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ABSTRACT

Photolysis of [ SH]tetracycline in the presence of
Escherichia coli  ribosomes results in an approximately
1:1 ratio of labelling ribosomal proteins and RNAs. In
this work we characterize crosslinks to both 16S and
23S RNAs. Previously, the main target of photoincor-
poration of [ 3H]tetracycline into ribosomal proteins
was shown to be S7, which is also part of the one
strong binding site of tetracycline on the 30S subunit.
The crosslinks on 23S RNA map exclusively to the
central loop of domain V (G2505, G2576 and G2608)
which is part of the peptidyl transferase region.
However, experiments performed with chimeric ribo-
somal subunits demonstrate that peptidyltransferase
activity is not affected by tetracycline crosslinked
solely to the 50S subunits. Three different positions

are labelled on the 16S RNA, G693, G1300 and G1338.

The positions of these crosslinked nucleotides corre-
late well with footprints on the 16S RNA produced
either by tRNA or the protein S7. This suggests that the
nucleotides are labelled by tetracycline bound to the
strong binding site on the 30S subunit. In addition, our
results demonstrate that the well known inhibition of
tRNA binding to the A-site is solely due to tetracycline
crosslinked to 30S subunits and furthermore suggest
that interactions of the antibiotic with 16S RNA might
be involved in its mode of action.

INTRODUCTION

The antibiotic tetracycline inhibits binding of tRNA to ribosome
(1. Specifically, it mainly influences binding to the A-sit
although some effects on the binding constant of Ac-Phe-tR
to the P-site have also been obsergt).(Tetracycline binds to
a single strong binding site on the 30S ribosomal subunit as WB
as to a number of weaker sites on both, the 30S and 50S subun

the main target in experiments usintH]fetracycline as a
photoaffinity reagentd).

In previous experiments, we have used a photoreactive
benzophenone derivative of tRNA [3-Benzoylphenyl)propionyl-
phenylalanine transfer RNA (BP-Phe-tRNA)] to characterize the
peptidyltransferase region on the 50S sub8#).(The photoreac-
tion with the 23S RNA was completely inhibited by tetracycline,
and tetracycline itself crosslinked efficiently to the loop V region
of 23S RNA 0,10). This was somewhat surprising since the data
from several investigations suggested that tetracyclirghtm
incorporate mainly into ribosomal proteirigl(l,12). We there-
fore undertook a thorough analysis of the photoincorporation of
tetracycline into ribosomal RNAs under conditions optimized to
avoid non-specific binding and labelling due to tetracycline
photoproducts. We show that tetracycline can be crosslinked to
16S RNA as well as to 23S RNA but not to 5S RNA. Activity data
from the crosslinked subunits show that the inhibitory effect
results solely from the interaction of tetracycline with the small
subunit. This suggests that tetracycline crosslinks to 16S RNA
from the strong binding site and that it might act via interaction
with the 16S RNA.

MATERIALS AND METHODS
Materials

Tetracycline hydrocloride was purchased from Sigma, highly
purified tetracycline was a present from Dr George Ellestad
(Wyeth-Ayerst, Pearl River, NY)3i] Tetracycline was purchased
from New England Nuclear (0.5 mf@mnol). All tetracycline
solutions were stored frozen in the dark and replaced frequently
because the drug undergoes both thermal and photochemical

Slegradation. 70S Ribosomes were prepared fsaherichia
N%oli MREG600 as described). 30S and 50S ribosomal subunits

ere isolated as irL{).

‘kgtocrosslink experiments

(2,4-6). The precise mechanism of tetracycline inhibition is noPhotolysis experiments were performed using a short arc mercury
known, but it is generally assumed that inhibition is caused Bgmp (HBO 500 W/2 from OSRAM) having an output concentrated
binding of tetracycline to the strong binding site on the 30&t 366 nm. Samples were irradiated in vertical tubes at a distance
subunit £,5,6). In a series of experiments where single proteinef (200 mm from the lamp in the outer focal point (average
were omitted from the 30S subunit it has been established that tixminance 3000 cd/cfn Filters were chosen in such a way that
high affinity site is dependent on the presence of 16S RNA ataahy light below 300 nm was completely eliminated. All photolyses
the proteins S3, S7, S8, S14 and S)1f these proteins, S7 was were performed in standard TMK buffer (20 mM Tris—HCI, pH
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7.4, 100 mM KCI, 6 mM MgGl 0.4 mM EDTA and 2 mM DTE) Determination of Ac-[*H]Phe-tRNA binding to the
at O°C. For the identification of the labelled nucleotides highlyribosomal A- and P-site

purified tetracycline was used for crosslinking. For P-site binding, 0.2 pmal/70S ribosomes were incubated in

TooK10dMg buffer (20 mM Tris—HCI pH 7.4, 100 mM KCI, 6 mM

Distribution of [ 3H]tetracycline photocrosslinked to MgCly, 0.4 mM EDTA and 2 mM DTE) for 10 min at room
ribosomal proteins and ribosomal RNA temperature in the presence of 0.2 ppioNc-[3H]Phe-tRNA

o ] and 0.1ug/ul poly(U). For A-site binding 0.2 pmaill 70S
After photolysis, ribosome samples were separated into two eqy@losomes were pre-incubated ingR1ogM12 buffer (20 mM
parts. In one of them ribosomal RNA was degraded by RNase Trris—HCI pH 7.4, 100 mM KCI, 12 mM Mg§&l0.4 mM EDTA
The ribosomal proteins were precipitated by addition of 0.1 v@lnd 2 mM DTE) for 3 min at 3T in the presence of 0.2 pmal/
100 g/l BSA and 1 vol 10% TCA, redissolved in 10 M urea anqncharged tRNB\he and 01ug/u| po'y(U) Then 0.2 pmqm
TCA precipitated again. The precipitate was filtered through Ac-[3H]Phe-tRNA was added and the sample was incubated for
GF/C (|\/|I||Ip0l’e) filter and washed several times with d|ethyl-10 min at room temperature_ To remove unboundsH]:Phe_
ether/ethanol (10:1) to remove unboufH]fetracycline. For {RNA the samples were filtered through a nitrocellulose filter
determination of the amount GHjtetracycline photoincorporated (NC-Filter, 45um, Milipore, Molsheim, France). The filter was
into ribosomal RNA, the RNA was isolated by phenol/chloroyashed several times witagK 10V or TogK 100V 12, respectively.

form extraction and precipitated. The pellet was dissolved Whe radioactivity of the filter corresponded to the bound
water and the radioactivity was measured. Virtually no backgroungt.-[3H]Phe-tRNA.

of [3H]tetracycline was detectable in non-irradiated control samples.

Determination of peptidyltransferase activity

Reverse transcriptase analysis The puromycin reaction, the formation of Aef[Phe-puromycin

RNA isolated from the ribosomes as described above was udE" AAT'FH]?he'tRNA. and Af’éjrol_ﬂmyd%\‘l"’Aas uste)d to dmeahsure
for reverse transcriptase analysis accordingp Primers used PePtidyltransferase activity. AcH]Phe-tRNA was bound to the

; : link 1 235 rRNA h -Site as described above and incubated v_vi_th 1 mM puromycin
taoslz\éz(sjtligrjg(ttse)lcross inks on 165 and on 23S 1 were the sa 0‘?10 min at room temperature. After addition of 1 vol 0.3 M

Na-acetate (pH 5.5) in saturated MgS@e Ac-fH]Phe-
puromycin was extracted with ethyl acetate and the radioactivity
Synthesis of Ac-JH]Phe-tRNA measured in a scintillation counter.

tRNA was charged and acetylated as describgd4c-[3H]Phe- ESULTS
tRNA was purified by reversed phase high performance quui§
chromatography on nucleosil 300-5-C4-colummx (250 mm).  Photoincorporation of [*H]tetracycline into E.coli ribosomes

Up to 30 nmol was typically applied to the column. The eIutingi; h K . _ dthe i _ ¢
solvent had constant 400 mM NaCl, 10 mM Mg¢CBO), n the present work we reinvestigated the interaction of tetracy-

20 mM NHg-acetate, pH 5.0. The gradient steps had the followin ine with ribosomal RNA. First, we determined the distribution
percentages of methanol: 0%. 5 min: 0—9% in 5 min: 9—25% & tetracycline photocrosslinked to ribosomal RNA and proteins

50 min: 25%, 5 min. The different tRNA species were separatéfn9 PH]tetracycline as photoaffir;ity label. 70S ribosomes were
in the linear gradient from 9 to 25% of methanol. The fraction&radiated in the presence of 304 [°H]tetracycline for different

containing Ac-H]Phe-tRNA were collected, desalted using arP€riods of time. As shown in Figutethe amount of tetracycline
photocrosslinked to RNA and proteins increased with increasing

Econopac P6 desalting column (BioRad) and dried in & Speecjv|r?aldiation time. Tetracycline was photocrosslinked to both, RNA
and proteins, to about the same extent (Fid-his is in contrast
Preparation of chimeric ribosomes to the results of Goldman and co-workérg 1) who only found
) ) ) ) up to 10% of the tetracycline label incorporated into rRNA (see
Isolated 30S and 50S subunits were irradiated in the presenceydcyssion). Using 25 s irradiation time, tetracycline was already

or 5 h at 28 000 r.p.m. for 50S, then 18 h at 21 000 r.p.m. for 3@Rotoproducts we used an irradiation time of just 30 s in all
or 18 h at 15 000 r.p.m. for 50S) in a Beckman ultracentrifugg)jowing experiments.

using the SW50.1 rotor. The pellet was dissolvegivoN4oo
buffer (20 mM Tris—HCI pH 7.5, 20 mM Mg& K00 mM NHCI,

4 mM [B-mercaptoethanol). After addition of an equimolar
amount of the complementary untreated ribosomal subunit tAde analysis of the ribosomal proteins photolabellegHtjyetra-
samples were incubated for 10 min at@7The samples were cycline confirmed the results of Goldmeatral (5), as we could

then centrifuged in a 10-30% sucrose gradienbiMTogN1gp  also identify protein S7 as the major labelled protein (data not
buffer (20 mM Tris—HCI pH 7.5, 10 mM Mg& 100 mM NHCI,  shown). We therefore concentrated on the analysis of the sites of
6 mM B-mercaptoethanol, 0.5 mM EDTA) for 18 h attetracycline—rfRNA interactions using the primer extension
18 000 r.p.m. (Beckman SW28 rotor). The fractions containinmethod. The primers chosen were spaced €28 nucleotides

70S chimeric ribosomes were collected and centrifuged for 24dm the 16S, 23S and 5S RNA, so we were able to scan the entire
at 24 000 r.p.m. (Beckman 45Ti rotor). The pellet was resuspend@tlAs except the'dnds. The RNAs used for the templates were

in TogM10N100 (containing 50% glycerol) and stored at=Z0 from 70S ribosomes irradiated in the presence of different

Localization of tetracycline—rRNA photocrosslinks
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Figure 1. Photoincorporation of3H]tetracycline intoE.coli ribosome. 70S B
Ribosomes (36 pmol) were irradiated in presence ofildPPH]tetracycline i B
in 100 ul TMK buffer for the indicated period of time. Lines indicate BMIGL 0.0 49040 soiz RS0 a0
radioactivity found upon irradiation in ribosomal RNA (filled circles) and jn ~ 'radiation - + ++ &+ + CUA G SEEEa Gl AG
ribosomal proteins (open circles). The boxes indicate pmolesiftéfracy-
cline photoincorporated per pmole ribosomal RNA (black boxes) and “_,-—-
ribosomal proteins (open boxes). Values are given as mean of four paralle SIS -
experiments. = o
ADSTT —p i
. . . . = ————
amounts of tetracycline (Fig). RNAs from non-irradiated 70S - -
ribosomes and from ribosomes irradiated in the absence . =
tetracycline were used as controls for random stops on the RI e
template and possible UV-induced internal RNA-RNA cross - =

links. When a stop was observed, the crosslinked nucleotide w -
taken to be the following nucleotide in the rRNA template (i.e. th uzeos —» ﬁ -— e
preceding one in the rRNA sequence). The numbers of photoaffin
labelled nucleotides increased with rising concentrations ot
tetracycline. The half maximal inhibition of Ac-Phe-tRNA Figure 2. Primer extension experiments showing reverse transcriptase
binding to the ribosome by tetracycline was reported to B340 ( elongation stops caused by photocrosslinks of tetracycline to ribosomal RNAs.
or 4 uM (3), respectively, whereas under our incubation? suitable set of oligonucleotide primers were used for analysing 16S RNA
. (A) and 23S RNAR). Only those crosslinks are indicated which are already

conditions we observed a valug aiDpM. Therefore, only those  \idipie ar 4uM tetracycline.
nucleotides were considered to correlate well with the inhibitory
action of tetracycline which were labelled in the presence of
40uM or lower concentrations of the antibiotic. Under these
conditions, three sites on the 16S RNA (Bi#y; G693, G1300 subunits in the presence of|4d tetracycline produced the same
and G1338) and three sites on the 23S RNA @g.G2505, RNA labelling pattern as irradiation of 70S ribosomes (data not
G2576 and G2608) were photoaffinity labelled by tetracyclingshown). This indicated that the 50S crosslinks originated from a
No incorporation of tetracycline into 5S RNA could be detectetetracycline binding site on the 50S subunit.
(data not shown). Several additional labelled nucleotides on 16S
and 23S RNA could be identified when 80 or filRDtetracycline  gffect of photoincorporated tetracycline on ribosomal
were used and some of them are discussed later. function

The positions of the labelled nucleotides are shown in Figure
3A in a two dimensional model of the 16S RNA. In addition, weNext we investigated the effect of tetracycline photocrosslinks on
have indicated nucleotides which produce footprints with tRNAibosomal function using chimeric ribosomes. To distinguish the
(19), protein S7 Z0) and tetracycline2(l). As can be seen in effects of tetracycline crosslinked to the 30S subunit from those
Figure3A, the labelled nucleotides are close to nucleotides eithef tetracycline crosslinked to the 50S subunit we performed the
involved in binding of tRNA or protein S7. following experiments. Isolated 30S or 50S ribosomal subunits

On the 23S RNA the labelled nucleotides were locatedere irradiated in the presence of tetracycline. Then we
exclusively in the central loop region of domain V (BB). This  immediately removed the unbound tetracycline by centrifugation.
loop has been identified as an essential part of the peptidyltrafi$ie ribosomal subunits were reconstituted to 70S particles with
ferase region on the 50S subunit [for reviewsl§e22)]. Asthe  the complementary untreated subunit. The chimeric ribosomes
main binding site of tetracycline had been located on the 30%re then isolated by density gradient centrifugation and the
subunit we wondered if the photocrosslinks to the 50S subuitfects of the photomodified subunits on binding of peptidyl-tRNA
were derived from tetracycline bound to the main binding site dn the ribosome and on peptidyltranferase activity were investigated.
the 30S subunit which might be located at the interface betweds shown in Figured, the photocrosslinked 50S ribosomal
the 30S and 50S subunit. However, irradiation of isolated 5GSibunit had no effect on binding of A#H[Phe-tRNA either to
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Figure 3. (A) Secondary structure diagram of 16S rRNA. Positions of nucleotides photoaffinity labellgaNbyeti@cycline are indicated by thick arrows. On the

16S rRNA diagram bases protected from chemical modification by binding of protein S7 (filled circles) (30), of tRNA (triangles) (19) and of tetracycline (open circ
(21) are indicated in addition to nucleotides which have enhanced reactivities towards chemical probing when tetracycline is bound to the ribosome (thin arrows)
(B) Secondary structure of the central loop region of domain V of 23S rRNA. Positions of nucleotides photoaffinity labejiétl thyrd€ycline are indicated by

thick arrows. The nucleotides specifically labelled by A- and P-site bound BP-Phe-tRNA are indicated by the thin arrows (9). Cam, chloramphenicol; E
erythromycin; Ver, vernamycin. Filled symbols indicate nucleotides whose mutation confers resistance to the respective antibiotic (31-34) open symbols desic
antibiotics whose binding to the ribosome causes an alteration of reactivity of the respective nucleotide toward chemical modification (35).

the ribosomal A- or to the P-site when compared with untreat@® W and irradiation times between 60 and 90 min (108-162 kJ)
70S ribosomes. (11). These workers also showed that upon irradiation tetracycline
The Ac-PH]Phe-puromycin formation, which measures peptidylphotoproducts were generated which could further react with the
tranferase activity, was also unaffected by tetracycline photéibosome %). Therefore, we took care to avoid long irradiation
crosslinked to the 50S subunit. In contrast, chimeric ribosomeéges. Furthermore, as our results did not change upon addition
with tetracycline photocrosslinked to the 30S subunit hagf B-mercaptoethanol which has been used to avoid light
diminished ability of binding AcH]Phe-tRNA to the ribosomal - independent incorporation of tetracycline photoproducts and as
A-site compared with untreated 70S ribosomes, whereas thgr protein labelling pattern conforms to the one published

P-site binding and the A€Hl]Phe-puromycin formation remained previously ), we are confident that the crosslinks observed
unaffected. These results correlate well with the published dataggrive from genuine tetracycline.

the inhibition of A-site binding of tRNA by tetracycling). The experiments were performed with increasing concentrations

of tetracycline; however, only those crosslinks have been
DISCUSSION described which appeat 40 pM tetracycline. The number of

The experiments described in this paper show that tetracycliFnB)SS“”k sites increased with h|gher_ concentrations (e.g. on 23S
can be photocrosslinked not only to ribosomal proteins, but al§gNA three more at 8QM, and additional seven at 120M

to rRNA. We found an approximately 1:1 incorporation oftétracycline), in accordance with a large number of low affinity
radioactivity in ribosomal proteins and RNA, respectively.b'nd'ng sites for tetracycline observed on both the 30S and 50S
[3H]Tetracycline has been previously used in extensive studiestgbunits 4-6).

characterize ribosomal binding sites for this antibi@tit1(12). Previously, the strong binding site of tetracycline was localized
In these experiments up to 90% of the radioactivity was found t6 the 30S ribosomal subunit-¢). There are several results
be incorporated in ribosomal proteins with S7 being the mamupporting the idea that the inhibitory effect of tetracycline on
protein labelleds). The difference in the distribution of the label protein synthesis, i.e. the blocking of aminoacyl-tRNA binding to
may result from the different irradiation conditions used. We usdble A-site, is a direct consequence of its binding to the strong
(500 W for only 30 s (15 kJ) whereas Cooperman’s group uséihding site 4-6,23). In addition, it has been shown that 16S
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located at the interface between the two ribosomal subunits.
Given the location of the crosslinks, we were surprised not to find

8000 any effect on peptidyltransferase activity. In our previous
5000 | expgriments using BR-Phe-tRNA as affinity_ Iqb_e_l for the

& 705 GiSetiy +305) | peptidyltransferase region, we observ_ed an _|nh|b|t|on of the
4000 0 70S (50S/hv +308) | BP-Phe-tRNA crosslinks, but not of its binding, by several

10000 -

[cpm}]

antibiotics including tetracycline and chlorampheni€pl One
explanation of this observation would be that tetracycline might
bind to the peptidyltransferase region and distort the peptidyl end
Assite P-site Ac-[*H]Phe- of tRNA thus inhibiting the BP-Phe-tRNA crosslink to the 23S
binding pinding paromycn RNA. Binding of tetracycline to this region is similar but not
identical to chloramphenicol (an inhibitor of peptidyltransferase
8000 - activity) as peptidyltransferase activityvitro is not inhibited.
Although, an effect on ribosomal functiégm vivo cannot be
6000 excluded, this effect would be overruled by the effect of
= u 708 (508 + 30S/tet/hv) tetracycline on binding of tRNA to the A-site.
54000 1 00 708 (50S + 30S/hv) The labelled nucleotides of the 16S rRNA are shown in Figure
3A together with footprints created by binding of tRNA, protein
2000 1 S7, and tetracycline. The distribution of all these nucleotides
demonstrates that the photoaffinity labelled nucleotides (G693,
T e pee | acpHpre G1300 and G1338) on the 16S RNA are close to footprint sites
binding binding puromycin of tRNA and protein S7. Furthermore, G890 which is labelled by
formation 120 uM tetracycline (data not shown) is adjacent to nucleotide
A892 which was protected upon binding of 100 tetracycline
Figure 4. Effects of photocrosslinked tetracycline on ribosomal function. to chemical probing (Figui®A; 21). It is interesting to note that
Tetracycline was photocrosslinked to isolated 30S and 50S ribosomal S“bun'téeveral of the other nucleotides labelled additionally at higher
After removing the unbound tetracycline the subunits were reconstituted to 70 . .
ribosomes by addition of untreated 50S subunits and 30S subunits, respectivefyPnCentrations of tetracycline are also located near tRNA
The diagrams compare these chimeric ribosomes with ribosomes, which we®otprint sites (data not shown). As 16S RNA and the protein S7
reconstituted fror_n a subunit irradiateq ir_1 the absence_of tetracycl!ne and agre essential components of the strong binding site of tetracycline
e e ujang o0 the Avsite and P-site and o the 30S subunit,its likely that the labelling of the nucleotides
on the 16S RNA occurs from the main binding site. It is not

RNA together with the proteins S3, S7, S8, S14 and S19 dfgown how tetracycline inhibits binding of tRNA to the A-site
essential for providing the binding domain for tetracycline on theut our data reveal that the close proximity of tetracycline to the
30S subunit and that within this domain S7 is the major labelldS RNA may be one of the determinants of its mode of action.
protein 6,7). Although we observed an RNA to protein labellingThus tetracycline might act by interfering with the tRNA/16S
ratio different from that seen by other investigators, we too fourfdNA interaction directly or via a structural distortion of the 16S
the same protein labelling pattern with protein S7 being the maRNA brought about by binding of tetracycline to its high affinity
protein labelled (data not shown). Tetracycline has been foundiimding site with its main contacts to S7 and 16S RNA. Distortion
bind either to proteins, such as the Tet repre8ddrdr to RNA  of 16S RNA was also implicated by the enhancement of the
as was demonstrated for group | and group Il int®Rs As no  reactivities of U1052 and C1054 to chemical probing upon
binding to ribosomal proteins free in solution occBf} there is  binding of tetracyclineZ(1). A thorough analysis of the action of
the possibility of a mixed RNA—protein binding site on thestreptomycin and neomycin has recently led to a model putting
ribosome. In order to characterize this site, the crosslinkggrward the idea that these antibiotics act by distortion of 16S
nucleotides on the ribosomal RNAs were analysed. RNA structures Z9). These antibiotics which give different
Both 16S and 23S rRNAs were photoaffinity labelled byootprints to 16S RNA than tetracycline have an influence on the
tetracycline. Interestingly, 23S RNA was labelled exclusively IRecoding fidelity. Tetracycline, on the other hand, might have an

the central loop of domain V, the peptidyltransferase centre (Figtiact on the high affinity bindi f tRNA after the decodi
3B), but tis [abellng cid not affect {(RNA binding and peptidyl, oo e TGN AT DINEING © atter the decoding

transfer. These crosslinks originate from a binding site on the 5
subunit as the same crosslinks were observed when merely 50S

subunits were used. At 8aM tetracycline two additional ACKNOWLEDGEMENTS

crosslinks were found in this region; some of them have

previously been identified in crosslink experiments where ] )
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