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The recent rapid advances that have been made both
in cryo-electron microscopy (cryo-EM) and X-ray crys-
tallography of bacterial ribosomes or their subunits (e.g.,
Stark et al., 1997a, 1997b; Ban et al., 1998; Malhotra
et al.,, 1998) have led to a correspondingly rapid ad-
vance in our understanding of the three-dimensional
(3D) arrangement in situ of the ribosomal RNA and
protein molecules. In 1997 we published a model for
the 16S rRNA (Mueller & Brimacombe, 1997a), which
was fitted to a cryo-EM reconstruction at 20 A resolu-
tion of the Escherichia coli 70S ribosome carrying tRNAs
at the ribosomal A and P sites (Stark et al., 1997a).
Subsequently, on the basis of the available RNA-
protein interaction data (Mueller & Brimacombe, 1997b),
we were able to fit the structure of ribosomal protein S7
as determined by X-ray crystallography (Hosaka et al.,
1997; Wimberly et al., 1997) into our model in such a
way as to satisfy both the biochemical data and the
electron density of the EM reconstruction (Tanaka
et al., 1998). More recently, the 16S model has been
refined to fit an EM reconstruction at 13 A resolution
(Brimacombe et al., 2000), the latter being itself a re-
finement of the published EM reconstruction at 18 A
(Stark et al., 1997b) of 70S ribosomes carrying an
EF-Tu/tRNA ternary complex stalled with the antibiotic
kirromycin. In the refined 16S model, only minor changes
needed to be made in the arrangement of the rRNA
region interacting with S7 and in the positioning of the
protein itself.

It is known that protein S7 can be cross-linked from
sites in the upstream region of MRNA, close to the P

Reprint requests to: Richard Brimacombe, Max-Planck-Institut fur
Molekulare Genetik, Ihnestrasse 73, 14195 Berlin, Germany.

3Present address: WITA GmbH, Warthestrasse 21, 14513 Teltow,
Germany.

site codon (Stade et al., 1989; Dontsova et al., 1991),
as well as from sites in the anticodon loop of P site-
bound tRNA (Wower et al., 1993; Déring et al., 1994).
Our fitted structure (Tanaka et al., 1998) made the strong
prediction that the region of S7 involved in these cross-
links must be either in the B-sheet area of the protein
(covering amino acids ~75-90) or at the extreme
C-terminus (from amino acid ~145 within the C-terminal
a-helix to the C-terminus itself at position 155). Here
we demonstrate that the predominant cross-link from
the upstream region of mMRNA s indeed to the C-terminal
region of the protein.

As in our previous studies (Dontsova et al., 1991), an
mRNA analogue related to the cro-mRNA from A-phage
was prepared by T7 transcription from a suitable DNA
template. The mRNA sequence was GGGAAGGAGG
UUGUAUGGACACCAAC-AsG-AsG- A, thus contain-
ing a strong Shine—Dalgarno sequence close to the 5’
end, the cro-mRNA UUGU spacer sequence, an AUG
initiator codon, and an A-rich 3’ sequence; the latter
was included to enable the mMRNA—protein cross-linked
complex to be isolated by binding to oligo(dT)-cellulose
(see below). The T7 transcription was carried out using
4-thio-UTP in place of “normal” UTP, except that a small
amount of 32P-UTP was present to label the transcript.
Our previous experiments (Dontsova et al., 1991) had
demonstrated that the thio-U residues in the UUGU
spacer sequence are effectively cross-linked to protein
S7. Ribosomal complexes were prepared containing
this mRNA together with tRNAM®t, and, after irradiation
at 350 nm, the mMRNA cross-linked to ribosomal protein
was isolated by a series of sucrose gradients, first in
the presence of 10 mM magnesium to purify the 70S
ribosomal complex, then in the presence of 0.3 mM
magnesium to separate the 30S and 50S subunits, and
finally in the presence of sodium dodecyl sulfate (SDS)
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to separate the 16S rRNA from ribosomal proteins
(Stade et al., 1989). In this last gradient, the mRNA—
protein cross-linked material runs with free ribosomal
protein at the top of the gradient, and was separated
from the latter by binding to oligo(dT)-cellulose as just
mentioned (see Materials and Methods for details).
The experimental analysis of RNA—protein cross-link
sites within the protein moiety has proved to be a sur-
prisingly difficult problem. Urlaub et al. (1997) and Thiede
et al. (1998) were able to precisely localize a number of
RNA-—protein sites at the nucleotide/amino acid level
from 30S and 50S ribosomal subunits, respectively,
cross-linked with the reagent 2-iminothiolane. At the
same time, however, it was evident from the number of
ribosomal proteins known to be cross-linked to the rRNA
by this reagent (e.g., Osswald et al., 1990) that these
localizations involved only a minority of the cross-
linked products, many of the cross-linked oligonucleo-
tide—oligopeptide intermediates being lost during the
analyses. It soon became clear that oligonucleotide—
oligopeptides derived from the S7-mRNA cross-linked
complex belonged to this latter category. Using a vari-
ety of different protease and nuclease digestion condi-
tions, and several different high-performance liquid
chromatography (HPLC) separation systems, we were
consistently unable to isolate a cross-linked oligo-
nucleotide—oligopeptide product; the cross-linked 32P-
radioactivity either remained bound to the HPLC column
or else eluted as a broad smear across the entire HPLC
gradient. The use of thin-layer chromatographic sys-
tems was similarly unsuccessful, and furthermore, in
our hands the oligopeptide—oligonucleotide complex
would not “fly” in attempts to analyze it by MALDI mass
spectrometry. The problem could possibly be a conse-
quence of the very A-rich sequence in the mRNA, but
for this there was no alternative. When mRNA with a
shorter A-rich 3’ sequence was tried, it would only bind
to the oligo(dT)-cellulose at temperatures below 15°C.
This in turn caused precipitation of SDS together with
non-cross-linked protein onto the oligo(dT)-cellulose,
thereby rendering the separation step ineffective.
Accordingly, we resorted to the following simple strat-
egy. It is well known that protein S7 has a variable
C-terminal region in different strains of E. coli (Reinbolt
et al., 1978), the protein being 23 amino acids longer in
strain K than in strain B. If the mRNA cross-link to S7
does lie, as predicted, at the C-terminus of the protein,
then this should be immediately apparent from a com-
parison of the mRNA—oligopeptides that are released
by protease digestion of the cross-linked mMRNA-S7 com-
plex from the two respective E. coli strains. Both strains
carry a lysine residue at position 147 (Reinbolt et al.,
1978), and, whereas the B strain terminates at residue
154, the K strain terminates at residue 177, with an
intermediate lysine residue at position 169. Thus, di-
gestion of the protein with Lys-C should yield a
C-terminal peptide of 7 amino acids in the case of the
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B strain (with the sequence AFAHYRW), with the cor-
responding peptide from the K strain being 22 amino
acids long (AFAHYRWLSLRSFSHQAGASSK). Paral-
lel cross-linking experiments were therefore made with
the two E. coli strains and the results are illustrated in
Figure 1.

After the oligo(dT)-cellulose separation step dis-
cussed above, the cross-linked mRNA complexes from
both strains were applied to a 10% polyacrylamide gel
containing SDS and urea (Fig. 1A). In each case the
gel shows the presence of some free MRNA, together
with two bands corresponding to mRNA—protein cross-
linked complexes. These bands were extracted from
the gel and aliquots were subjected to immunological
analysis as in Dontsova et al. (1991). Whereas the
lower, weaker band contained proteins S18 and S21
(Fig. 1C, and cf. Dontsova et al., 1991), the upper, stron-
ger band corresponded to protein S7. In the sample
from E. coli strain K (Fig. 1A) the S7 band is more
intense (perhaps indicating a somewhat modified inter-
action with the mRNA) and, as expected, has a slightly
slower mobility in the gel than its counterpart from strain
B. Aliquots of the S7-mRNA complexes were also an-
alyzed by ribonuclease T, fingerprinting, to check the
distribution of the cross-linking between the four thio-U
residues in the spacer region of the mRNA. As already
noted, the T7 transcription of the mRNA was made in
the presence of small amounts of 32P-UTP, with the
result that T, digestion of the mRNA should yield the
radioactive oligonucleotides Gp, UUGp, and UAUGp
(cf. Dontsova et al., 1991). Two-dimensional thin-layer
chromatography of the digests from the cross-linked
S7-mRNA complexes showed that all three of these ra-
dioactive spots were present, indicating that the cross-
linking is distributed among the four thio-U residues; an
example is shown in Figure 1D. This result is somewhat
different from that observed by Dontsova et al. (1991),
where the cross-linking to S7 was predominantly (al-
though not exclusively) from the UUG sequence.

The isolated S7-mRNA complexes were digested with
Lys-C (see Materials and Methods) and again bound to
oligo(dT)-cellulose so as to remove the protease and
non-cross-linked peptide material. The samples were
then again applied to a 10% polyacrylamide gel, as
above, giving the result shown in Figure 1B. Each sam-
ple shows two bands on the gel, the weaker, upper
band (“P1") being identical for strain B and strain K,
indicating that this band does not arise from the
C-terminal region of the protein. We were not, however,
able to establish the identity of this weaker cross-link
site. In contrast, the lower and stronger band (“P2B”,
“P2K™) shows a distinctly different mobility between the
two strains, with P2B running slightly behind the free
mMRNAin Figure 1B, and P2K running considerably more
slowly, consistent with the predicted amino acid con-
tent in each case (7 amino acids in P2B and 22 in P2K,
as discussed above). [The proportionately small amount
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of material from the K strain sample (Fig. 1B, lane 3)
running with a mobility similar to that of P2B (Fig. 1B,
lane 2) could arise either from a cross-contamination
between the two strains or from a fortuitous partial
degradation of peptide P2K.] We conclude that the prin-
cipal site of cross-linking lies within the C-terminal re-
gion of protein S7. In the B strain the site must be within
the sequence AFAHYRW (positions 148-154), and in
the K strain the same site is likely to be involved, al-
though we cannot, of course, exclude that here the
cross-link lies within the C-terminal extension (up to
position 169). We attempted to perform N-terminal se-
guencing of the peptide—oligonucleotide complexes iso-
lated from gels such as that of Figure 1B, and, although
the results showed a poor signal-to-noise ratio, we were
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FIGURE 1. Separation and analysis of
mRNA-—protein cross-linked products. A: Auto-
radiogram of the separation of mRNA and
mRNA-protein complexes on a 10% poly-
acrylamide gel. Lane 1: Sample from E. coli
strain B. Lane 2: Sample from E. coli strain K.
The free mRNA and cross-linked complexes
containing proteins S7 (B or K), S18, and S21
are marked. B: Autoradiogram of the separa-
tion of S7-mRNA complexes after digestion
with Lys-C on a 10% polyacylamide gel.
Lane 1: Free mRNAmarker. Lane 2: Digested
complex from E. colistrain B. Lane 3: Digested
complex from E. coli strain K. The digestion
products with the internal peptide (P1) and the
C-terminal peptides (P2B, P2K) are marked.
C: Immunological analysis of mMRNA—protein
complexes, using agarose-immobilized anti-
bodies.Thelefthalfofthe diagram shows analy-
ses of the S7-mRNA complex (tested against
anti-S1, S4, S5, S7, and S18), and the right
half shows analyses of the S18, S21-mRNA
complexes (tested against anti-S1, S4, S7,
S18,and S21). D: Ribonuclease T, fingerprint
ofthe S7-mRNA complex, by two-dimensional
thin-layer chromatography. Direction of the
first dimension is from right to left and that of
the second from bottom to top. The arrow
marks the sample application point, and the
positions of the oligonucleotide digestion prod-
ucts are marked (see text).

able to identify the sequence AFA at the N-terminus of
both peptides P2B and P2K (data not shown).

Figure 2 shows the position of protein S7 in the re-
fined 16S rRNA model that was fitted to the 13 A
cryo-EM reconstruction mentioned above. Figure 2A
includes the minimum binding site for S7 on the 16S
rRNA (Dragon & Brakier-Gingras, 1993), the Fe(ll)-
EDTA foot-print sites (Powers & Noller, 1995), the cross-
link site to 16S rRNA from position —7 of the mRNA
(Rinke-Appel et al., 1994), and the two previously iden-
tified cross-links between S7 and the 16S rRNA (Urlaub
et al.,, 1997), as well as the S7-mRNA cross-link de-
scribed here. The latter is indicated by the three high-
lighted U-residues in the UUGU spacer sequence of
the mRNA and by the arrow pointing to the C-terminal
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FIGURE 2. The location of protein S7 and its binding region on the
16S rRNA in relation to the positions of tRNA and mRNA. A: The
biochemical data. Elements of the 16S rRNA comprising the minimal
binding site for S7 on the 16S rRNA are shown as black wire-frame
structures, together with protein S7 as a green backbone tube (as in
Tanaka et al., 1998). Fe(l1)-EDTA footprint sites for S7 are denoted
by the yellow nucleotides and the minimum binding site for S7 has
been expanded to include 7 bp of helix 41, so as to incorporate the
Fe(I1)-EDTA footprint sites in the latter helix. The cross-link site on
16S rRNA (position 1360) from position —7 of the mRNA is shown by
the dark purple nucleotide at the lower left extremity of helix 43.
Cross-links between S7 and the 16S rRNA (Met-115 to nt 1240, and
Lys-75 to nt 1378) are denoted by the pink or light blue CPK amino
acids and nucleotides, respectively. (The sulphur atom in Met-115 is
yellow.) The mRNA (from position —6 to +3) is shown as a red
backbone tube, with the U residues in the UUGU spacer region
added as red nucleotides. The cross-link from these U residues to
protein S7 is indicated by the red arrow pointing to the red C-terminal
backbone residue (position 147) in the crystal structure (the eight
C-terminal amino acids of the protein not being included in the latter).
The P site tRNA (in part) is represented by the blue-grey backbone
tube, with the codon-anticodon helix shown in wire-frame format. B:
Stereo view of the same structure, from a different angle. See text for
references.
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position 147 of the crystal structure (Hosaka et al,,
1997); it should be noted that the 8 amino acids at the
extreme C-terminus of the protein (where the cross-link
site to the mRNA is located) are disordered and there-
fore not included in the crystal structure (Hosaka et al.,
1997). Figure 2B is a stereo view of the same structural
elements, from a slightly different angle. It is perhaps
surprising that the variable C-terminal region of S7 lies
closest to the functionally important decoding site area.
Nonetheless, with three defined cross-link sites within
the protein (two to 16S rRNA and one to mRNA; Fig. 2),
S7 is now the most firmly “biochemically anchored”
protein in the E. coli 70S ribosome. Furthermore, to the
best of our knowledge, the S7-mRNA cross-link de-
scribed here represents the first time that an RNA-
protein contact could be predicted at the peptide/
oligonucleotide level and experimentally confirmed.

MATERIALS AND METHODS

Our procedures for the preparation of 3?P-labeled mRNA con-
taining 4-thio uridine, binding of the mRNA to ribosomes,
irradiation at 350 nm, and separation of the cross-linked prod-
ucts on sucrose gradients have all been described previously
(Stade et al., 1989; Dontsova et al., 1992). The methods for
the immunological analysis of the cross-linked proteins and
for ribonuclease T, fingerprinting of the cross-linked mRNA
have also been described (Dontsova et al., 1991). Here, ri-
bosomal complexes from E. coli strain B (MRE 600) or strain
K (CAN20-12E) were prepared on a larger scale (4,500 pmol
70S ribosomes, with 9,000 pmol each of MRNA and tRNAMe!),
and after UV irradiation of the reaction mixtures the separa-
tion procedure was carried out up to the third sucrose gradi-
ent step in SDS to dissociate 16S rRNA from ribosomal protein
(Stade et al., 1989; see text). The protein fraction from this
last gradient, which also contains any remaining free mMRNA
as well as the mRNA—protein cross-linked complexes, was
applied in a buffer containing 500 mM NacCl, 10 mM Tris-HCI,
pH 7.8, 0.1% SDS, and 1 mM EDTA to a slurry of 50 mg
oligo(dT)-cellulose (Type 7, Pharmacia) that had been pre-
washed in the same buffer. After gentle shaking for 1.5 h at
room temperature, the supernatant was removed and the
oligo(dT)-cellulose washed three times for 15 min with the
buffer. The MRNA and mRNA-protein complexes were then
eluted by warming the oligo(dT)-cellulose to 55 °C for 15 min
with three successive aliquots (100 wlL) of a buffer containing
10 mM Tris-HCI, pH 7.8, 0.1% SDS, and 1 mM EDTA. A final
elution step was made at 60°C for 15 min with a further
100 wl of this buffer.

The eluates from the oligo(dT)-cellulose were combined,
precipitated with ethanol, taken up in a small volume of 0.5%
SDS, and then applied to a 10% polyacrylamide gel contain-
ing 0.1% SDS and 7 M urea. Bands corresponding to cross-
linked mRNA-protein complexes (cf. Fig. 1A) were extracted
from the gel in 10 mM Tris-HCI, pH 7.8, 0.1% SDS, and 1 mM
EDTA and precipitated with ethanol. After removal of aliquots
for immunological analysis and ribonuclease T, fingerprinting
(see Fig. 1C,D) the S7-mRNA complex (~10 pmol, in 30 uL
of 25 mM Tris-HCI, pH 8.5, 0.1% SDS, 1 mM EDTA) was
treated with 15 uL of Lys-C (Boehringer-Mannheim; freshly
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dissolved to 0.1ug/uL in 50 mM HEPES-KOH, pH 8.0,
10 mM EDTA, 5 mg/mL raffinose). The protease digestion
was allowed to proceed for 16-20 h at 32°C. The cross-
linked mRNA—peptides were separated from protease and
from non-cross-linked peptides by binding to oligo(dT)-
cellulose as described above, and the eluted products were
again applied to a 10% polyacrylamide gel (cf. Fig. 1B).
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