method would
not have been sufficiently sensitive to de-
tect an irreversible binding of small
amounts of the antibiotic (of the order of
one molecule per ribosome). Sucrose gra-
dient centrifugation provides an efficient
method of washing ribosomes, substances
that bind only weakly being removed by

this procedure. For example, chloram-
phenicol-*C is not found on ribosomes
centrifuged through sucrose gradients (22),
while erythromycin-*H remains bound
(23). The following experiments were per-
formed using this method to determine
whether any irreversible binding of tetra-
cycline-*H to polysomes, ribosomes, or
ribosome subunits could be detected.

a. Binding of tetracycline-*H to poly-
somes. Figure 6 shows a sucrose gradient

1'5- 41&
'é_ 7(2)3 . cpm
o
©
g
Q
g
-g
<
0

Fraction no.

F1a. 6. Sucrose gradient centrifugation analysis
of polysomes from Bacillus megatertum after
treatment with tetracycline-'H

The incubation mixture (025 ml) contained
approximately 04 mg of RNA of polysomes and
15 ug (0.75 uC) tetracycline-"H HCI in 10 mm
Tris HCl1 (pH 74), 60 mM KCl, 10 mM mag-
nesium acetate. After incubation at 0° for 15 min
the polysomes were separated by centrifugation
through 1M sucrose and were suspended in 0.33
ml of 10 mm Tris HCI (pH 74), 60 mm KCI, 10
mM magnesium acetate. A sample (0.1 ml) was
then subjected to sucrose gradient centrifugation
as described in Methods. The gradient contained
buffer and salts at the same concentrations as the
incubation mixture and centrifugation was for 40
min. After centrifugation the gradient was passed
through a flow cell attached to a continuous re-
cording spectrophotometer and fractions were
collected for determination of radioactivity. Ab-
sorbance ;epm X --=X.

centrifugation analysis of polysomes of
Bacillus megaterium after isolation from a
mixture containing tetracycline-*H. The
top of the gradient is shown on the right.
Peaks of radioactivity were observed asso-
ciated with 70S monomers and 100S
dimers. The counts present in the polysome
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region were very low but were all sig-
nificantly above background (58 cpm),
probably representing binding of tetra-
cycline-*H to polysomes. It is not known
why the counts increased in the lowest 5
fractions of the gradient, where the ab-
sorbance declined almost to zero. The 70 S
ribosomes present probably resulted largely
from mechanical breakdown of polysomes
during resuspension. Much less 70 S mate-
rial is observed when lysates of protoplasts
of Bacillus megatertum are centrifuged di-
rectly into sucrose gradients (E. Cundliffe,
personal communication). There is no
reason to suppose that such mechanical
breakdown would result in an increase in
the ability of the ribosome particles to
bind tetracycline.

b. Binding of tetracycline-*H to ribo-
somes, depleted of messenger RNA. Ac-
tinomycin D prevents RNA synthesis in
gram-positive bacteria while messenger
RNA breakdown takes place, probably at
the normal rate (24, 25). Incubation of cul-
tures of Bacillus megaterium with actino-
mycin results in the breakdown of poly-
somes to ribosome monomers which are free
of messenger RNA (26). With the concen-
trations of Mg?* and K* used in the present
experiments, the preparations of messenger
RNA-depleted ribosomes contained mono-
mers and dimers.

Figure 7 shows a sucrose gradient cen-
trifugation analysis of messenger RNA-
depleted ribosomes after isolation from a
mixture containing tetracycline-*H. Radio-
activity was present as a distinct peak in
the region of 70 S ribosome monomers and
as a faster-sedimenting shoulder. The lat-
ter probably represented association of the
antibiotic with ribosome dimers and with
the small amount of polysomes remaining
in the ribosome preparation.

¢. Binding of tetracycline-*H to ribosome
subunits in 0.1 mm Mg*. The sucrose
gradients used for the experiments of Figs.
6 and 7 contained 10 mM magnesium ace-
tate. Further samples of the same prepara-
tions of ribosomes and polysomes, isolated
from mixtures containing tetracycline-*H
were analyzed on sucrose gradients contain-
ing 0.1 mM magnesium acetate. This pro-
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Fic. 7. Sucrose gradient centrifugation analysis

of messenger RNA-depleted ribosomes from
Bacillus megaterium after treatment with tetra-
cycline-"H

Experimental details were as given for Fig. 6
except that polysomes were replaced by ribo-
somes from actinomycin-treated cells. Absorbance
; epm X ---X.

cedure resulted in dissociation of polysomes
and 70 S ribosomes into ribosome subunits.

The patterns obtained both from the
polysomes and from the messenger RNA-
depleted ribosomes (Fig. 8) showed a peak
of radioactivity in the region of the
smaller subunit. There was much less radio-
activity in the region of the larger sub-
unit. Similar results have been reported by
Connamacher and Mandel (9).

There was some uncertainty as to the
exact nature of the subunits observed in
Fig. 8. Their sedimentation rates through
the sucrose gradients, compared with 70 S
ribosomes, were consistent with their being
50S and 30S particles. However, later
analytical ultracentrifugation studies of
ribosome preparations from Bactllus mega-
tertum in 10 mM Tris HCl (pH 7.4), 60
mM KCI, 0.1 mM magnesium acetate
showed the presence of particles sediment-
ing at about 40 S and 20 S. Ribosome sus-
pensions in 10 mm Tris HCl (pH 7.4), 60
mM KCl, 1 mM magnesium acetate did,
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& Absorbance 260myu) &

X
X X

1

o

Fraction no.
(a)

150

cpm
100

S, Absorbance (260mp) &

X,

XX X
1

(=]

Fraction no.
(b)

F1a. 8. Dissociation of (a) polysomes and (b)
messenger RNA-depleted ribosomes of Bacillus
megaterium, after treatment with tetracycline-*H
into subunits by centrifugation into sucrose
gradients containing Mg** at low concentration

Further samples (0.07 ml) of the suspensions
of tetracycline-’H-treated polysomes or ribo-

however, contain particles sedimenting at
about 50 S and 30 S (unpublished observa-
tions). [The 40S and 20S particles may
perhaps have corresponded to the “cores”
obtainable from Escherichia coli ribosomes
27).]

d. Binding of tetracycline-*H to 608
and 30 8 ribosome subunits in 1 mm Mg*.
A sample (0.7 ml) of a suspension of mes-
senger RNA-depleted ribosomes was dia-
lyzed against 300 ml of 10 mm Tris HCI
(pH 7.4), 60 mmM KCl, 1 mM magnesium
acetate at 4° for 16 hours. Analytical ul-
tracentrifugation (Spinco, Model E ultra-
centrifuge) of the dialyzed suspension,
using schlieren optics, showed two peaks
only. The measured sedimentation coef-
ficients (28) were 51 S and 33 S.

Figure 9 shows the sucrose gradient pat-
tern of this preparation after treatment
with tetracycline-*H. Excess labeled anti-
biotic had been removed by dialysis (see
Methods) and the sucrose gradient con-
tained 1 mMm Mg?*. The quantity of ribo-
somes loaded on the gradient was larger in
this experiment than in the one shown in
Fig. 8 and centrifugation was carried out
for a longer time in order to obtain better
resolution of the particles. Association of
radioactivity with both subunits was ob-
served, the ratio of counts per minute to
absorbance being considerably greater for
30S than for 50 S particles. Similar results
have been reported by Day (10).

e. Calculation of the number of tetra-
cycline molecules bound per particle in the
erperiments described in (a) to (d). The
number of tetracycline molecules bound
per particle in given regions of the gra-
dients was calculated from the total counts
per minute and the total absorbance in
these regions.

The specific activity of the tetracycline-
SH HCI was determined in terms of counts
per minute per microgram by counting
samples (10 ul) of a standard aqueous

somes, obtained as described under Fig. 6 were
layered on 5-20% sucrose gradients containing 10
mM Tris-HCl (pH 74), 60 mMm KCl, 0.1 mm
magnesium acetate. Centrifugation was for 90
minutes. Absorbance ; epm X ---X.
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Fie. 9. Binding of tetracycline-*H by 308 and
60 8 ribosome subunits

The incubation mixture (020 ml) contained
approximately 032 mg RNA of 30S and 50S
particles and 2.0 ug (1 uC) of tetracycline-"H
HCI in 10 mMm Tris-HCl (pH 74), 60 mm KCI, 1
mM magnesium acetate. After removal of excess
antibiotic by dialysis the mixture was layered
on a 5-20% sucrose gradient containing buffer
and salts at the same concentrations as in the
incubation mixture. Centrifugation was carried
out for 3 hours and then fractions were collected
from the bottom of the gradient. Alternate frac-
tions were used for measurement of absorbance
and radioactivity. Absorbance ;  cpm
X === X.

solution in 2.5 ml quantities of Bray’s solu-
tion containing a volume of 10 mm Tris
HCl (pH 7.4), 60 mmM KCl, 10 mmM mag-
nesium acetate, 5% w/v sucrose equal to
that of one fraction from a gradient. Under
these conditions, the counting efficiency was
about 6%. The presence of higher sucrose
concentrations, within the range used in
the gradients, did not decrease the count-
ing efficiency significantly. Using the
molecular weight of tetracycline HCI
(=481) it was calculated that 1000 cpm
were equivalent to 34 pumoles tetracycline.

The total absorbance was related to num-
ber of micromoles of ribosome particles
using the assumptions that there are 1.7 X
10° daltons of RNA per 70 S ribosome, dis-
tributed between 50 S and 30 S subunits in
the ratio 2:1 (19) and that a ribosome sus-
pension containing 1 mg RNA per milliliter
has an absorbance at 260 mu of approxi-
mately 25 (K. McQuillen, personal com-
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munication). This calculation gave the re-
sult that 1 absorbance unit (260 mu) was
equivalent to 24 pumoles of 70 S ribosomes.

For gradients passed through the Beck-
man continuous recording spectrophotom-
eter, the total absorbances corresponding
to given regions were obtained by measur-
ing the areas of the triangles XYZ (Figs.
6-8). In Fig. 9, the 50S and 30S regions
were taken as fractions 4 through 10 and
14 through 20, respectively.

The results of the calculations are shown
in Table 2. Less than one molecule of
tetracycline per particle was bound in each
case.

TABLE 2
Calculated numbers of telracycline molecules
bound per particle in the experiments
of Figs. 6-9
The method of calculation is described in the
text.

Molecules tetra-

cycline bound
Fig. No. Type of particle per particle
6 70 S 0.62
7 70 S 0.54
Sa 30S(?) 0.34
8b 30S (?) 0.32
9 308 0.48
9 50 S 0.26
DISCUSSION

In the first section, above, a reversible
binding of considerable quantities of tetra-
cycline to ribosomes (up to 300 molecules
per 70S particle) was demonstrated. The
large number of molecules bound suggests
that this binding was to a major constit-
uent of the ribosome. Binding of tetra-
cycline to proteins (29, 30), to DNA (30),
to polyuridylic acid (9), to polyadenylic
acid (11), and to soluble RNA (11) has
been reported. It therefore seems likely
that the antibiotic may bind both to the
RNA and to the protein of the ribosome.
If the binding occurred simply according
to the law of mass action, to a fixed num-
ber of sites per ribosome, the curves plotted
in Figs. 3 and 4 would have been rectangu-
lar hyperbolas. In fact these curves were
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slightly sigmoid in shape, suggesting that
the binding of a few molecules of tetra-
cycline per ribosome facilitated further
binding. The fact that the amount of tetra-
cycline bound was less at the lower mag-
nesium concentration (cf. Figs. 3 and 4)
may mean that the antibiotic binds more
strongly to 70S ribosomes than to disso-
ciated ribosomes. Alternatively, the differ-
ence may have been due to a direct effect
of Mg?* concentration on the binding re-
action(s).

In the second section, binding of tetra-
cycline-*H to ribosome monomers, dimers,
subunits and probably to polysomes was
demonstrated. This binding was irrevers-
ible in that the bound antibiotic was not
removed during centrifugation through
sucrose gradients. It has been reported by
Connamacher and Mandel (9) that tetra-
cycline-*H binds to 70 S ribosomes and to
30S ribosome subunits of Escherichia coli
or Bacillus cereus. These workers found
that preincubation under conditions allow-
ing protein synthesis lessened the ability
of ribosomes of E. coli to bind tetracycline.
They suggested that this effect was due to
removal of messenger RNA from the
ribosomes and that tetracycline was only
capable of binding to ribosomes containing
bound messenger RNA. The results pre-
sented in Figs. 6 and 7 indicate that tetra-
cycline binds to ribosomes from normal
cells and from actinomycin-treated cells of
Bacillus  megatertum. The calculated
amounts of the antibiotic bound per 70S
ribosome (Table 2) in Figs. 6 and 7 are
not regarded as significantly different since
the counts per minute were low, particu-
larly in Fig. 6. As noted earlier, the 70 S
ribosomes in the polysome preparation
(Fig. 6) probably resulted largely from
mechanical breakdown of polysomes during
resuspension and therefore probably con-
tained bound messenger RNA. The 708
particles (and the dimers) observed in Fig.
7 are believed to have been largely free of
messenger RNA since they resulted from
breakdown of polysomes in vivo when the
cells were incubated with actinomyecin.
This breakdown is believed to depend on
completion of polypeptide chains and re-

lease of ribosome monomers from mes-
senger RNA. Schaechter et al. (26) showed
that incubation of cultures of Bactllus
megaterium KM with actinomycin D for
5 min after pulse-labeling with uridine-*H
resulted in breakdown of a large propor-
tion of the polysomes to 70S ribosomes
which were almost free of H label. In the
present communication, the cells from
which messenger RNA-depleted ribosomes
were prepared had been incubated with
actinomycin for 15 min. These results
therefore indicate that the presence of mes-
senger RNA is probably not required for
the binding of tetracycline to ribosomes
of Bacillus megaterium.

Association of the labeled antibiotic with
subunits obtained by dissociation of poly-
somes and of messenger RNA-depleted
ribosomes (Figs. 8 and 9) was observed.
After dissociation of polysomes in 0.1 mm
Mg?** about one-third to one-half of the
messenger RNA has been observed to sedi-
ment in sucrose gradients in the region of
the smaller subunit, the remainder sedi-
menting at lower S values (unpublished
observations). The same amounts of
labeled antibiotic were bound by the
smaller subunits in Figs. 8 and 9 (see
Table 2).

Day (10) used sucrose gradient centrifu-
gation to study the binding of tetracycline-
SH to ribosome subunits of Escherichia
coli. He observed a binding of up to 1
molecule of the antibiotic per particle to
both 30S and 50S subunits. The figures
obtained above (Table 2) were consider-
ably lower than this. However, the amount
of antibiotic bound may depend on the
concentrations of ribosome particles and
labeled antibiotic in the incubation mix-
ture. The effects of varying these concen-
trations have not been investigated. Also,
it may be relevant that Day (10) incu-
bated ribosome particles with tetracycline-
3H for 30 min at 37° while in the experi-
ments reported above incubation was at
0°.

It seems very likely that tetracycline
exerts its inhibitory effect on protein syn-
thesis by binding to ribosomes. Suarez and
Nathans (31) showed that the degree of
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inhibition of polyphenylalanine synthesis
in an Escherichia coli cell-free system by
tetracycline at a fixed concentration could
be lessened by increasing the concentra-
tion of ribosomes -} polyuridylic acid. Also,
Day showed (11) that preincubation of
ribosomes with tetracycline impaired their
subsequent ability to function in protein
synthesis. In this experiment the ribosomes
were sedimented twice through 10% sucrose
after tetracycline treatment and before
addition to the cell-free system. It was
therefore presumably the irreversibly
bound antibiotic which was responsible for
the impairment.

Evidence is presented elsewhere (13) that
tetracycline causes a partial removal of
transfer RNA from polysomes engaged in
protein synthesis in vitro. It has been sug-
gested that the antibiotic may compete
with amino acyl-transfer RNA for the
recognition site of the ribosome-messenger
RNA complex (13). This site apparently
consists of the messenger RNA codon and
part of the 30 S ribosome subunit (32). It
may be that the observed binding of tetra-
cycline to the 30 S subunit, (9, 10) and Fig.
9 above, represents association of the anti-
biotic with part of the recognition site,
perhaps preventing access of amino acyl-
transfer RNA. Specific, polynucleotide-di-
rected binding of the latter to 30S sub-
units in the absence of 50S subunits is
partially inhibited by tetracycline [(32),
and D. Vazquez, personal communication].
Under the conditions used above (Fig. 9)
and by other workers (9-11) the amount
of tetracycline bound by the 50 S subunits
was considerably less than by the 30S. It
may be that the binding to 50 S subunits
is not directly concerned with inhibition
of protein synthesis by the antibiotic.

Reversible binding of tetracycline took
place to the same extent to ribosomes iso-
lated from rat liver as to those isolated
from Bacillus megaterium (Fig. 5). Pro-
tein synthesis in a rat liver cell-free system
is less sensitive to the tetracyclines than
that in bacterial systems (4). This again
suggests that it is not the reversible bind-
ing of the antibiotic which is responsible
for its action. It would be of considerable

Mol. Pharmacol. 4, 25-37 (1968)

interest to study the irreversible binding of
tetracycline-*H to ribosomes from various
sources.

The high level of reversible binding of
tetracycline to ribosomes may not be en-
tirely irrelevant to inhibition of protein
synthesis by the antibiotic. The sigmoid
shape of the binding curve (Fig. 3) sug-
gests that binding of small amounts of
tetracycline may cause some alteration in
the conformation of the ribosome. This
might constitute an additional effect in
hindering the functioning of these particles
in protein synthesis.
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