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ABSTRACT

Poly(A) can be cross-linked to E. coli 70S ribosomes in the presence of
tRNALYS by mild ultraviolet irradiation. The cross-linking reaction is ex-
clusively with the 30S subunit, and involves primarily the RNA moiety. Foll-
owing a partial nuclease digestion, cross-linked complexes containing poly(A)
and fragments of the 16S RNA were isolated by affinity chromatography on
0ligo(dT)-cellulose. The complexes were purified by gel electrophoresis and
subjected to oligonucleotide analysis, which revealed a single cross-link
site within positions 1394-1399 of the 16S RNA. The same pattern of cross-
linking, at about one-fifth of the intensity, was observed in the absence of
tRNALYS. The cross-link site to poly(A), together with other sites in the 16S
RNA that have been implicated in ribosomal function, is discussed in the
framework of our recent model for the three-dimensional structure of 16S RNA;
all of the functional sites are clustered together in two distinct groups in
the model.

INTRODUCTION

A large amount of effort has been devoted to the study of the sites on
the ribosome which interact with ligands such as tRNA or mRNA during the
course of protein biosynthesis. In the past, most of this effort has been di-
rected towards an analysis of the ribosomal proteins concerned in the binding
of tRNA (see ref. 1 for review) or mRNA (e.g. 2,3). However, attention is also
being increasingly focussed on the role of ribosomal RNA in these processes,
and in the case of tRNA it has', been shown that the anticodon loop of the lat-
ter canbe efficiently cross-linked to position C-1400 of the E. coli 165 RNA
(4) or to the equivalent position in the rRNA of other organisms (5). The lo-
cation of this site on the 30S ribosomal subunit has been determined electron
microscopically (6). In another study, a detailed analysis was made of the
bases in E. coli 16S RNA that are shielded by bound tRNAPP® in the presence
or absence of poly(U) message (7).

In the case of mRNA, the "Shine-Dalgarno" interaction (8) with the 3'-
terminus of the 16S RNA at the initiation of protein synthesis is now a gen-

© IRL Press Limited, Oxford, England. 2369



Nucleic Acids Research

erally accepted principle, but, in contrast, the available information with
regard to the location of mRNA on the ribosome during peptide chain elonga-
tion is les detailed. The binding region of mRNA on the 30S subunit has been
located by immune electron microscopy (9), and there is also electron micro-
scopic evidence that a poly(U) mRNA molecule makes a "U-turn" in the ribosome
(10). It is further known that the ribosome shields approximately 50 nucleo-
tides of the message from nuclease attack (e.g. 11). However, apart from an
older report which identified the sites of covalent attachment of an oligo(U)
analogues to 16S RNA at positions 462 and 474 in the latter (12), there is no
information at the nucleotide level relating to neighbourhoods between mRNA
and ribosomal RNA during the elongation process.

In order to gain a deeper insight into this question, we have begun a
cross-linking programme to map the path of the mRNA through the translating
E. coli ribosome, making use of the intra-RNA and RNA-protein cross-linking
methodology which we have already developed for the study of the topography
of rRNA and protein within the ribosomal subunits (e.g. 13,14). In our first
experiments, which are described in this paper, we have cross-linked a poly-
(A) message to the ribosome (cf. ref. 15) in the presence of tRNALYS using a
mild ultraviolet irradiation procedure, and have analysed the products of
cross-linking to the 16S RNA. Perhaps surprisingly, only a single site of
cross-linking was found, at a position immediately adjacent to the C-1400
residue, which as already mentioned above (4) can be cross-linked to the an-
ticodon loop of tRNA. The same cross-link site was also found when the reac-
tion was carried out in the absence of tRNA. In the three-dimensional model
of the 16S RNA which we have recently proposed (16), this position lies deep
within the "cleft" of the 30S subunit, between the "head" and the "platform"
regions. A further examination of the model shows striking correlations bet-
ween the positions of (a) these cross-link sites to poly(A) and tRNA, (b) the
sites that are shielded by bound tRNA as noted above (7), (c) the nine modi-
fied bases in the 16S RNA (17), and (d) the sites of interaction with various
antibiotics (18). These correlations are described in the final section of
the paper, and have led us to suggest a possible mechanism for the movement
of tRNA (and mRNA) through the ribosome.

MATERIALS AND METHODS

Preparation of homogeneous fragments of poly(A) or poly(U). 5 mg of poly(A)

or poly(U) (Boehringer, Mannheim) was dissolved in 0.5 ml of 0.05 M NaOH and
incubated for 25 min at 37°. The hydrolysate was cooled to 0° and neutralized
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by addition of 0.25 ml of 0.1 M HCl together with 50 pl of 1 M Tris-borate
buffer pH 8.5 containing 20 mM EDTA. The solution was loaded into a wide

(7 cm) slot of a 10%Z polyacrylamide sequencing gel (20 em long, 2 mm thick;
ref. 19), and the fragments were separated by electrophoresis at 250 V over-
night. Narrow bands containing homogeneous polymer fragments (¥ 1 or 2 nucl-
eotides) with chain lengths in the range from 20 to 70 nucleotides were ex-
cised from the gel, and extracted with phenol in the presence of SDS (20).
The aqueous phase from the phenol extraction was filtered through a 0.45 um
Millipore filter, and the polynucleotides were precipitated twice with etha-
nol.

Where required, 50 pg aliquots of the isolated polynucleotides were 5'-
end labelled with x-—szP-AIP (100 - 250 pCi, Amersham) and polynucleotide
kinase (10 - 50 units, Boehringer), as described by Maxam and Gilbert (19),
with the exception that 50 mM Tris-HCl pH 7.8 was used in place of glycine-
NaOH pH 9.5. The labelled fragments were re-purified by gel electrophoresis
as above. Specific radioactivities obtained were of the order of 6 x 106
counts/min/ug.

Preparation of 70S ribosomes. 32P-labelled ribosomes were prepared from 50

ml cultures of E. coli strain MRE 600 by the procedure of Stiege et al (21),
with the exception that the magnesium concentration was raised to 10 mM to
keep the 70S ribosomes intact. Unlabelled ribosomes were prepared as in ref.
22. In both cases the 70S particles were isolated by centrifugation through
10 - 407 sucrose gradients in 10 mM Tris-HCl pH 7.8, 10 mM magnesium acetate,
100 mM NH4C1 and 6 mM 2-mercaptoethanol. Fractions containing the ribosomes
were precipitated with ethanol, redissolved in 25 mM triethanolamine-HC1 pH
7.8, 10 mM magnesium acetate, 50 mM KCl, 6 mM 2-mercaptoethanol, and dialysed
extensively against the latter buffer.

Preparation and cross-linking of mRNA-70S complexes. Complexes were prepared
32p_1abelled 708 ribosomes and unlabelled poly(A) or poly-
(U), or unlabelled 70S ribosomes with 32P-end labelled poly(A) or poly(U)

(see above). In each case 5 Aygy units of 705 ribosomes (ca. 140 pmol) were

containing either

incubated with a 10-fold molar excess of homogeneous poly(A) or poly(U) frag-
ment, together with a similar 10-fold excess of tRNALYS (Subriden RNA, Wash-
ington) or trNaFhe (Boehringer), respectively. The incubation was for 15 min
at 37° in 50 mM Tris-HCl pH 7.8, 10 mM magnesium acetate, 160 mM NH4Cl and

4 mM 2-mercaptoethanol, in a total volume of 0.2 ml. In control experiments,
the tRNA was omitted. The 70S-mRNA complexes, with or without tRNA, were pur-
ified by centrifugatiod through 10 - 407 sucrose gradients as described above.
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Fractions containing the complex were transferred to a Petri dish so as to
give a solution depth of 2 mm, and were cross-linked by ultraviolet irradia-
tion for 5 min, as described in ref. 13.

The irradiated complexes were precipitated with ethanol, redissolved in
1 ml of 10 mM Tris-HCl pH 7.8, 0.3 mM magnesium acetate, 50 mM KCl, 6 mM 2-
mercaptoethanol, and centrifuged through 10 - 407 sucrose gradients in the
same buffer in order to separate the 30S and 50S subunits. Fractions contain-
ing the 30S subunit together with the cross-linked poly(A) or poly(U) were
precipitated with ethanol. In experiments where the poly(A) or poly(U) was
32P—labelled, these subunits were subjected to a further gradient centrifug-
ation step (using 10 - 307 sucrose gradients in 10 mM Tris-HCl pH 7.8, 1 mM
EDTA and 0.05% SDS) in order to measure the amount of 32P-homopolymer that
was cross-linked to the 16S RNA. In experiments where the 70S ribosomes car-

ried the 2

P-label, the 30S subunit fraction was submitted to a partial dig-
estion with ribonuclease Ty, as the first step in the analysis of the cross-
link site on the 16S RNA (see below).

Isolation of fragments of 32P-labelled 16S RNA cross-linked to poly(A).

Cross-linked 30S subunit complexes prepared from 32P—labelled 70S ribosomes
and poly(A), with or without tRNALYS, were partially digested with ribonuc-
lease T1 (0.025 units, Sankyo, Tokyo) for 30 min at 37°, in 100 pl of 10 mM
Tris-HCl pH 7.8, 1 mM MgCl2 and 20 mM NH4CI. The solution was then made 5 mM
in EDTA, and the ribonuclease T, and ribosomal proteins were destroyed by
addition of 50 pg of proteinase K (Merck, Darmstadt), followed by incubation
for 10 min at 37° in the presence of 0.257 SDS. The solution was diluted 2-
fold, brought to 100 mM in sodium acetate, and extracted with an equal volume
of phenol for 1 to 2 hr at room temperature. The RNA in the aqueous phase was
precipitated with ethanol and redissolved in 50 pl of water. 450 pl of 10 mM
Tris-HC1l pH 7.8, 500 mM NaCl, 1 mM EDTA, 0.27 SDS ("binding buffer') was
added, and the solution was gently rotated with 50 mg of oligo(dT)-cellulose
(Pharmacia, Uppsala) for 1 hr at room temperature. The cellulose was washed
ten times with 1 ml of binding buffer, to remove fragments of free ribosomal
RNA. The bound cross-linked complexes containing poly(A) were then eluted by
washing the cellulose four times with 0.5 ml of 10 mM Tris-HCl pH 7.8, 1 mM
EDTA, 0.27% SDS, the first wash being at room temperature and each subsequent
wash being carried out for 5 to 10 min at 70°. Eluted fractions containing
the 32P-radioactivity were pooled, filtered through a 0.45 uym Millipore fil -
ter, and precipitated with ethanol. The precipitate was redissolved and the

cross-linked complexes were separated by two-dimensional polyacrylamide gel
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electrophoresis in the system of ref. 21, using a 5 - 157 gradient gel as the
first dimension and a 107 gel as the second. The complexes were visualized by
autoradiography.

Analysis of the cross-link site on 16S RNA. Individual 32P-labelled cross-

linked complexes from the two-dimensional gels were extracted, fully digested
with ribonuclease T,, and analysed by the "fingerprint" method on the two-
dimensional polyethyleneimine cellulose thin-layer chromatography system of
Volckaert and Fiers (23), according to our usual procedures (21). Individual
ribonuclease T1 oligonucleotides on the fingerprints were subjected to a
secondary digestion with ribonuclease A, followed by a further two-dimension-
al thin-layer chromatography step, again using our established procedure (21,
23). The oligonucleotide data were fitted to the 16S RNA sequence of Brosius
et al (24). Radioactivity in the individual complexes isolated from the two-
dimensional gels was in the range of 2,000 to 20,000 counts/min, or one-fifth
of these amounts in the case of complexes prepared in the absence of tRNALYS,
In the latter cases, the radioactivity was in general too low to enable secon-
dary digestions to be made.

In some experiments aliquots of the cross-linked complexes (after total
digestion with ribonuclease T1) were re-submitted to the oligo(dT)-cellulose
affinity chromatography step. The cellulose was washed six times with the
binding buffer (see above) to remove free oligonucleotides, and the residual
ribonuclease T1 oligonucleotide—poly(A) cross-linked complex was eluted at
70° as described above. The eluate was concentrated by ethanol precipitation

and subjected to the secondary digestion procedure with ribonuclease A.

RESULTS

In preliminary experiments, complexes were constructed from E. coli 70S

ribosomes with either poly(A) and tRNALYS or poly(U) and tryafhe, Homopoly-

mers of uniform chain length were used, so as to ensure the formation of dis
crete spots in any subsequent gel electrophoretic separations of the cross-
linked homopolymer-rRNA complexes. According to the requirements of a part-
icular experiment, the complexes were prepared either from uniformly 32P—
labelled 70S ribosomes and unlabelled poly(A) or poly(U), or from unlabelled

ribosomes and 5'-end 32

P-labelled homopolymer. The preparation of these sub-

strates, together with the method for obtaining homopolymers of uniform chain
length by mild alkaline hydrolysis followed by gel electrophoresis, are des-

cribed in Materials and Methods.

Formation of the 70S complex and the properties of the cross-linking
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Figure 1: Sucrose gradient separations of 32P—labelled homopolymer-tRNA-ribo-
some complexes. (a) Purification of the poly(A)-tRNALYS-70S ribosome complex,
on a gradient in 10 mM magnesium. (b) Dissociation of the cross-linked poly-
(A)-tRNALYS-70S complex into 50S and 30S subunits, at 0.3 mM magnesium.

(c) Dissociation of the 30S subunits containing cross-linked poly(A) from (b)
into 16S RNA and proteins, in the presence of SDS. (d) The same as (b), but
with poly(U) and tRNAPhe in place of poly(A) and tRNALYS. In each case the
direction of sedimentation is from right to left. ———, J4P-radioactivity;
----- , optical density (260 nm).

reaction were assessed by a series of sucrose gradient runs, using labelled
homopolymer and unlabelled 70S ribosomes, and some examples of these gradi-
ents are shown in Figure 1. The 70S-homopolymer-tRNA complexes were prepared
in the presence of a ten—-fold molar excess of both homopolymer and tRNA, and
after incubation this excess was separated by a first sucrose gradient, in
10 mM magnesium (Fig. 1a). From the specific radioactivity of the homopoly-
mers it could be calculated that ca. 667 of the 70S ribosomes isolated on
these gradients had bound a molecule of the messenger RNA in the case of

poly(A), and ca. 55% in the case of poly(U). The gradient fractions contain-
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ing the 70S complex (Fig. 1a) were the substrate for the cross-linking reac-
tion, which was carried out by a mild ultraviolet irradiation procedure, id-
entical to that previously described for generating intra-RNA cross-links in
ribosomes in vivo (13).

After irradiation, the 70S complexes were applied to a second sucrose
gradient, this time in 0.3 mM magnesium, so as to separate the ribosomal sub-
units. It is clear that, both in the case of poly(A) (Fig. 1b) and poly(U)
(Fig. 1d), the remaining 32P-radioactivity is associated exclusively with the
30S subunit. If the irradiation step was omitted, no significant amounts of

32P-homopolymer ran with either subunit (not shown), indicating that the ob-

served 32P-radioactivities in the 30S subunits in Figures 1b and 1d do repre-
sent the products of a cross-linking reaction. From the amounts of radioact-
ivity associated with the 30S subunits (Figs. 1b, d) it could be calculated
that ca. 47 of the subunits carried a cross-linked homopolymer molecule in the
case of poly(A), as compared with ca. 117 in the case of poly(U). If tRNA was
omitted from the initial incubation, the amount of homopolymer bound to the
70S (cf. Fig. 1a) was significantly reduced, and after irradiation the pro-
portion of this bound homopolymer which remained associated with the 30S sub-
unit (cf. Figs. 1b, d) was approximately one-fifth of that found in the ire-
sence of tRNA. The cross-linking reaction was found to be insensitive to the
chain length of the homopolymer used, over the range between 20 and 70 nucle-
otides. In general, however, homopolymers with a length of around 50 nucleo-
tides were used, as this corresponds to the length of messenger which is
known to be protected by the 70S ribosome (11).

The cross-linked 30S subunits were dissociated into their constituent
RNA and proteins on a final sucrose gradient run in the presence of SDS, and
the result showed that in the case of poly(A) approximately 807 of the 32P—
label ran with the 16S RNA peak (Fig. 1c). In the case of poly(U) the corres-
ponding value was ca. 50%7. The data of Figure 1 thus show that under the con-
ditions described a useful level of cross-linking between poly(A) or poly(U)
and the 16S RNA is obtained. Higher levels of cross-linking can of course be
reached under more vigorous irradiation conditions, but, in accordance with
our usual strategy (e.g. ref. 13), we deliberately kept the cross-linking
level low, so as to minimize the danger of artefacts. The specificity of the
cross-linking reaction with the protein moiety (the radioactive fraction
remaining at the top of the gradient in Figure 1 c) is currently under in-
vestigation, but will not be considered further here.

In order to develop methodology for determining the site or sites of

2375



Nucleic Acids Research

cross-linking on the 16S RNA, 30S subunits containing the cross-linked poly-
(A) or poly(U) (from gradients such as those depicted in Figures 1b and 1d)
were subjected to various partial nuclease digestion procedures, and, after
proteinase K treatment to remove enzyme and ribosomal protein, we attempted
to isolate the cross-linked RNA fragments attached to homopolymer by affinity
chromatography with complementary homopolymers bound to cellulose. Prelimin~
ary tests, again with 5'-end labelled homopolymer and unlabelled ribosomes,
revealed two facts which dictated the strategy adopted in the subsequent ex-
periments. First, when the partial nuclease digestion of the cross-linked
30S subunits was made using cobra venom nuclease (which gives the clearest
pattern of partial digestion products (25, 21)), the homopolymer was also

32

attacked, resulting in a loss of the ~““P-end label. The partial digestions

were accordingly made using ribonuclease T, instead. Secondly, although

cross-linked complexes containing 32P-labeiled poly(A) were quantitatively
adsorbed onto oligo(dT)-cellulose (see below), a corresponding adsorption of
poly(U)-containing complexes onto poly(A)-Sepharose was consistently unsat-
isfactory. Further tests showed that this was a direct result of the irrad-
iation treatment, and that, even under the mild conditions used, the poly(U)
became modified (presumably by U-U dimer formation or uridine hydration) to
such an extent that it would not form stable double-helices with the Seph-
arose-bound poly(A). As a result, a cross-link site analysis of the poly(U)-
containing complexes demands a fundamentally different experimental strategy,
and in the series of experiments described below we confine our attention to
the analysis of the site(s) of cross-linking between poly(A) and 16S RNA.
32P-lab—

elled 70S ribosomes and unlabelled poly(A), in the presence or absence of

Cross-linked 30S subunit complexes that had been prepared from

tRNALYS, were partially digested with ribonuclease Ty, treated with protein-
ase K, and adsorbed onto oligo(dT)-cellulose, as described in Materials and
Methods. 0ligo(dT)-cellulose was chosen rather than poly(U)-Sepharose for
this purpose, as preliminary tests had shown that the former preparation gave
the most clearcut separations; as already noted above, cross-linked complexes
containing 32P—labelled poly(A) were quantitatively adsorbed to the oligo(dT)-
cellulose, whereas on the other hand in the absence of cross-linked poly(A)
no significant radioactivity from 32P-labelled 16S RNA fragments remained
bound to the matrix after the washing procedure. Table 1 shows the fate of
the 32P—radioactivity in the 16S RNA during this affinity chromatography step
in a typical cross-linking experiment. The conditions of partial ribonuclease

T1 digestion are difficult to control precisely, and in this particular ex-
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Table 1: Affinity chromatography of cross-linked poly(A)-16S RNA fragment
complexes on oligo(dT)-cellulose.

32_ . s e .
Experimental step P-radioactivity (counts/min)

plus tRNALYS | minus tRNALYS
Cross-linked 30S from sucrose gradient 407 x 108 461 x 106
Precipitated complexes after T{-digestion 90 x 106 93 x 10
Complexes adsorbed onto oligo(dT)-cellulose 246 x 103 60 x 103
Complexes eluted from oligo(dT)-cellulose 222 x 103 49 x 103

periment the digestion was relatively vigorous, as evidenced by the high pro-
portion of radioactivity that was not precipitated by ethanol after the dig-
estion (compare the first two lines of Table 1). The radioactivity recovered
(220,000 counts/min in the "plus tRNA" column) is however of the correct or-
der of magnitude, if 3 - 4 7 of the 16S RNA molecules carried a cross-linked
poly(A) molecule (see above), and if the average length of the 16S RNA frag-
ments in the cross-linked complexes was 80 nucleotides (cf. Fig. 4, below).
It can be seen from Table 1 (cf. the foregoing discussion) that the radioact-
ivity recovered from complexes formed in the absence of tRNALYS was approxim-
ately one-fifth of that recovered when tRNALYS was present. The Table also
indicates that the elution of the complexes from the oligo(dT)-cellulose was
essentially quantitative.

The eluted complexes were separated by two-dimensional gel electrophor-
esis, and examples of the gels obtained are illustrated in Figure 2. Figure
2a shows the pattern of cross-linked complexes eluted from the oligo(dT)-
cellulose (from the same experiment as that of Table 1), whereas Figure 2b is
the pattern from an aliquot (containing a similar amount of 32P—radioactivity)
of the RNA fragments that were not bound to the cellulose. The latter gel
shows a strong diagonal of "free' RNA fragments, with some faint spots lying
above this diagonal, which correspond to intra-RNA cross-linked complexes
(cf. refs. 13, 21). In contrast, the oligo(dT)-cellulose eluate fraction
shows a very characteristic pattern, containing only small amounts of free
RNA fragments (Fig. 2a, lower right), the bulk of the radioactivity being
present as the poly(A)-rRNA cross-linked complexes. This gel pattern was very
reproducible, although the relative intensities of the individual spots var-
ied from one experiment to another, as a result of the variability in the
partial digestion with ribonuclease T, The corresponding gels from samples

cross-linked in the absence of tRNALYS gave identical patterns, again at one-
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Figure 2: Two-dimensional gel electrophoretic separation (cf. 21) of cross-
Tinked poly(A)-16S RNA fragments, after affinity chromatography on oligo(dT)-
cellulose. (a) Autoradiogram of the gel of the poly(A)-containing complexes
eluted from the oligo(dT)-cellulose. The ribosomal RNA fragments carry the
32p-1abel. Arrowed complexes were extracted from the gel for further analysis,
the lettered complexes corresponding to those shown in Fig. 4. In the case of
smeared spots (e.g. complex E), elongated pieces of gel containing the whole
smeared region were extracted. (b) Control gel run in parallel of an aliquot
of the RNA fragments that were not adsorbed by the oligo(dT)-cellulose. The
size of the aliquot was chosen so as to contain a similar amount of total
32p-radioactivity as the sample applied to gel (a) (cf. Table 1). In both
cases the directions of the electrophoretic dimensions are as indicated in (b).

fifth of the intensity. In a control experiment, which was taken as far as
the stage of the first dimension gel, the electrophoretic patterns of cross-—
linked complexes eluted from the oligo(dT)-cellulose were the same from sam-
ples prepared with 32P—labelled poly(A) as those from samples with 32P-lab—
elled ribosomes, thus providing further confirmation that the observed com-

plexes in Figure 2a do indeed contain the cross-linked homopolymer.

2378



Nucleic Acids Research

a b

% Gp

AGp C% g Up
p
UG

§nCmCCGp v ACp.

ccacGp W AMIGp
AUACGp ‘“CCUUGp
3 UUCCCGpile . i

[UACACACCGp] Um!ACAECAUGp X‘LINK i

Figure 3: Oligonucleotide analysis of cross-linked poly(A)-16S RNA complexes
on polyethyleneimine cellulose plates (23). (a) Ribonuclease Ty fingerprint
of complex E (Fig. 2a). Identities of the oligonucleotides are shown (cf. Fig.
4), "X-link" denoting the residual cross-linked oligonucleotide, and the dot-
ted circle showing the positions where the missing UACACACCGp would normally
appear. (b) Ribonuclease A digest of a fully ribonuclease Ty-digested cross-
linked poly(A)-RNA complex that had been re-submitted to affinity chromato-
graphy on oligo(dT)-cellulose. Identities of the oligonucleotides are marked
as in (a). In both photographs the first dimension ran from right to left

and the second from bottom to top, arrows denoting the sample application
points.

Radioactive spots were excised from the two-dimensional gels (e.g. the
spots that are arrowed in Figure 2a), and subjected to total digestion with
ribonuclease T1. The oligonucleotides were separated using the two-dimension-
al thin-layer chromatography system of Volckaert and Fiers (23), and a typ-
ical example of one of the fingerprints obtained in illustrated in Figure 3a.
Each oligonucleotide spot was further digested with ribpnuclease A (cf. refs.
21, 23),and the oligonucleotide data were fitted to the 16S RNA sequence of
Brosius et al (24). The results showed that, without exception, every cross-
linked complex arose from the region of the 16S RNA between bases ca. 1300
and 1500, and in every case (including the complexes prepared in the absence
of tRNALYS) the oligonucleotide UACACACCGp (positions 1393-1401) was missing
from the fingerprint. Some typical fragments are depicted in Figure 4, cor-
responding to the lettered spots in Figure 2a. The fingerprint shown in Fig-
ure 3a corresponds to fragment E in Figure 4, and the oligonucleotides vis-

ible in the former figure can be compared with the sequence which is given at
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Figure 4: 16S RNA sequences found in complexes cross-linked to poly(A). The
appropriate region of the 16S RNA molecule (24) is indicated at the top of
the diagram, and the black bars show the sequences found, with the "missing"
oligonucleotide at positions 1393-1401. The letters A to E refer to the arr-
owed spots in Fig. 1a. Complex E is the one whose fingerprint is given in
Fig. 3a, and the corresponding detailed sequence region (divided into ribo-
nuclease Ty oligonucleotides) is included at the bottom of the diagram.

the bottom of Figure 4. It is of interest to note in passing that in Figure
2a the mobilities of the cross-linked complexes in the first gel dimension
are inversely proportional to the length of the 16S RNA fragments contained
in the complex (cf. Fig. 4), whereas in the second dimension the complexes
separate into two distinct near-vertical rows. In the left-hand row (contain-
ing complex C, Fig. 2a), it can be seen by comparison with Figure 4 that
there is relatively less RNA on the 5'-side of the oligonucleotide UACACACCGp,
whereas in the right-hand row (containing complexes D and E) the RNA se-
quences on the 3'-side of the latter oligonucleotide become progressively
shorter.

The universal absence of UACACACCGp (positions 1393-1401) from the finger-
prints (Figs. 3 and 4) indicates that this oligonucleotide contains the site
of cross-linking to poly(A). In order to confirm this, aliquots of some of
the complexes were subjected to a second affinity chromatography step with
0ligo(dT)-cellulose after total digestion with ribonuclease T1. In such cases,
only the 32P—UACACACCGp~-p01y(A) complex should be retained by the cellulose
and subsequently eluted. (On the fingerprints (cf. Fig. 3a), this complex re-
mains at the origin and is difficult to extract). When the Tl-digested com-
plexes were eluted from the o0ligo(dT)-cellulose and further digested with ri-

bonuclease A, according to the usual "secondary digestion" procedure (21,23),
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the pattern of oligonucleotides shown in Figure 3b was reproducibly observed.
This pattern shows approximately equal amounts of Cp, Gp and Up, and a strong-
er spot corresponding to ACp, consistent with the composition of the "miss-
ing" oligonucleotide UACACACCGp. The ACp spot was however not as strong as is
usually seen in digests of the latter oligonucleotide (where the ACp spot
should have six times the intensity of the three mononucleotide spots), ind-
icating that (since Cp, Gp and Up were all pfesent) the actual site of cross-
linking to poly(A) was within one of the three AC sequences between position-
1394 and 1399 in the 16S RNA.

DISCUSSION

Purine residues are known to be able to take part in ultraviolet-induced
intra-RNA cross-linking reactions (e.g. 26), and we had expected that simple
irradiation of a ribosome-poly(A) complex - using a poly(A) template about 50
nucleotides long - would have led to the formation of a number of cross-
links at various points along the poly(A) molecule, hence involving a corres-
ponding number of different sites on the 16S RNA, from which the path of the
poly(A) through the 30S subunit could ultimately be inferred. The finding of
a single highly-specific cross-link site to the 16S RNA was therefore in
sharp contrast to this initial expectation, (although we cannot of course ex-
clude that small amounts of other cross-links were present, that were lost in
1 digestion). Position C-1400 in the 16S RNA has
been cross-linked to the anticodon loop of both P-site (4) and A-site (27)

the partial ribonuclease T

bound tRNA, and our poly(A) cross-link to a position between A-1394 and C-
1399 in the same immediate neighbourhood supports the view of the latter au-
thors that this highly conserved region of the ribosomal RNA is intimately
involved in the decoding process. Furthermore, the finding of the same cross-
link site in the absence of added tRNALYS indicates that the poly(A) template
is correctly bound (although about five-fold less efficiently) even without
tRNA; the alternative explanation, that 207 of the active 70S ribosomes in
our preparations already carried a tRNALYS molecule, is extremely unlikely.
The finding of the same cross-link site in the absence of tRNA also preclikles
the possibility (already statistically very remote under the deliberately low-
yield conditions of cross-linking used) that our observed cross-link is a
"double" cross-link involving poly(A) linked to tRNA linked to 16S RNA.

As noted in the Introduction, position C-1400 and the oligonucleotide

encompassing the cross-link site to poly(A) lie deep down in the cleft of
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the 30S subunit in the detailed three-dimensional model for the 16S RNA which
we have recently proposed (16). It is thus of interest to see whether this
obviously important region of the RNA can be correlated in the three-dimens-
ional model with other sites on the 16S RNA that have been implicated in ri-
bosomal function. Figure 5 shows the secondary structure of the E. coli 16S
RNA (16), and, in addition to the cross-link sites to poly(A) and tRNA, the
figure indicates the bases that were found to be shielded by bound tRNA in
the presence or absence of poly(U) (7), as well as the sites similarly found
to be involved in the binding of various antibiotics (18). Since tRNA con-
tains many modified nucleotides, the sites of modification within the 16S RNA
itself are of interest in the context of their possible interaction with tRNA,
and these sites (17) are also included inFigure 5. The positions of all these
sites are shown in two views of our computer graphics model of the 16S RNA
(16) in Figure 6.

Moazed and Noller (18) have already pointed out that there is a strong
correlation between the sites on 16S RNA that are protected by bound tRNA and
the sites of interaction with the antibiotics as found by "footprinting". The
latter sites in turn correlate precisely with the sites of mutation in the
16S RNA causing resistance to certain of the antibiotics (summarized in ref.
18) . Furthermore, we have already noted that in our RNA model (16) the modif-
ied bases in the 16S RNA all lie roughly in a plane around the "throat" of
the subunit, between the head and body regions. If all these sites on the 16S
RNA are considered together, it is clear that, although they are widely dis-
tributed in the primary and secondary structure of the molecule (Fig. 5),
they are concentrated into two distinct groups in the three-dimensional model
(Fig. 6). The largest group, including the cross-link sites to poly(A) and
tRNA, is located in or around the cleft region, the remainder lying on the
opposite side of the subunit in the region of the electron microscopically
located base m/G-527 (28) in helix 18 (Fig. 5).

Helix 31, which contains two modified bases in its loop end (positions
966 and 967), could not be unambiguously located in the RNA model (16), and
it can either be placed as shown in Figure 6b or it can be turned around so
as to emerge on the opposite side of the structure just above helix 34. The
two modified bases in this helix will therefore belong either to the "cleft"
group of sites (as in Fig. 6), or to the "m7G/he1ix 18" group, according as
to which of the two possible locations for this helix proves to be correct.
It should also be noted that one set of experimental data does not correlate

with either of the two groups of sites, namely the positions in 16S RNA re-
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ported to be cross-linked to an oligo(U) analogue (12). These positions (G-
462 and G-474) are at the end of helix 17 (Fig. 5), which is located at the
bottom of the 30S subunit in the RNA model (Fig. 6a). Furthermore, whereas all
the other functional sites (Fig. 5) are in highly conserved regions of the
secondary structure of the 16S RNA (cf. 29), helix 17 is a non-conserved re-
gion. Since the binding of the oligo(U) analogue to 30S subunits was only
slightly stimulated by tRNA PMe (30), it seems likely that the reaction with
the analogue was at least in part non-specific, and hence that the sites ana-
lysed by Wagner et al (12) may not be relevant.

The location of the poly(A) and tRNA cross-link sites in the cleft of
the 30S subunit indicates that the "cleft' group of functional sites (Fig. 6)
represents the actual binding region of mRNA and tRNA, with the anticodon
loop of the tRNA directed downwards into the cleft, and the mRNA running
through the deepest part of the cleft. This is consistent with electron micro-
scopic data (summarized in ref. 6), and with the models of Lake (31) and Ofen-
gand et al (1). The bases shielded by tRNA that are situated in or near to
the upper part of the cleft (e.g. at positions 693, 795, 926, 1338, 1381) are
in positions in the model (Fig. 6) that are compatible with the dimensions of
a tRNA molecule lying in the cleft as just suggested, although it should be
noted that at this stage we do not attempt to distinguish between the "A" and
"P" tRNA binding sites in the model.

Inspection of the model suggests that the cleft is wide enough - but only
just — to accomodate a tRNA anticodon stem~loop structure, and this introduces
an intriguing possibility for the mechanism of tRNA (and hence mRNA) movement
through the ribosome, and for the involvement of the second group of function-
al sites mentioned above in the m7G/he1ix 18 region (Fig. 6). Moazed and Noller
(7) have pointed out that the protection of bases in this area by tRNA is
probably an allosteric process, and it is noteworthy that the protection of
bases 529 to 531 in helix 18 is poly(U)-dependent, the other poly(U)-depend-
ent protections (bases 1408 and 1492-1493) being in the deepest part of the
cleft (Fig. 6). This implies that tRNA binding deep in the cleft in the pre-
sence of mRNA causes a "rocking" motion of the head region of the subunit,
leading to the allosteric protections in the helix 18 region. Successive
cycles of such a rocking motion would be accompanied by a corresponding
slight opening and closing of the cleft, which would effectively create a
"molecular turnstile", allowing the tRNA molecules to pass through - i.e. be
translocated through - the cleft one at a time. Evidence in support of this

motion comes from the electron microscopic observation of two conformations
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of the "beak-like protuberance" (cf. 32) on the head of archaebacterial 30S
ribosomal subunits (M. van Heel, personal communication). The beak-like pro-
tuberance correlates with the position of helix 39 in the model (16), which
lies on the same side of the subunit as the helix 18 region (Fig. 6). It is
also interesting in this context that the two antibiotics which show effects
in this latter region - namely neomycin which causes enhanced reactivity at
position C-525 in helix 18, and spectinomycin which protects bases C-1063 and
G-1064 in helix 34 (ref. 18, cf. Fig. 6) - are both inhibitors of transloca-
tion. That is to say, these antibiotics could conceivably act by blocking
the motion of the head region. Another functional feature in the "helix 18"
area of the 30S subunit is the electronmicroscopically observed attachment
site of elongation factor Tu (33, 34). The binding of this factor, which
brings the charged tRNA molecules to the ribosome, could thus trigger or be
triggered by a movement of the head of the subunit. This in turn could begin
to provide a molecular basis for the allosteric interaction between the tRNA
"A" and "E" sites observed by Rheinberger and Nierhaus (35).

Whether or not the postulated rocking motion of the head of the subunit
actually occurs remains of course to be proven. More important at the moment
is the fact that, although (as already noted) the functionally-related pos-
itions that we have discussed here are widely distributed in both the primary
and secondary structure of the 16S RNA (Fig. 5), they are nonetheless concen-
trated into two distinct groups in the three-dimensional structure (Fig. 6).
The 16S RNA model (16) thus has begun to provide a framework for describing
functional sites at the nucleotide level in three dimensions.

A number of proposals (1, 31, 36) have been made for the relative loca-
tions of the tRNA "A" and "P" sites on the 30S subunit. A crucial factor in
testing the relative merits of these proposals will now be to determine in
which direction the mRNA runs through the cleft in the RNA model. A further
important question to settle is the way in which the mRNA is then "wrapped"
around the subunit, so as to account for the protection of ca. 50 nucleotides
of message by 70S ribosomes or 30S subunits (11), as well as for the observ-
ation that the entry and exit sites of the message are at the same location
(10). We believe that an extension of the cross-linking approach reported in
this paper, using properly phased mRNA analogues carrying affinity labels at
appropriate positions such as those used by Stahl and Karpova (3) or Babkina
et al (2), but concentrating on the analysis of cross-link sites to the ribo-
somal RNA rather than to the ribosomal proteins, should provide definitive an-

swers to these questions.
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