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Ribosomes, isolated from Bacillus megaterium or fromii rat liver, were foumid capable

of binding considerable quantities of tetracycline. The amnoumnt bound (lepemided upon the

concentrations of tetracycline ammd of Mg2� and K� present. The highest level of i)inding

observed was equivalent to about 300 molecules of tetm’acycline per m’ibosonie.
Binding of the antibiotic was largely revem’sible, but, using tetracycline-H of hugh spe-

cific activity, it was possible to detect a low level of irreversible binding, amountimmg to
less than one molecule pet’ t’ibosonie umlder 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 hin(!ing to inhibition of protein synthesis by tetracycline
is discussed.

INTRODUCTiON

The tetracyclines are a group of atiti-
biotics which inhibit protein synthesis in

intact bacteria (1-3) and in cell-fm’ee sys-

tems fm’om bactem’ial (4-8) and mammalian

cells (4, 8). They do not affect amino acid
activation or attachment to tm’ansfer 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

pam’ticles. Preliminary expet’inients simowe!

that tetracycline was capable of binding to
ribosommies in vitro, and studies of this

binding under various conditions are tie-

seribed in tue present communication.

During the course of this work it has

Present addre&s: Chester Beatty Research In-

stitute, Pollards Wood Research Station, Nighmtin-

gales Lane, Chahfont St. Giles, Bucks., England.

2 In Figs. 3, 4, and 5 and in Table 1 tIme con-

centrations of free and bound tetracycline are

expressed in terms of micrograms of tetracychine

hydrochloride.

been m’eported by Cominamnacher and
Mande! (9) amid by Day (10, 11) that

tetracycline binds irm’eversibly to m’ibosomes
and ribosonie subunits isolated from Bacil-

lus cereus or Escherichia coli. Time results

presemited below indicate that tetracyclimie

binds to ribosomes revem’sibly imi comisider-

able quantity amid irreversibly to a mmiucim
lesser extent. Time oi)servations conceriming

tue irreversible i)inding are similar to those

of Day (10).

MATERIALS ANt) METHODS

Prepa ration of R ibo.sonm es from

Bacillus mega terium

1. The follow’ing met-hoc! of preparatiomm
was employed for the ribosomes used iii

the experiments in which tetracycline was
estimated spectrophotonneti’icahiy.

Bacillus meqaterium, strain KM, was

grown in 5 liters of C medium (12) con-

tainimig 1% �v/v glucose and 1% w/v

casamino acids (Difco Labom’atories, vita-

min-fm’ee) at- 30#{176}with vigorous aeration.
The exponentially gm’owimmg culture (0.5

25
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0.7 mg !ry weight of cells PCI Iiiiihihit(I’,�

was chilled by additiomi of 500-1000 mill of

fm’ozen C medium amId time cells were Imar-

vested at 0-4#{176}. The pellets wcm’e rinsed

�vitim 10 lilM Tris-HCl ( i)H 7.4) , 10 mii�i
mnagmiesiumn acetate, 60 imi�t or 200 mm��u

KCI, 10% �v�’v sutcrose, and then time cells
were resuspent!ed imi 40-45 mill of this me-

dium. Egg-white iysozytiie (Arniout’ Pham’-

maceutical Comiipamiy) was added (20 jig

per mnilligm’ani dry weigimt of cells) antI time
mixture was imicubated at 37#{176}.Comiversion
of the cells to pm’otoplasts was coniplete

within 20-30 mm. Sui)se(luent operatiomis
wem’e cam’ried oumt at- 0-4#{176}.The pt’otoplasts

wem’e imarvestem I by cemmtri fugation ammd were

t-imen lysed by resuspension in 15 ml of

Tm’is buffem’ of time same salt comicemitrations

butt iackimig sucm’ose. I)Nase (W’ortimington
I3iochemmiical Corpom’atioml) was then added

to the viscous mixtum’e to give a comicemi-

tration of 5-20 1�g/mmml. Sod!ium deoxy-

cimolate (final commcemmtm’atiomi 0.5% w/v)

was addet! an(l timemi time mmiixtutt’e was
centrifuged fom’ 10 nun at 23,000 i’pmfl in a

Spinco, mo(lei L imitracentrifuge. The me-
suiting pellet was discarded amId! time super-

imataumt was cemmtm’ifuged for 60 mimi at

50,000 1pm to give a cm’ude m’ibosome pellet.

Time lattet’ was resuspent!eti in 10 mmm�r Tm’is

HC1 (pH 7.4) cOtltaimiimig appm’opm’iate con-

cent-i’ations of nmagnesiumim acetate amid KCI.

Remaining debm’is was removed by cen-

tt’ifugation lot’ 10 mm at 23,000 rpm and

timen time ribosomiies wem’e again sedimented
by centrifugatiomi at 50,000 m’pm lot’ 60
minutes (10 m�m Mg2�) or 130 mmmin (0.1

muM Mg2�) . r#{231}� m’ii)osotmie pt’iltt WaS m’esus-

petided by hamid, using a glass pestle, in
5-10 nil of time samiie bumffer. After low-

speed centm’i fugat ion to t’emove aggregated
mvmateriai, time suspension w’as dialyzed

overnight against 50 volumes of buffer.
2. In later experiments, using radio-

actively labeled tetm’acyciine, the rii)O-

somnes were pt’epam’et! by a modification of

tile above procedure, describet! elsewhere

(13). The mnodification allowed a mudil

more rapid conversion of the cells to 1)10-

toplasts anti gave a final preparation coti-

taming a imigh l)ropomtion of polysomes.
rFime mnethod (lesdiii)e(! above gave Prepam’a-

tions containimig maimily ribosome mono-

mers and diniers.

Preporation of R ibosomes, Depleted

of Messenger RNA

Exponemitially growing cultures of Ba ci!-

lus megateriunm KM were incubated with

actinomycin D �4 j.tg/ml) for 15 mm be-
fom’e chilling amlti harvesting time cells.

Ribosomes wet’e then pm’epared from the

cells by method 2, above. This procedure
gave preparatiomis containing ribosome
mnonomrmers ant! climers but very little poly-

some material.

Preparation of Ribosontes from Rat Liver

Rat liver ribosomes were prepared by
the followimig methot!, based on that of
Korner (14). Four rats were starved over-

night and w’erc then t!ccapitated. The

livers were m’apidly removed into 50 ml of

ice-col(! 0.5 M sucrose, 3 m� MgCl2, and

wem’e minced an(I then homogenized using

a hand homogemiizer. Subsequent opera-

tions wem’e perfom’mned at 0-4#{176}.The suspen-
sion was centrifuged fom’ 6 minutes at 1500

rpm an(I then for 10 mm at 11,000 rpm.

The midtlle part of the supernat-ant was
pipetted off ant! was centrifuged for 30

mm at 50,000 rpmn. The pellet of micro-
somes w’as resutspended imi 10 m� Tris HCI

(pH 7.4), 10 iml�u mnagmiesium acetate, 200
mM KCI, and sodium tleoxycholate was
addec! to 0.5% w/v. The mixture was cen-

trifuged lot’ 60 miii at 50,000 rpm, and the
resulting pellet of ribosomes was m’esus-

pended in tile same mnedium (lacking

deoxycholate).

Meosuremut of R iboso me Concentra ho us

The absorbances of diluted suspensions

of ribosomes were measured at wave-
lengths 260 and 280 mn,i using a Unicam
SP 500 spectm’ophotomneter. Time values
obtainet! were m’elated to RNA concentra-
tions using the nomograph of Adams based
on extinction coefficients for enolase and
nucleic acid (15). This was a convenient

mneans of determitming ribosome concentra-

tiomi altimoumgim tile value obtaimied for RNA
concentm’atiomm commit! only be regarded as

approximate.
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Technique Used in Stmulying Binding of

Unlabeled Tetracycline to I?ibosonies

rretracychmne ily(!m’OchlOritie was O1)tainetl

fromn Ledem’le Labom’atories 1)ivision,
American Cyamlamitl Commlpamiy, New’ Yom’k.

Binding was studied ill miitdia eontaimming

10 m�t Tris HC1, pH 7.4 ant! vam’ious K�

and Mg2� concentratiomis. Measured quamm-
tities of ribosomes and of tetracycline, each
in the appropriate me(!iuni, were mnixcc! at
4#{176}in cellulose miitrate cemitm’ifuge tui)es.

Control mixtut’es w’ei’e prepam’eti contaimiimig

(a) tetracycline but mio m’ibosomiies, ant! (b)

ribosomes i)ut no tetmacychimme. The l’il)O-

somes were seclimemiteci by centm’ifugation

and tetracycline was estimated in the su-

pem’natants, diluted when necessat’y, by ab-
sorbance measurememit as described below’.
Com’m’ection was applied for any absorbamlce
of m’emaining ribosonial material, using con-

trol (b). This ai)som’balice was very small,
and it was necessary to apply this corm’ec-

tion only when determining low comicentra-
tions of tetracycimne, when measurements
were made on the umidilutetl supem’natants.

The tetracyclimie comicemitm’ations of con-

trols (a) were determined aftet’ these also

had been centrifuged. Tile uptake of the
antibiotic by the ribosomimes was calculated

for each mixture from tue diffem’ence be-
tween the tetracycline comiceimtratiomis of

the supernatant amid of time corresponding

control (a). The uptake could i)e calculated
in this way witim reasonable accuracy be-

cause a considerable pm’opom’tiomi of tlme anti-
biotic was bound by the m’ihosonies. Fot’
each point showti in Figs. 3 amid 4, the

anmount of tetracycline taken up was not
less than 20% of that m’emainimig in the

supernatant. In Fig. 5 the least amount of
tetracycline boumid was approxiimmately 7%
of that remainimig. Only one measuremllent
of uptake was immade lot’ each tetm’acycline
concentration, and so it was mlot possible

to estimate a stamidard error. Howevem’, it
is considered tlmat the em’ror in m’eadimmg atm

ahsombance of appm’oximnatelv 0.5 is miot-

likely to be greater than ±0.002. Thus the

least accurate calculated uptake in the tiata

presented in this paper is nmot considered
likely to be subject to ami em’ror of mmiom’e

than ± 12%, ap�)m’oxifliately. ()ti time samime

i)I15i5, where time ul)take �vas 20#{176}4-or mmiot’e

of time ammioutmt m’emiiaining imi time supei’mmmt-

tammt, time em’i’or woumldi not be miioi’e thami

±4%.
In muost expem’imiients time mmiixtum’es \vem’e

PrePam’ed iti a total volumute of 3.5 ml ill

4-ml tubes. rfliese wem’e centrifuged lot’ 4

hr at 40,000 rpmmi itm time 40 m’otoi’ of a

Spimico Model L ult-m’acentm’ifuge. In 5Otil�

expet’iments a total volume of 2.0 miii was

used imi 2-mi tubes. These w’em’e cemitriluged
for 130 mm at 50,000 rpmmi in time 50 m’otor.

Centm’ifumgatiomi w’as started as soon as tue
mixtures ha(l been pm’epa mccl ammt! �s’as

carried out at 4#{176}.The uppem’ pam’t of each

supernat-ant was pipetteti off for tetra-
cycline estimatiomi, about 0.5 miii being left

al)O\’e time pellet. nbc m’emiiaimiing 0.5 mimI was

tiiscartieci and time tubes were invet’ted anti

time pellets ��‘ere allowed to drain.

In om’t!er to study time revem’sibiiity of the

bintiimig, the pellets w’et’e resuspent!ed imm
fresh butler amid the suspensions weme mmmdc

up to time same volumes as time original

mixtures (usually 3.5 ml). Tue suspensions

w’ere allowed to stammt! at 4#{176}for 30 mimin and
then the ribosomes were again sed!immlemmtedl

and tetracyclimie w’as estimmlatet! imm the sn-

pernatants.

�S’pectrophoto metric Determination of

Tetracycline Concentration

At time tinie of commencemnent of this
wom’k isotopically labeled tetm’acycline was
not available amlt! so a spectropimotomnetm’ic

estimation for tile antibiotic �s’as devel-
oped. Tetracychimme solutions iti w’ater show

strong ultraviolet absorbamice, with absom’p-

tion maxima at w’avelengtims of appm’oxi-

mately 275 and 360 m�. rfhe absorption
at the latter wavelength offered time possi-
bihity of tetracychimie estimnation in time

presence of small quantities of RNA whicim
has negligible al)sombance at timis wave-
length (16).

In tue expem’imilemmts descrii)ed below,
tetracyclimie w’as estimated in the pm’esence

of high and low Mg� concemitratiomis amid
various K� concemitrations. Tile absorptiomm
spectm’um of the antibiotic did not change
with the K� comicentratiotl, in the range
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used, bitt was considerably affected by the

1\Ig:� comicentratiomi. Figure 1 shows that

ami increase in Mg2� commcentm’ation from 0

to 10 mM m’esults in a slight shift of the
tetm’acycline absorption imimmximmmumn to longem’

wavelengths amid imma comisit!em’able inct’ease

imi time maximum absom’bance. Time bimidimmg

experiments wem’e carrie(! out (as t!escribed
above) in media whicim cotitamet! either

0.1 ni� or 10 muM Mg2�. In supermiatants

0’6r
r�’M Mg
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0
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0 330 370 410

Wavelength (mp)

Ito. 1. Effect of magnesium concentration on

time absorption spoct rum of tetracyc!imie

The absorption spectra of solutions of tetra-

cvcline HCI (10 pg/mmml) in 10 mini Tris HCI (pH

7.4), 60 mM KCI, containing magnesitmm acetate

(concentratioims rangimmg frommi 0 to 10 m�i) were

mneastmred using a Zeiss PMQ II SPectrophotom-

ter.

pm’epam’ed at time iowem’ Mg� concentm’ation,

a sligimt shift of time tetracycline spectrum
was observet! conupam’etl with tue controls

(a) which had mmot commtained m’ibosomes.
nFiiis was probably tine to release of small
quaimtities of Mg� I)y time mibosomnes. No

similt of spectm’um was obscm’ved at the
higher Mg� eoncemmtm’atiomm.

nFiie cum’ves simowmi iii Fig. 1 h)ilss timm’ougim

an isobestic point at w’avelemlgthm 350 mp.,
It wItielt flu 1i1)5Olbltlt(’e is iti(1(p(ltdeltt of

M�-- (‘Oli((llt i�tt iOlt. Iii 1)1(1(1 to (i!!lmitmltt(

hit effect of si ii�ltI IlitliSe of 1\ I g� by t he
m’ihosomttes, tel 11t(’V(Ii!te W.1tS est immm�uteii by
1u1)som1uumm((’ ltm(lNitremmi(mtt mt this wave-
iiim�t Ii iii sii�i(i1i II Lilt 5 ol it 1111(11 fiomi m mmmix-

limies (ontuummiIlg 0.1 iit,�t Ii\11.� .

m11(imls iV(ie (It rmied (Jilt �tt I Itt- 1tI)5Oll)t iomi
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maximum, wavelength 374 rnjt, with super-

natants obtainec! from miiixtures containing
10 mr�i � Figure 2 siiows calibration

pg tetracycline HCI per ml

Ftc. 2. Ca!thratiomt curves for .spectrophoto-

mmietric estimmiation of tctracyc!ine

Time absorhances of standard solutions of tetra-

cycline HCI imi 10 m�i Tris HC1 (pH 7.4), 10 m�vi

magnesium acetate, 60 m�i KC1 were measured at
wavelengtlms 350 and 374 miip using a Zeiss PMQ

II sp�ctrophot omet er.

cui’ves obtained i)y measuring time absorb-

ance of standam’d solutiomis of tetracyclimle

at these two w’avelemigths.

Technique Used in Studying Binding of

Tetracyc!ine-’H to Ribosomes

Mixtures (0.20 om’ 0.25 ml) contaitiing
normal or messetiger RNA-depieted ribo-

somes amid tetracycline-7-3H (240 nmC/
mmole, Radiochemical Centre, Amersimam,

Englammd) w’em’e prei)aret! in 10 mM Ti

HC1 (pH 7.4), 60 m�t KC1, 1 m�i rn 10
m�t magnesiumii acetate, and wem’e allowed

to stamiti lot’ 15 mimi at 0#{176}.Excess labeled
tetracycline � remiioved fm’om mixtures
containing 1 mmi�i Mg2� by dialysis against

300 miii 10 ni�u Tm’is HC! (pH 7.4), 60 mm�u

KC!, 1 mM mmiagmiesiumml acetate for 5 hmours
ut 4�. �iixtunms uontaittimmg 10 mM i\Ig�

I iIV(1((i 011 to1 1 of 2 mmmiportions of I M

t(t05(�, (Omit 11111 ng t it( 5111110 buffer 111(1

salt (011(’(1lt!ltliOliS, ill 4 mmml (‘elitrifumm

(111)05. TIme t itl )(S Welt (111(fiti ft fi 1led with

lie Sltfltt fllt( I iiti ti ( 1110k! ti� SiteI(i5( 111(1

WOle (eI1t!ifumi!�((i for 90 nnnimtes ut 50.000

1�inl in �i Spimu(, ltlO(l(i 1 nit macemit ii fim�u.
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The supernatants were decanted and dis-
carded. The small, colorless pellets w’em’e

draimied and were tiuen resuspended immsniall
volumes of 10 m�t Tris-HC1 (pH 7.4), 60
mM-KC1, 10 nur�i niagnesiumlu acetate.

Sannples (0.05-0.20 ml) of the ribosomne
suspensions were layere! otu 4.6 ml himueam’

5-20% w/v sucm’ose gradients (17) con-

taming appropriate buffet’ and salt concen-

tratiomus. These were centrifuged at 37,000
rpm and 4#{176}in the 5W39 motor of a Spinco

Model L or L2 ultracentrifuge. In sommie
experiments the gradient tubes were themi

punctured at the bottom w’ith a needle amutl
fractions (8 drops; approximately 0.14 nil)
were collected. Alternate fractions w’eme
nuixed with 2.5 ml Bray’s solution (18)
and were counted in a Nuclear Chicago,

Model 725, liquid sciiutiiiation counter. Ab-

sorbances at 260 mji of the renuaimuing lm’ac-
tions after dilution with 2.5 ml water were
nueasured with a Unicam SP 500 spectro-
phuotometer. In other expem’inuents tlue tubes

were again punctured and then 50% w/v

sucrose solution was punuped into the tubes

thm’ough the needle, at a constant rate. Time
gm’adients were passed lm’om the tops of the

tubes tiurough a flow’ cell attached to a
Beckman continuous recording spectro-
piiotometer, set to record absorbance at

260 tn,i. Fractions (approximmuately 0.20 ml
wem’e collected from the exit of the flow’
cell and radioactivity was detem’minet! imm

Bray’s solution as above.

RESI LTS

Experiments using Unlabeled Tetracycline

Binding of tetracycline to ribosomes in

10 m�i Mg2�. The medium used initially
consisted of 10 m�i Tris HC1 (pH 7.4),
10 muM magnesiunu acetate, 60 m�t KCI.

Mixtum’es containing m’ibosomnes (2 mug RNA

per nuillihiter) fromn Bacillus mega term in
amid tetracycline HC1 (concentrations m’ang-
ing from 10 to 700 p.g/ml) were cemutriluged

to sedinuent the ribosomes. The tetm’acychine
remaining in the supem’miatants ��‘as esti-

mmiated as described above.
Figure 3 simows tue quantities of tetra-

cychimue houmid by the ribosomes plotted
against the concentrations of time antibiotic

Free tetracycline (pg/mi)

Ftc. 3. Binding of tetracycline by ribosornes

from Baci!!us mcgateriuni in 10 m�i Mg� and

removal of time antthiotic on resuspension of the

rthosornes in fresh medium

Mixtures (3.5 ml) containe(l ribosommmes (2 tug

RNA per milliliter) and! tetracycline at various

concentrations, in 10 mM Tris HC1 (p11 7.4), 60

m�t KCI, 10 m�i magnesiummm acetate. Time ribo-

somiies were sedimente(! by centrifugation at

40,000 rpm for 4 hours and tic conceimtratmons of

tetracychime remaimmimig in tlue supernatamits were

detemmimied. The ril)osonme pellets were resus-

pen(ied in fresh medium (3.5 nil) and were again

sedimemmted by cent rifugation. Time quantities of

tetracyclimie reheasd I into t hm( supernat ants were

then est imatemi: Binding #{149} removal
---x---.

remaining in the supernatatut. A commsuier-
able proportion of the total tetracyclimme
was bound, saturation apparently being
i’eached at a free tett’acychmie concentratiomm

of about 500 pg/mI.

A rough calculation was made of time
greatest numuiber of tetracycline mmiolecules

boumud per ribosoimie imu this expet’inuent. Time
greatest binding observed was equivalemmt

to about 85 pg of tetm’acycline HC1 Pet
milligram of RNA of ribosomes. Assummming
a molecular weight of 1.7 X 106 for the

total RNA of a 70 S m’ibosomuie (19), tim is
anlount was equivalent to about 300 imiole-

cules of tetm’acychine bound per 70 S ribo-

some.

Chulom’amphenicol ilas been simow’mu to i)intl

optinuahly to rii)OSOtmIes in Viti’O iti 10 HiM

Mg2� at a K� concentratiomu of 200 mn�

(20) . ‘I’imis K� coticemitratioim mimay be nearer
to that pet’taimumlg in time cell timan time comu-
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ct.mmt ration of t-�i() mmm�m1150(1 ltl a 1)OVO eXIiOti-

nietmt I 21 ) . It � tiltIzefole t)f interest t.o

Stll(Iy time (IffeCt of I�i� (:(Jfl000ttat iOti On t hitI

i)iti( hug d)f tot t�uIyclimm( to tmbo�oumes. Ilti)l(
1 showa lime �mmmiuummls ol time antibiotic

which �veie i)oUlt( I to mibtmsomimes ill 10 imiM

Tris }1( �l (p11 7.4), II) hIM mmmagnesiulmm

acetate ill the pmt�mmmc( oi \ltItOltS CUll-

cemit rat 10115. iie l)in(iimmg of tot tacyc line to

rii)osOmes, mumlike t hat of eimloranlpimenieoi

(2W was itliiii)ited i)y time )tCSellCC d)f

KC1. It ClillIlot be (IOtiClude I t!efitmiteiy that
this itihihitioti WItS tine to K� mathmer titan

Cl - iOmlS, but it seeitis niore likely thmat K�
sVas t ito mespom Si 1)1(1 faetot stm ice tot ma-

cychine itself is a cation.

T�mmmm; 1

11/) ( :1 v.1 l\( I un/n huh an an h/u In nm/i,, q

(ii hmti(l///(I Iii h/!/ i #{244}u�ui1z/ .S

1’omii i�(Lci II is mmmm-qahi-ii m ma

in 1(1 muM

Expemmmnemital (5)11(111 ((115 �veme as given lam 1mg. J
except that time camicenlratmumi mi h( 1 �va� varied.

Tel ma(\(lllIe

h.( 1 ((macemIl mlii (ill l)(iL1Ii(i

ni i�ig2 mug l�N\.i

1) 145 232

I) .0005 145 226

0.005 136 23S

(1.06 116 232

1) 21) SS 232

l3indinq of I-vt rue ycliiic 10 ithosoines in
0.1 IflM Mg�. The exiieminmetlt- shown in

Fig. 3 was repeated using mmiediummmcomitain-

ing 0.1 mM inagmuesiunu acetate (Fig. 4)

The ammioutmt- of time ImntiI)iotic hoummld was 0.6
t.o 0.7 tinmes that 1)outi(I at- time higher wag-

mmesiummm concemit ratiomm

Rcveiiubiiity of the biimdin�i of tcti’a-
(!lJclifle to i’thoso IiICS. lime mmia�om no pci lets

oi )t ainet i in time (1X1)eltmiietlts of Figs. 3 ant I

4 were used to st tt( ly time mevemsi bi Imty of

time binding, as Iesc rmb(( I in i\1 ethiot Is, by

meSllsj)Cti( hug in fresh 1)011ev 1(11(1 sedimmient-

imlg agaimm. lime I1IllOlltitS (If let maeyeiine he-

maim) jug 00 t lie hi 1)050mm ie.5 W(t( ca icu lated

us time chiffememice between t lie ammiounts

i)ound ill time fi 1st- eX� )etinmeimt s and tile

afllOuimts teleased 1)11 mestisj )emisiotm . Tl

Calduiate(I \Itimt(s \veme )lot te( I ago illst time

imo. -1. Buulii#{231}� of lvi acm�clinc by ribosoiiics

Jo iii Bun /liis i/i ( uju /d/i on /it (1.2 iii M M ci

invial (if I! d an lihmiulic an is .oisp: nsiumi i)J 1/c

Jill 5 (/1 JO//i iii buiii

1�xt m-minim -mit a! / Int amis \v/Zc as gmvnn fur Fig. 3
(XCC))t that I lie miivdmimmii camitarned 0.1 iou mag-
mu-�nmmn am-tatt . Bmmnlmng #{149}---� removal

x---x.

cotmcentt’ations of tttlItC�.Chitme in the SUj)e1-

tiatatits aftem tue secommd sedinmemmt-at-ion of
let macvclmne . . -

tlit. 1 tbo’otiut ‘.� lU 1’ tgs 3 ttid 4 (him okcn
mmcc pg/mill

lines) . If time hin(iimmg ��eic cotnplet-ehy me-

Vel’sil)le, thuese points would be expected to

lie on time same curves as the Imoints fromn

the bin(hing expeiimnent-s, 1mto�ided none of

the l)outl(l niateiiai was lost before resus-

lleflsiomt of tIme pellets. The points dmd not
lie OIl these cutves but lay approximately

on straight hues tlmtougim time origin. The

results Call be eXl)iItitte(I if about 20% of

the boummmd tetracycline was lost before the

pellets \Velc 1esltSpCti(!e(I. nfllis loss could
have 0CCU1’re(l imm the last 0.5 nil quantities

of tile supcmmiatants \VImiCh were discarded

altet’ the binding expcmiuneimts (see Moth-
otis) . Imilmomnogeimeity of mefmactiotm was oh)-

served whtemu t hmese last pomtiomms of super-

muatatmts were pipetted off, suggesting that
501110 1ii)O50hilIt I umiatemi�i I WOS hieing me-

umovetl.

Bindiiiy 0) t(�t/(LC//Cli1(( to rat livci’ l’ll)o-

SO1flCS. Highiti eommceimtiatiomis of the tetia-

cychines ale 10(111110(1 to ptodiUCe a given

percentage inlmilution of protein sytmthiesis

in cell-free systems fiotmm lflhtIflhiiIthiItfl cells
than itm those fmonm lometerial cells (4 ) . It.
\\�t5 tlmeiefome (kSimI1i)le to (letcrmmmine
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whet-her different amounts of tetracyclimie

were bound by time m’ibosomes fronu time tw’o

types of organism.

Mixtures were prepared in 10 mx� Tris
FIC1 (pH 7.4), 10 m�i magnesiunu acetate,

200 nui’�t KCI. Tiiey contained ribosonues

isolated from Bacillus megaterium or from

tat liver (1 mg RNA per milliliter) and

tetracycline HC1 (concentm’ations ranging
from approximately 100 to 600 j�g/nul).

After sedimentation of the ribosomes, time

concentrations of tetracycline remaining in

the supernatants were detem’nuined.

Time results are shown in Fig. 5. There

300

Free tetracycline (pg/mi)

this procedure. For examumple, (hlom’ammm-

phuenicol-1 1C is mmot found omi rii)osomiies
centm’iluged timm’ough sucrose gradients (22),
w’hile erytiim’omuiycin-1H renuains bound

(23). The following experimnemuts \vem’e i)er-

formed tmsimig this imiethod to detem’miiine

w’huetiuei’ any it’t’evem’sible i)intling of tetra-
cycline-3H to polysomuies, ribosommies, or

ribosomuie subunits cotmltl be detected.

a. Binding of tetracycline-H to poly-

sornes. Figure 6 show’s a sucrose gradient

Fraction no.

Fmc. 6. Sucrose gradiL mit centrifuguiwn analysis

of polysomes from Bacillus megatertum after

treatment with let racyc!inc-�H

i m The incubation miuixture (0.25 ml) contained

600 approximately 0.4 rmmg of RNA of 1)olysomes and

1.5 �zg (0.75 pC) tetracycline-’H HC1 in 10 m�r

Tris HC1 (pH 7.4), 60 m�m KC1, 10 m� mag-

nesium acetate. After ineul)ation at 0� for 15 mum
the polysomes were separated by centriftmgation

through 1 M sucrose and were suspended in 0.33

ml of 10 tTlM Tris HC1 (pH 7.4), 60 muM KCI, 10
muM magnesium acetate. A sample (0.1 nil) was

then stmbjected to sucrose gradient centrifugatiomi

as described in Met imods. Time gradiemit contained

buffer and salts at the same concentrations as the

incubation mixture an(i ccntrifugation was for 40
mm. After centrifugation the gradient was passe(I

through a flow cell attached to a continuous re-

cording spectrophotometer and fractions were

collected for determination of radioactivity. Ab-

sorbance ; cpm x - - - x.

centrifugation amialysis of poiysomes of
Bacillus megateriuin after isolation fronu a

mixture containimug tetracycline-3H. The

top of the gradient is shown on the right.
Peaks of radioactivity were observed asso-

ciated with 70 S monomers and 100 S

dinuers. The counts present in time polysome

Fmc. 5. Binding of tetracyc!imie by ribosomes

isolated from Bacillus megaterium (�) and from

rat liver (X)

Experinuental details are givemi in the t(xt.2

was no significant difference betweeii tile

amounts of tetracycline bound by time two
types of ribosome.

Experiments Using Tetracycli-ne-311

Time experiments described above detuiomi-
strat-ed that tetracycline w’as capable of

bimiding reversibly to ribosomes in considem’-
able quantities. However, time muuethod would
muot have been sufficiently sensitive to tie-

tect an irreversible bintling of small
amounts of the antibiotic (of the om’der of
one molecule per ribosome). Sucm’ose gra-

(bent centrilugation provides an efficient
method of washing ribosomes, substances
that bind only weakly being removed by
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region were very low but were all sig-

nificamutly above backgt’outmd (58 cpmiu)

probably repm’esenting bindimmg of tetta-

cycline�1H to polysonues. It is not known
why time eoummts immcm’eased in time lowest 5
fractions of time gt’adient, w’imem’e time ab-

soi’bance (ieClineti ainuost to zem’o. Time 70 S

ribosomes l)resemmt pi’obably m’esulted lam’gely

fm’ommi mnecimarmical breaktiown of �)olysomuies

dum’imlg resusl)ensiOfl. Much less 70 S immate-

rial is ohset’ved wilen lysates of protol)iasts

of Bacillus megaterittin ate centm’iftmged tli-
rectly into sucm’ose gm’adiemits (E. Cumudhiffe,

pem’somuai comuumimnicatiomm) . There is no
reasomu to suppose timat suclm tmmechanical

breakdown would mesult in amu increase imm

time ability of the m’ibosonme particles to

bind tetracychimie.

1). Binding of tetracycline-3H to ribo-

soines, depleted of messenger RNA. Ac-

tinomycin D pm’events RNA syntiuesis ui
gram-positive ba ctem’i a w’h ile messenger

RNA breaktlowmu takes place, pm’obably at

time mmom’mal rate (24, 25). Incubation of cul-

t-um’es of Bacillus megaterium with actino-

mycin m’esults in time bi’eakdown of poly-

somuies to ribosome motmomers which are free
of mnessemigem’ RNA (26). Witil tue commeen-

trations of Mg2� amid K� used in time present

expem’iments, time pt’clamations of niessengem’

RNA-depleted ri bosomes contained muiono-

mers and tlimuuem’s.

Figum’e 7 shows a sucrose gm’atiient ccii-

trilugat-iouu analysis of mmmessenger RNA-

depleted ribosomes after isolation Im’om a

mixture containing tett’acychine-H. Radio-

activity was present as a tiistinct I)eak in

tile regioti of 70 S m’ibosome momiomu�ers amid

as a faster-sedimentimig shioultler. Tue lat-

ter probably represented association of the
antibiotic witim i’ibosome dimem’s anti w’itlm

the stimuli amount of �)olysOmiles menmainimig

in time m’ibosome pm’epam’ation.
c. Binding of tetracycline-3H to ribosoine

subunits in 0.1 mu Mg2�. Tile sucm’ose

gradiemits tmsed lou’ the txpet’immmemmts of Figs.

6 and 7 comitained 10 mmmu mnagmmesiumum ace-

tate. Fum’them saimiples of tlme samne prepam’a-

tiomis of m’ibosonies anti I)olYsommmes, isolated

from mixtures containimug tett’acycl;nc-H

wem’e analyzeti omi sucrose gt’atiients contmun-
ing 0.1 mu mnagnesiuni acetate. Tllis pro-

Fraction no.
1 in. 7. Sucrose grad/u’ mit ecu trjfugation analysis

of messenger RNA-depleted ribosomes front

Bacillus megateriunt after treatment with tetra-

cyclind’-’H

Experimental details were as given for Fig. 6

except tluat polysonues were replaced by rii)O-

somnes from act inommiycin-treated cells. Absorbanee

-:cpmX---X.

cedure resulted imu dissociation of polysonues

anti 70 S m’ibosomuues into ribosome subumiit-s.

The patterims obtained both from time

polysomes and I momui the messenger RNA-
depleted ribosomuies (Fig. 8) showed a peak
of radioactivity imu time region of time
smaller subunit. Timeme was much less m’adio-

activity in tue m’egion of the largem’ sub-

umuit. Simuuilam’ results have been reported by

Connamacimem’ and Mandel (9).

Tiiem’e was some umicem’tainty as to time

exact nature of time subunits observed in

Fig. 8. Their sedimiiemltation rates thm’ough
the sucrose gratiietits, compared with 70 S

i’ibosomes, wem’e consistent with their being
50 S and 30 5 particles. However, later
analytical ultm’acentrifugation studies of

m’ibosome pm’eparatioiis I mom Bacillus mega-

terium in 10 mu Tris HC1 (pH 7.4), 60
mmmxi KCI, 0.1 mmlxi mimagnesium acetate

showed time pm’esence of particles sediment-

ing at about 40 5 and 20 S. Ribosome sus-

pemlsions in 10 mu Tris HC1 (pH 7.4), 60
mu KC1, I mu muiagnesium acetate did,



Fraction no.
(a)

1

Fraction no.

y x
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(b)

Ftc. 8. Dissociation of (a) polysomes and (b)

messenger RNA-depleted ribosomes of Bacillus

megaterium, after treatment wit/i tetracycline-’H

into subunits by cent rifugation into SUCTOSC

gradients contaimiing Aig2� at low concentration

Further samples (0.07 nil) of the suspensiomms

of tetracvchine-3H-treated polvsomumd’s or ri ho-

imowever, contain l)mim’ticles sedimemiting at

about 50 S amid 30 S (ummptmbuisheti obsei’va-

tions) . [The 40 S anti 20 S particles mmmay

perhaps have corm’esl)omlded to the “cores”
obtainable fm’om Eschem’ich i4m coli m’ii)osomes

(27).1
ti. Binding of tetracyclin.e-3H to 50 8

and 30 S ribosome subunits in 1 mu Mg�.

A sample (0.7 ml) of a sUsI)eflSiOtl of mnes-

senger RNA-depleted m’ibosomes was dia-
lyzed against 300 mmii of 10 mu Tris HCI

(pH 7.4), 60 mu KC1, 1 mu magnesium

acetate at 4#{176}for 16 imoum’s. Analytical ul-

tracentmifugation (Spimico, Model E ultra-
centrifuge) of time dialyzed suspension,

using schhieren optics, simow’ed two peaks

ommly. The miieastmred sedimnentation coef-

ficients (28) were 51 S and 33 S.
Figure 9 sluows tite sutmose gradient pat-

tem’n of this pm’ep�tration after tm’eatmmmcmit-

with tetracyciimle-H. Excess labeled ant-i-

biotic lmad been i’emiioved by dialysis (see

\IetilotiS) and time suct’ose gm’adient comm-

tamed 1 mu Mg�. Time quamitity of tibo-

sonies loadeti on time gradiemmt was larger imm

this experiment timan in time otme shown in
Fig. 8 anti cent mifugation was carried out
for a lomiger timuie in om’dem’ to obtain better

m’esolutiomm of the pam’ticles. Associatiomm of
radioactivity with both subunits was oh-
serveti, the m’atio of counts per minute to

absorbance being consi(ierably greater foi’

30 S than for 50 S particles. Simmiular results

have been reported by Day (10).

e. Calculation of the number of tetra-

(ycline molecules bound per particle in- the

experiments described -in (a) to (d). Time

number of tetm’acychine molecules bound

per particle in given regiotis of the gra-
(iients was calculated from time total counts
per minute and time total absom’bance imm

these regiomis.

The specific activity of time tetracycline-

�H HC1 was detem’niined in terms of counts

tier minute per microgram by countiimg

samples (10 ph) of a stamidard aqueous

somuies, ohtaine i as described imnder Fig. 6 were

lavertsl on 5-20� sucrose gmadiemuts commt:iimmimmg 10
mmlM Tris-HC1 (pH 7.-I), 60 nmu XCI, 0.1 mmt�t

mumagnesiumn acetate. (1entmifugatiomu wam for 90

mninutt’s. Absorbamuce ‘pmmm x - - - -



Fraction no.

Ftc. 9. Binding of tetrac�ielimte-’II by 30S and

50.8 riboso-me subunits
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The incubation nuixture (0.20 ml) contained

approximately 0.32 mug RNA of 30 S and 50 S

particles and 2.0 pg (1 pC) of tetracycline-’H

HCI in 10 mM Tris-HC1 (pH 7.4), 60 m�i KC1, 1

m� magnesium acetate. After removal of excess

antibiotic in’ dialysis time mixture was layered

on a 5-20� sucrose gradient containing buffer

and salts at time samuue concentrations as in the

in(ui)at-ion mumixture. Centrifugal ion was carried

out for 3 hours and then fractiomus were collected

fromn time hottomn of the gradient. Alternate frac-

tions were usedi for measurement of absorbance

amud radioactivity. Absorbance cpnm

x---x.

solution in 2.5 ml quantities of Bm’ay’s solu-

tion containimig a volume of 10 mu Tris
HCI (pH 7.4), 60 m�i KC1, 10 mu mag-

nesium acetate, 5% w/v sucrose equal to

that of one fraction from a gradient. Under

these conditions, tue counting efficiency was
about 6%. Tile presence of higher sucrose

concentrations, w’it-hin time rammge used in

the gradients, (lid not decm’ease the count-
ing efficiency significantly. Using time

molecular w’eigilt of tetracychimie HC1

(481) it was calculated that 1000 cpm
wei’e equivalent to 34 p.�tmmioles tetracycline.

The total absorbance was m’elated to num-
ber of micronioles of m’ibosommie particles
using time assumllptions that them’e are 1.7 X

106 daltomis of RNA per 70 S t’ihosome, dis-
tributed between 50 S and 30 S subunits in

time m’atio 2: 1 (19) anti that a ribosome sus-

pension cont-ainimig 1 mi�g RNA per milliliter
has an ah)sorbance at 260 mp of approxi-
mately 25 (K. McQuihlen, personal corn-

mutmication). This calculation gave time re-

sult that I absorbanee unit (260 mp) was

equivaletit to 24 j�1imoles of 70 S i’ibosomes.

Fom’ gratiients iasseti thm’ougil time Beck-
man continuous recom’di uug spectt’ophotom-

eter, the tot-al absorbances corresponding

to given regiotis wet’e ol)tained by mueasur-

ing the areas of the triangles XYZ (Figs.

6-8). Imi Fig. 9, the 50 S anti 30 S regions

wem’e taken as fractions 4 through 10 and

14 through 20, respectively.

The results of tue calculatiomis are shown

in Table 2. Less than one molecule of

tetracycline pci’ particle was bound in each

case.

FABLE 2
Calculated a umbers of let ra-cmjcline molecules

hound per particle in the experinment.s

of Figs. 6-9

Time method of calculation is described in the

text.

lig. No. Type (if particle

Molecules tetra-

cyclimue bound

per particle

6 70S 0.62
7 70S 0.54
Sa 30 S (?) 0.34
Sb 305 (?) 0.32
o 305 0.45
9 SOS 0.26

DISCUSSiON

In the first- section, above, a revei’sible

binding of considerable qumantities of tetra-
cycline to m’ibosomes (up to 300 molecules

per 70 S pam’ticle) was demonstrated. The
large number of molecules bound suggests

that this bimitiing was to a major constit-

mient of time m’ibosome. Binding of tetra-

cycline to proteins (29, 30), to DNA (30),

to polyuridyhic 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

R-NA and to time protein of time ribosome.
II the binding occurred simply according

to the law of mass action, to a fixed num-

ber of sites per ril)osome, the curves plotted
in Figs. 3 anti 4 w’ouid have been rectangu-
lar hyperbolas. In fact these curves were
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slightly sigmoid in shape, suggesting tiiat-

the binding of a few’ molecules of tetra-
cycline pci’ ribosome facilitated lurthem’

binding. The fact that the amount of tetra-
cycline bound was less at time lower niag-
nesiumrm concentration (cl. Figs. 3 and 4)

may mean that the antibiotic binds mmiore
strongly to 70 S ribosomes than to tiisso-

ciated ri bosonies. Alternatively, time differ-

ence may have been due to a direct effect

of Mg2� concentration on the binding re-

action(s).

In tue second section, bimidimig of tetm’a-

cycline-3H to ribosome mmmomiomem’s, tii mers,
subunit-s and probably to poiysomes was

demonstm’ated. This binding w’as irm’evers-

ibie imi timat time bounti antibiotic w’as not

removed dui’ing centrilugat-ion through

sucrose gradients. It has been m’epom’teti by

Connanmacher and Mandel (9) that tetm’a-
cycline-3H binds to 70 S ribosomimes and to

30 S ribosonme subunits of Escherichin coli

or Bacillus cereus. These wom’kem’s found

that preincubation under conditions allow’-
ing protein synthesis lessened the ability
of ribosomes of E. coli to bind tetracyclimie.

They suggested that this effect was due to
removal of messenger RNA I rommi time

ribosomes and that tetracycline was only

capable of binding to ribosommmes containimig

bound messenger RNA. The results pre-

sented in Figs. 6 and 7 indicate that tetra-

cycline binds to ribosomes from nornmal

cells and from actinornycin-treated cells of

Bacillus megate-rium. The calculated
amounts of the antibiotic bound per 70 S

ribosome (Table 2) in Figs. 6 antI 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 m’esulted lam’gely from
mechanical breaktiowim of polysomes durimmg
m’esusl)ension and therefore pm’obably cotm-
tamed bound messenger RNA. The 70 S
particles (and the turners) observed in Fig.
7 are believed to have beemi largely Itee of

messenger RNA since they m’esulteti fm’ommu

breakdown of polysomuues in vivo w’imen time

cells were incubated witim actinommmycin.

This breakdown is believed to depemlti on

completion of polypeptide chaimis and re-

lease of ribosotmie nionoimiers from mes-

semmger RNA. Schaechter et al. (26) showed
that incubation of cultures of Bacillus

inegaterin-in K�’I w’ith actinoniycimm 1) lot’

5 mm after pulse-labehimmg with uridine-3H
resulted in breakdown of a large Prol)om’-

tion of the polysomes to 70 S ribosomes

whicim were almost free of ‘H label. In time
present communication, the cells front

wimicim niessenger R NA-depleted ribosornes
wem’e pm’epared had been incubated witim

actinomycin for 15 mm. These results

timerefore indicate that the presence of mmies-
senger RNA is probably not required for
the binding of tetracycline to ribosomes

of Bacillus megaterium.
Association of tile labeleti amitibiotic with

subunits obtained by dissociation of poly-
somes and of mmiessenger RNA-depleted
ribosomes (Figs. 8 anti 9) wa� observed.
Alter dissociation of polysommies imm 0.1 mu

Mg2� about omme-timim’d to one-half of the
messenger RNA imas been obsei’veti to sedi-

ment in sucrose gradients in the region of

the smaller subutmit-, time remainder sedi-

menting at low-er S values (unpublished

observations). Time same anmounts of

labeled antibiotic were boutmd by the
smaller subumiits in Figs. 8 and 9 (see

Table 2).
I)ay (10) useti sucrose gradietit cemitrifu-

gation to study time binding of tett’acycline-
�H to ribosommie subunits of Escherichia

coli. He observed a binding of up to I

immolecule of time antibiotic per pam’ticle to
1)0th 30 S ammti 50 S subunits. The figures

oi)tained above (Table 2) were consider-
ably low’er timan timis. However, time amount

of amitibiotic bound may depend omm time

(ommcentrations of ribosome pam’ticles and

labeled ammtibiotic in tue imicubation tumix-

tum’e. Time effects of varying timese (oticemm-

tm’ations have not been investigated. Also,

it. nmay 1)e relevammt that Day ( 10) iumcu-

bateti ribosomuue pam’ticles with tetracycline-
�11 for 30 mimi at 37#{176}w’hile ii) time ��peri-

nients m’epot’ted above incubation was at

0#{176}.
It seemmis very likely that. tetm’aeye line

exei’ts its inlmibitom’y effect- omm pt’oteimm svmm-

thesis by bimitiimig to m’ibosomnes. Sumam’ez mimul

Nathiamus (31 ) silowed timut time tlegree of
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inhibition of polyphlemuylalammine symithesis

in an Escherichia coli celi-li’ee system by
tetracycline at a fixed concenti’ation could
be lessened by immcm’easimig time concentra-

tion of ribosonies + polyuridylic acid. Also,
Day showed (11) that preincuhation of

ribosomes with tetracycline impait’ed their

subsequent ability to fumiction in pm’otein

synthesis. In this expem’iment time m’ibosomes

were sedimented twice timm’ough 10% sucrose

alter tetracycline tm’eattilent anti before
addition to time cell-free system. It was

therefore 1)m’esummmiably the irreversibly

bound antibiotic which was m’esponsible lot’
time impairment.

Evidence is presemited elsew’hem’c (13) thmat

tetm’acychine causes a partial removal of

trammsfer RNA from polysomes engaged in
protein synthesis in vitro. It has heemi sumg-

gested timat time ammtibiotie may commipete

with amino aeyl-tm’ansler RNA for the
recognition site of time ribosome-messenger

RNA complex (13). Thus site apparently
consists of the mmiessenger RNA codon and

part of the 30 S m’ibosome subunit (32). It

may be that tue observeti binding of tetra-
cycline to the 30 S subummit, (9, 10) and Fig.
9 above, represents associatiomm of time anti-
biotic witim part of time recognition site,

perhaps preventimmg access of amino acyl-

tramisler RNA. Specific, polynucleotide-di-
rected bindimig of time latter to 30 S sub-

units in the absence of 50 S subummits is

partially immhibitetl by tetracychimie [(32),

amid D. Vazquez, personal comtmiummication].
Under time conditions usetl above (Fig. 9)
and by otiiet’ w’om’kers (9-11) the ammmount

of tetracycline bounti by time 50 5 subunits
was considerably less thmamm by tile 30 S. It

may be that time bindimig to 50 S subunits

is not directly concem’ned with immimil)ition
of protein synthesis by time antibiotic.

Revem’sible bimithing of tetracyclimme took

place to the sammie extent to ribosommies iso-
lated ft’onm m’at liver as to those isolated
from Bacillus megaterium (Fig. 5). Pro-

tein syntimesis iii a rat liver cell-free systeimm
is less sensitive to time tetm’acvchines than

that in bacterial systemmis (4). This again
suggests that it is miot time reversible bind-

ing of the amlt-ibiotic w’hmicim is m’esponsible
for its action. It would be of consitiet’able

interest to study the irreversible binding of

tetracychine-3H to ribosomes from various
sources.

The highm level of reversible binding of
tetracycline to ribosomes may not be en-

tirely irrelevant to inhibition of protein
synthesis by time antibiotic. The sigmoid
shape of the bimidimig curve (Fig. 3) sug-

gests that binding of small amounts of
tetracycline may cause some alteration in
the conformation of the ribosome. This

might commstitute an additional effect in
hindering the functioning of these particles
in protein synthesis.
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