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The ribosomal environment of tRNA: Crosslinks to rRNA
from positions 8 and 20:1 in the central fold of tRNA
located at the A, P, or E site
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ABSTRACT

The naturally occurring nucleotide 3«3-amino-3-carboxy-propyl) uridine (‘‘acp3U’’) at position 20:1 of lupin
tRNAMe' was coupled to a photoreactive diazirine derivative. Similarly, the 4-thiouridine at position 8 of Esch-
erichia coli tRNAP"® was modified with an aromatic azide. Each of the derivatized tRNAs was bound to E. coli
ribosomes in the presence of suitable mRNA analogues, under conditions specific for the A, P, or E sites. Af-
ter photoactivation of the diazirine or azide groups, the sites of crosslinking from the tRNAs to 16S or 23S rRNA
were analyzed by our standard procedures, involving a combination of ribonuclease H digestion and primer
extension analysis. The crosslinked ribosomal proteins were also identified. The results for the rRNA showed
a well-defined series of crosslinks to both the 16S and 23S molecules, the most pronounced being (1) an en-
tirely A-site-specific crosslink from tRNA position 20:1 to the loop-end region (nt 877-913) of helix 38 of the
23S RNA (a region that has not so far been associated at all with tRNA binding), and (2) a largely P-site-specific
crosslink from tRNA position 8 to nt 2111-2112 of the 23S RNA (nt 2112 being a position that has previously
been identified in footprinting studies as belonging to the ribosomal E site). The data are compared with re-
sults from a parallel study of crosslinks from position 47 (also in the central fold of the tRNA), as well as with
previously published crosslinks from the anticodon loop (positions 32, 34, and 37) and the CCA-end region (po-
sition 76, and the aminoacyl residue).

Keywords: 3D model-building studies; modified nucleotides in tRNA; photoreactive derivatives; primer exten-
sion analysis; ribonuclease H digestion; topography of rRNA

INTRODUCTION

When two tRNA molecules are bound to the ribosome
at the A and P sites, their CCA ends have to be in con-
tact at the peptidyl transferase center on the 505 sub-
unit to enable peptide bond formation to occur, and
their anticodon loops are also close together via the in-
teractions with adjacent codons on the mRNA in the
30S subunit. These stereochemical constraints have the
effect of forcing the “elbow” or “central fold” regions
of the two L-shaped tRNAs apart (e.g., Sundaralingam
et al., 1975), so that—even if the angle between the
planes of the molecules is made relatively small (Smith
& Yarus, 1989) —there is still a substantial separation
between the respective elbow regions. It follows that
a precise analysis of contact or crosslink sites between

Reprint requests to: Richard Brimacombe, Max-Planck-Institut fuer
Molekulare Genetik, Ihnestrasse 73, D-14915 Berlin, Germany.

the ribosome and the central fold of tRNA molecules
located at the A and P (or E) sites should yield well-
differentiated results that would be particularly useful
for determining the topography of the ribosomal com-
ponents in the 305-505 subunit interface area. This con-
tention is underscored by recent high-resolution
electron microscopic reconstructions of Escherichia coli
70S ribosomes in vitreous ice (Frank et al., 1995; Stark
et al., 1995), which indicate that tRNA-ribosome con-
tacts from the central fold would be expected to occur
to the “head” of the 305 subunit, to the “central pro-
tuberance” of the 50S subunit, and to the “bridge” con-
necting the two subunits, as well as possibly to other
regions such as the “side lobe” of the 30S subunit, or
the “L1 protuberance” and the “L7/12 stalk” of the 505
subunit. (See Frank et al. [1991] for a description of
these terms in relation to the 70S structure.)
Previous crosslinking studies involving the central
fold of the tRNA have concentrated on identifying the
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ribosomal proteins that are located in this neighbor-
hood. These studies include crosslinks from azido de-
rivatives attached to natural modified nucleotides at
tRNA positions 8 (Lin et al., 1984), 47 (Ofengand et al.,
1986), or 20:1 (Podkowinski & Gornicki, 1991), as well
as direct UV-induced crosslinks from a number of po-
sitions in the elbow region (Abdurashidova et al., 1989,
1990). More recently, we have begun a corresponding
analysis of crosslinks to the 165 and 23S ribosomal
RNA molecules, using photoreactive labels attached to
the same tRNA positions just mentioned, namely 8, 47,
and 20:1. We had previously published the identifica-
tion of a crosslink from the 3-(3-amino-3-carboxy-propyl)
uridine residue (“acp®U”) at position 47 of E. coli
tRNAP" to nt 2309 of the 235 RNA (Mitchell et al.,
1993); this crosslink was formed from P-site-bound
tRNA, and the crosslinking reagent was the N-hydroxy-
succinimide ester of p-azido hippuric acid. Since then,
we have analyzed a series of crosslinks to the 165 and
23S rRNA molecules from the same position of tRNA™*
bound to the A, P, or E sites, using the N-hydroxy-
succinimide ester of 4-(trifluoromethyl diazirino)-
benzoic acid (“TDB;” Bochkareva et al., 1988) as the
crosslinking moiety (Osswald et al., 1995). In this pa-
per, we describe crosslinks both from the acp®U resi-
due at position 20:1 of lupin tRNAMe* (derivatized
with TDB), and from the 4-thiouridine residue at po-
sition 8 of E. coli tRN AP (derivatized by reaction with
p-azido phenacyl bromide [“APAB;” Hixson & Hixson,
1975]). As in our experiments with tRN A derivatized
at position 47, well-defined patterns of crosslinking were
observed in each case from the three ribosomal sites (A,
P, and E), involving ribosomal proteins from both sub-
units as well as the 165 and 23S rRNA molecules.

Together with these new data, there is now a sub-
stantial body of crosslinking information from the three
principal regions of the tRNA molecule — the anticodon
loop, the central fold, and the CCA end —to the 16S or
23S rRNA. Data from the anticodon loop include the
classical P-site “zero-length” crosslink from position 34
to nt 1400 of the 165 RNA (Prince et al., 1982), and a
crosslink from position 37 of E-site bound tRNA to a
site close to the 3’-terminus of the latter (Wower et al.,
1993), as well as a series of A-, -, and E-site crosslinks
from tRNA{*® derivatized at the thiocytidine residue
in position 32 (Doring et al., 1994). At the CCA end,
an azidoadenosine derivative at position 76 of P-site
bound tRNA has been linked to nt 1945 of the 23S RNA
(Wower et al., 1989), and a number of crosslinks from
the immediately adjacent aminoacyl residue to 23S
RNA have also been reported (Steiner et al., 1988;
Mitchell et al., 1993; Stade et al., 1994). These data are
summarized in the Discussion and form a basis for de-
fining the ribosomal environment of tRNA that will
have to be taken into account in our current and future
rRNA model-building studies (cf. Brimacombe, 1995;
Stark et al., 1995).
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RESULTS

Binding derivatized tRNAs to the ribosome

The acp®U residue at position 20:1 of lupin elongator
tRNAM¢t reacts specifically with N-hydroxysuccinimide
esters (Podkowinski & Gornicki, 1991), and, in this
series of experiments, we made use of the N-hydroxy-
succinimide ester of the diazirine derivative TDB (Boch-
kareva et al., 1988), as described in the Materials and
methods. Podkowinski and Gornicki (1991) have dem-
onstrated that this type of derivatization at position
20:1 does not appreciably reduce the ability of the lu-
pin tRNAM<! to bind to the ribosome. Our own assays
(data not shown) confirmed their observation. The
tRNAMet was *P-labeled at its 5’ terminus. For EF-Tu-
dependent binding to the ribosomal A site, the deriv-
atized tRNAM¢t (“TDB-tRNAM¢t"”) was charged with
methionine, and was then bound to E. coli 70S ribo-
somes (tight couples, or reconstituted from 30S and
50S subunits) that had been programmed with tRNAA™®
in the presence of an mRNA analogue (MRNA-1, see
the Materials and methods) containing the coding se-
quence CGU AUG GAA (Arg Met Glu); derivatization
of the tRNA was carried out prior to charging, so as to
avoid concomitant modification of the «-amino group
of the methionyl residue. For P-site binding, un-
charged TDB-tRNAM* was bound directly to the ribo-
somes in the presence of the same mRNA analogue. In
the case of the E site, the ribosomes were programmed
with tRNA“™, again using mRNA-1, followed by
binding of uncharged TDB-tRNAM¢t. Alternatively,
the TDB-tRNAMe! P-site complex just mentioned was
translocated to the E site by binding Glu-tRNA™ to
the A site, followed by addition of EF-G and GTP. The
various ribosomal complexes containing TDB-tRNAM¢!
were irradiated with UV light at 350 nm (Tate et al.,
1990; Bochkariov & Kogon, 1992) to activate the diaz-
irine reagent and generate the crosslinks.

In a previous series of experiments (Déring et al.,
1994), we used a bromacetylamino diazirine derivative
to specifically modify the thiocytidine residue at posi-
tion 32 of tRNA{3. The tRNA{*3 also contains a
4-thiouridine residue at position 8, as does E. coli
tRNATPe, but this is not reactive to the diazirine deriv-
ative (Doring et al., 1994). Accordingly, in order to
modify the 4-thiouridine at position 8 in the tRNA"e,
we reverted to the use of the azido derivative APAB
(Hixson & Hixson, 1975), which is known to react spe-
cifically and essentially quantitatively with the 4-thio-
uridine residue, without significantly affecting the
ribosome-binding properties of the tRNA™ (Hsu et al.,
1994). In this case, for EF-Tu-dependent binding to the
A site, #P-labeled tRN A" was first charged with phe-
nylalanine and then modified with APAB (APAB does
not react with the aminoacyl moiety [Hsu et al., 1984]).
The charged APAB-tRNA™* was added to ribosomes




1020

that had been programmed with tRNA™¢t in the pres-
ence of an mRNA analogue containing the coding
sequence AUG UUC (Met Phe; mRNA-2, see the Ma-
terials and methods). For P-site binding, uncharged
tRNAP" was modified with APAB, and bound di-
rectly to the ribosomes in the presence of mRNA-2. For
E-site binding, mRNA-3 was used in which the AUG
and UUC codons are reversed (UUC AUG), and the
uncharged APAB-tRNA™¢ was added after binding of
tRNA™Met - Although binding tRNA to a codon “up-
stream” of the initiator codon represents a nonphysi-
ological situation, our previous experiments (Doring
et al., 1994) have shown this to be an effective way of
binding a modified tRNA to the E site. The ribosomal
complexes containing APAB-tRNA™* were photoacti-
vated by irradiation at wavelengths above 280 nm, as
described in the Materials and methods.

Isolating crosslinked complexes

The irradiated complexes containing either TDB-
tRNAMet or APAB-tRNAP" were applied to a series of
three sucrose gradients (Stade et al., 1989), the first at
high magnesium to separate the 70S ribosomal com-
plexes from unbound tRNA and mRNA, the second at
low magnesium to dissociate the 30S and 505 subunits,
and the third in SDS to separate fractions, respectively,
containing ribosomal proteins and 165 or 235 rRNA,
carrying the crosslinked **P-labeled tRNA. In all of the
complexes with the two derivatized tRNAs, crosslinking
to both ribosomal subunits was observed in the second
sucrose gradients, and the distribution of radioactivity
between the RNA and protein fractions in the SDS gra-
dients showed that the crosslinking was predomi-
nantly to the proteins, the reaction with the rRNA
moiety being generally lower by a factor of 3-10. The
overall yields of crosslinking were of the order of 3-5%,
these values lying in the usual range for diazirine or
azido derivatives, where the short-lived free radicals
generated during the irradiation process (Brunner
et al., 1980; Bochkariov & Kogon, 1992) react to a large
extent with the solvent. Control experiments with non-
irradiated tRNA-ribosome complexes, or complexes
containing derivatized tRNA that had been irradiated
prior to binding to the ribosome, showed zero levels
of crosslinking.

The crosslinked proteins were identified by gel elec-
trophoresis followed by immunological analysis (Gulle
et al., 1988). However, we do not show these data
here, because the results were essentially identical to
those found with tRNAP"e derivatized at position 47
(Osswald et al., 1995). The crosslinked protein identi-
fication documented in this latter paper from the 30S
subunit involved 519, together with traces of S9 and
S13 at the A site, S7, S9, and S13 at the P site, and S7
at the E site. From the 50S subunit, L16 and L27 were
found at the A site, L1, L5, L27, and L33 at the P site,
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and L1 and L33 at the E site. The only significant dif-
ference in the current series of experiments was that
both P- and E-site-bound APAB-tRNA""* gave strong
crosslinking to protein 511 in the 30S subunit, instead
of to proteins 57, S9, or 513 (data not shown). The dif-
ferentiated patterns of protein crosslinking serve to in-
dicate a corresponding specificity in the binding of the
derivatized tRNAs to the A, P, or E sites.

Of more interest to us are the crosslinks to 16S or 23S
rRNA. In the case of TDB-tRNAM¢t, similar levels of
crosslinking to rRNA were observed from the A and P
sites, the level of reaction with 23S RNA being two- or
threefold higher than that to 165 RNA. The amount of
crosslinking to rRNA from the E site was, on the other
hand, much lower, regardless of whether the E-site
binding was made directly, or by translocation from the
P site, as described above; here the distribution of
crosslinking between the 165 and 23S molecules was
roughly equal. No significant differences in crosslink-
ing were observed between preparations made with
706 tight couples and those made with 70S ribosomes
reconstituted from 30S and 505 subunits. In the case
of APAB-tRNA™¢, the crosslinking to rRNA was very
low from both the A and E sites, whereas from the P
site, a higher level was found, distributed roughly
equally between the 165 and 23S RNA. Although the
absolute levels of crosslinking tended to be somewhat
variable, the patterns and specificities of the principal
crosslink sites on the 165 and 235 RNA molecules were
very reproducible.

Determination of crosslink sites on rRNA

In order to localize the crosslink sites on the rRNA, the
23S or 165 RNA complexes linked to **P-labeled TDB-
tRNAMe' or APAB-tRNA" were subjected to a series
of digestions by ribonuclease H in the presence of oli-
godeoxynucleotides (10- or 17-mers) complementary to
selected sequences on the rRNA molecules (Doring
et al., 1994; Stade et al., 1994). After “scanning” the
whole rRNA molecule in this way using pairs of oligo-
deoxynucleotides spanning 100-200-nt segments of the
rRNA, those regions found to contain crosslinks were
subjected to further digestions in the presence of dif-
ferent pairs of oligodeoxynucleotides so as to narrow
down the position of the crosslink site as far as possi-
ble (Déring et al., 1994; Stade et al., 1994). Examples
of the polyacrylamide gels used to separate the prod-
ucts of these digestions are illustrated in Figure 1. Next,
100-200-nt fragments of the rRNA encompassing the
crosslink sites were isolated —again by ribonuclease H
digestion —and the crosslink sites were identified,
where possible, by primer extension analysis (Moazed
etal., 1986; Doring et al., 1994); examples of these gels
are given in Figure 2. The combined results of a large
number of experiments are summarized in Table 1, and
the locations of the various crosslink sites within ele-
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FIGURE 1. Autoradiograms of ribonuclease H digests of crosslinked
A, P, or E site tRNA-16S or tRNA-23S complexes, containing 32P-
labeled tRNA. A-D: Lupin tRNAM¢! (derivatized at position 20:1).
E-H: E. coli tRNAh® (derivatized at position 8). Digestions were
made in the presence of pairs of oligodeoxynucleotides centred on
two 165 or 23S RNA positions, respectively, as follows. A: 235 po-
sitions 865 and 913, releasing a fragment of ca. 50 nt. B: 235 posi-
tions 2088 and 2163 (a ca. 75-nt fragment). C: 235 positions 2511 and
2603 (ca. 90 nt). D: 165 positions 1302 and 1358 (a ca. 55-nt fragment,
plus a ca. 185-nt fragment from position 1358 to the 3’ terminus). E:
23S positions 2102 and 2170 (ca. 70 nt). F: 235 positions 2281 and 2358
(ca. 75 nt). G: 235 positions 2358 and 2442 (ca. 85 nt). H: 16S posi-
tion 1531 (left slot; a ca. 10-nt fragment), and 16S positions 1349 and
1378 (right slot; fragments of ca. 195 and 165 nt, respectively — see
text). The fast-moving band in each gel slot corresponds to free tRNA
(cf. Déring et al., 1994).

ments of the 165 or 23S rRNA secondary structures are
shown in Figures 3 and 4 (see the Discussion).
Before describing the results in detail, some com-
ments must be made concerning the interpretation of
the crosslinking data from the A, P, or E sites. As al-
ready noted above, the levels of crosslinking obtained
with diazirine or azido reagents are normally very low,
and, furthermore, there are considerable variations in
intensity between the different individual crosslink
sites on the ribosomal RNA. In this situation, the func-
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TABLE 1. Summary of crosslinks to 235 and 165 RNA from position
20:1 or 8 of tRNA at the ribosomal A, P, and E sites.?

tRNA Localization Crosslink site(s)
position rRNA by RNAse H by primer extension A P E

877-913 - ++ -

20:1 23S -
1904-1933 - + + +
2088-2114 - - (+) +
2281-2310 2309 ++ ++ +
2460-2495 2476 ' + ++ +
2572-2603 2574 - 4+ +
2572-2603 (2586) + - -
- 20:1 165 687-727 694, 711 ++ ++ o+
687-727 701 - -+
1318-1358 (1335), 1342, (1348) + + +
1465-1500 - + -
1500-1542 - + + +
8 235 865-913 (889) + - -
1845-1892 - - + -
2102-2163 2111, 2112 — ++ +
2281-2358 - - + -
2398-2442 (2428) - + (+)
8 16S  1317-1350 1338, 1339 - + -
1531-1542 - - ++ +

* The shortest RNA region encompassing each crosslink site as
determined by ribonuclease H digestion (cf. Fig. 1) and the corre-
sponding crosslinked positions as determined by primer extension
analysis (cf. Fig. 2) are shown. In the primer extension column, “ —"
indicates that no reproducible stop signal was observed; minor stop
sites, or those not always observed, are in parentheses. Distribution
of the crosslinks between the A, P, and E sites is denoted by “++"”
(major) or “+" (minor). Here the symbol “—" means that the cross-
link concerned was either absent or drastically reduced in relation
to the corresponding crosslink from one of the other two tRNA sites,
and in the latter case is thus regarded as a cross-contamination; “(+)”
means that it was unclear whether there was a genuine contribution
from the tRNA site concerned. (Note: The limits of the RNA regions
defined by the ribonuclease H digestions are given in each case to
the midpoint of the sequence complementary to the oligodeoxynucle-
otide concerned. Depending on the precise sites of ribonuclease H
cleavage, these regions may of course be extended by up to two or
three nucleotides in either direction).

tional tests that are usually applied to determine the
site-specificity of the tRNA binding to the ribosome are
not appropriate for making unequivocal assignments
of the corresponding site-specificity of the observed
crosslinks. Thus, for example, a puromycin test might
indicate that 90% of the bound tRNA is at the A site in
a particular experiment, with the residual 10% being
bound to the P site; if, however, this residual P-site-
bound tRNA happens to be crosslinked relatively
strongly to a particular position on the ribosomal RNA,
then—on the basis of the puromycin result alone — that
crosslink would be incorrectly assigned to the A site.
The solution to this dilemma is, as we have done be-
fore (Doring et al., 1994; Osswald et al., 1995), to make
parallel crosslinking analyses under A-, P-, and E-site
conditions in every experiment; in the example just
cited, the “residual P-site” crosslink would show up
much more strongly in the P-site sample than in the
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FIGURE 2. Examples of autoradiograms of primer extension analyses of individual crosslinked complexes. In each case,
lane X is a crosslinked sample, isolated as a complex containing a 100-200-nt fragment of 165 or 235 RNA by ribonuclease
H digestion (cf. Fig. 1). Lane K is the corresponding free (i.e., noncrosslinked) RNA fragment, isolated from the same di-
gestion. A, C, G, and T are dideoxy sequencing lanes. In each panel, an appropriate part of the 10% sequencing gel is
shown, with the stop signals corresponding to the crosslink sites denoted by large arrowheads (principal signals) or small
arrowheads (weaker signals, or those not always seen). A: E- and P-site samples from lupin tRNAM®! crosslinked to 165
RNA, using a primer for the primer extension reaction complementary to positions 779-795 of the 16S. B: P-site sample
(lupin tRNAM¢t to 165 RNA), with primer complementary to positions 1412-1426. C: P-site sample (E. coli tRNA® cross-
linked to 23S RNA), with primer complementary to positions 2212-2230. (The minor stop signal visible at position 2147
was only rarely observed.) D: P-site sample (lupin tRNAM®! to 235 RNA), with primer complementary to positions

2639-2653.

A-site sample, and hence be now correctly assigned to
the P site.

The interpretation of the data becomes somewhat
more subtle in those cases where a particular crosslink
is indeed formed from more than one of the three
tRNA binding sites. Here, we exploit the fact that
crosslinks are concomitantly formed from each tRNA-
binding site to several positions on the ribosomal RNA.
Suppose —again as an example—that crosslinks “x”
and “y” are formed from the P site, and that crosslink
“x" is also formed from the E site. If, in a particular ex-
periment, the E-site complex was contaminated with
a certain amount of P-site-bound tRNA, then we would
expect to see both crosslinks “x” and “y” appearing as
minor contaminating components in the E-site sample.
If, on the other hand, we only observe crosslink “x” in
the E-site sample, then we can interpret this as a gen-
uine E-site crosslink. The crosslinks that are listed in
Table 1 are based on reproducible observations of this
nature from the ribonuclease H digestion data (cf.
Fig. 1). The correctness of our interpretations is corrob-
orated by the finding that, in some cases (Table 1, and
see below), crosslinks from two or more tRNA binding
sites to the same ribosomal RNA region (as evidenced
by the ribonuclease H digestions) showed different
stop signal patterns in the corresponding primer exten-

sion analyses (cf. Fig. 2), and thus do indeed represent
distinct crosslink sites.

Crosslink sites on 23S rRNA

The most striking crosslink formed by TDB-tRNAM¢t
was to the 900 region of the 23S RNA. This crosslink
was entirely specific for the A site (Fig. 1A), and a com-
bination of different ribonuclease H digestions served
to localize the site to between nt 877 and 913 (Table 1).
However, although the crosslink was reproducibly and
strongly seen in the ribonuclease H experiments, no
stop signal was found in the corresponding primer ex-
tension analyses. Similar examples of this phenom-
enon have been observed previously (Rinke-Appel
et al., 1993; Stade et al., 1995), and most probably re-
sult from a crosslink to a ribose moiety or to some other
position within a nucleotide that does necessarily cause
the reverse transcriptase to pause or stop. A weak cross-
link in the same region of the 23S RNA, also A-site spe-
cific, was found with APAB-tRNA" ¢ (Table 1), and
here a faint primer extension signal was observed at
position 890, suggesting a crosslink site at nt 889.
Weak crosslinking from all three sites was observed
with TDB-tRNAM= between nt 1904 and 1933, whereas
APAB-tRNA"™-¢ showed a P-site-specific crosslink
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FIGURE 3. Locations of the crosslink sites (Table 1) in the corresponding regions of the secondary structure of 235 RNA,
compared with other crosslinking data. The sketch of a tRNA molecule indicates the positions from which crosslinking
data are available (see text for references); N denotes the aminoacyl residue. A-, P-, and E-site crosslinks are denoted by
corresponding capital letters (major crosslinks) or small letters (minor crosslinks, or those not always seen), together with
the tRNA position concerned (position 20:1 is for simplicity referred to as 20). Crosslinks indicated by dotted lines (as op-
posed to arrows) are those where no reverse transcriptase stop signal could be detected within the crosslinked region iden-
tified by ribonuclease H digestion (cf. Table 1). Data from this paper are underlined. Helices in the 235 RNA structure are
numbered according to Leffers et al. (1987).
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FIGURE 4. Locations of the crosslink sites (Table 1) in
the corresponding regions of the secondary structure
of 165 RNA, compared with other crosslinking data.
The 165 RNA helices are numbered according to
Brimacombe (1991). See legend to Figure 3 for further
explanation.
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nearby, between 1845 and 1892 (Table 1); here again no
reverse transcriptase signals were found. TDB-tRNAM®t
showed a minor E-site-specific site between 2088 and
2144 (cf. the somewhat longer fragment in the digest
of Fig. 1B), and in the same area APAB-tRNA"™* gave
a major P-site crosslink (also observed more weakly
from the E site, Fig. 1E), with primer extension stops
indicative of crosslinks to nt 2111 and 2112 (Fig. 2C).
In the 2300 region, TDB-tRNAM¢ showed crosslinks
from all three sites, most strongly from the A and P
sites (Table 1), and the crosslink was localized to nt
2309 (Table 1; cf. Mitchell et al., 1993). In contrast,
APAB-tRNAP"® only showed weak P-site-specific
crosslinking in this region (nt 2281-2358; Fig. 1F), and
no primer extension signal was observed. With APAB-
tRNA"" a P-site-specific crosslink was localized to the
2398-2442 region (with traces from the E site as well; cf.
the corresponding longer fragment shown in Fig. 1G),
and here the primer extension analyses indicated a
crosslink site at nt 2428, although this stop signal was
not seen in all experiments.

TDB-tRNAM¢' showed crosslinking from all three
sites (most prominently from the P site) to nt 2476 (Ta-
ble 1), and a similar crosslinking pattern was found in
the region between 2572 and 2603 (cf. the digest in
Fig. 1C). In the latter case, the P-site crosslink (and also
that from the E site) was localized to nt 2574 (Fig. 2D),
whereas the A-site crosslink was localized to nt 2586
(Table 1), although in the latter case the stop signal was
not always observed.

Crosslink sites on 16S rRNA

TDB-tRNAM¢! gave crosslinking from all three sites to
the 687-727 region of the 165 RNA (Table 1). The
strong A- and P-site crosslinks were localized to nt 694
and 711 by primer extension analysis (see Fig. 2A for
the P-site result), whereas the E-site crosslinking —
although weaker in quantitative terms —reproducibly
showed an additional site at nt 701 (Fig. 2A). Weaker
and somewhat variable crosslinking was observed with
TDB-tRNAM! to the 3 region of 16S RNA. This is typ-
ified by the example shown in Figure 1D, where cross-
linking predominantly from the A and P sites to the 3’
185 nt can be seen, together with crosslinking predom-
inantly from the P and E sites between positions 1302
and 1358. In other experiments, the latter region also
exhibited significant crosslinking from the A site (Ta-
ble 1), and the crosslink sites were localized by primer
extension analysis to nt 1342, with contributions from
nt 1335 and 1348 (Fig. 2B). The crosslinking closer to
the 3’ end was localized to the 3’-terminal 40 nt (Ta-
ble 1), and a further weak A-site crosslink was some-
times observed between 1465 and 1500, although no
primer extension signals were seen.

APAB-tRNA™"* showed only low levels of cross-
linking to the 165 RNA. No A-site-specific crosslink
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sites could be detected at all, whereas a weak P-site-
specific crosslink was identified at nt 1338-1339. The
most prominent crosslink was from the P site (and to
alesser extent from the E site) to the extreme 3’-termi-
nus of the 165 RNA (nt 1531-1542, Table 1). The latter
crosslink is illustrated in Figure 1H; on the left is a di-
gest from the extreme 3’ terminus, whereas the digest
on the right exemplifies a typical negative result, where
no radioactive band is released corresponding to the
excised fragment (the 30 nt between 1349 and 1378; di-
gestion at the latter position is clearly incomplete) and
the bands observed (195 and 165 nt) both arise from the
extreme 3'-terminal crosslink.

DISCUSSION

Two distinct types of crosslinking approach have been
applied to the study of contacts or neighborhoods be-
tween tRNA and rRNA. The first involves essentially
“zero-length” crosslinking procedures, such as direct
UV irradiation (Prince et al., 1982), or the use of azido
derivatives incorporated into a purine base in the tRNA
(e.g., Wower et al., 1989). This approach gives very
precise information, but has the concomitant disadvan-
tage that from many positions of the tRNA there may
not be a potential crosslinking target on the rRNA that
is sufficiently close to react. The alternative approach,
which has been used frequently to study neighbor-
hoods between tRNA and ribosomal proteins (e.g.,
Ofengand et al., 1986) and which we have exploited
here, makes use of natural modifications in the tRNA
in order to attach a photoreactive ligand. The reagents
usually employed —as in the experiments here —have
a fully extended length of ca. 7-8 A, which, in the case
of acp®U, effectively becomes 10-11 A due to the
length of the side chain on the acp3U residue to which
the reagent is attached (Podkowinski & Gornicki,
1991). With this method, sites on the rRNA can be
crosslinked from many more positions on the tRNA,
but the information obtained is correspondingly less
precise; the same site on the rRNA can, in principle,
be reached from positions on the tRNA that are up to
ca.20A apart, or similarly from tRNAs that are bound
to different ribosomal sites. This property is reflected
in the overall patterns of crosslinking data, which are
summarized in Figure 3 for the 235 RNA and in Fig-
ure 4 for the 165 RNA.

The data sets illustrated in Figures 3 and 4 include
the direct UV crosslink from position 34 of P-site-bound
tRNA (Prince et al., 1982), and the crosslinks from
azidonucleotides at positions 37 (Wower et al., 1993)
and 76 (Wower et al., 1989), as well as our own data
from positions 32 (Doéring et al., 1994), 47 (Mitchell
et al., 1993; Osswald et al., 1995), and 8 and 20:1 (this
paper). In addition, crosslinks are included that have
been observed from a derivatized aminoacyl residue at-
tached to the 3’ terminus of the tRNA (Steiner et al.,
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1988; Mitchell et al., 1993; Stade et al., 1994). The over-
all pattern is —as expected — that, whereas crosslinks
from the anticodon loop region are exclusively to the
16S RNA and those from the CCA end or aminoacyl
residue are exclusively to the 235 RNA, crosslinks from
the central fold region are to both rRNA molecules.

Environment of tRNA on 23S rRNA

The crosslinking data for 23S RNA (Fig. 3) are grouped
within five distinct regions of the molecule. The most
unexpected result is the observation of A-site-specific
crosslinking from all three positions (8, 47, and 20:1)
of the central fold of the tRNA to helix 38 (Fig. 3, up-
per left). Although in the most prominent case (from
position 20:1, Fig. 1A) the crosslink site could not be
pin-pointed by primer extension, the ribonuclease H
data (Table 1) clearly localize the crosslink to a ca. 35-nt
region at the loop-end of this long helix (only about
one-third of the helix is shown in Fig. 4). Helix 38 has
not so far been implicated as being close to a functional
area of the ribosomal RNA, and its location within the
3D structure of the 235 RNA is not constrained by
other topographical data (cf. Brimacombe, 1995).
Several crosslinks —the second group — occur within
helices 68-70 in Domain IV of the 23S RNA (Fig. 3,
lower left), including the crosslink to base 1945 from an
azidonucleotide at position 76 of the tRNA (Wower
etal., 1989). This area of the 23S RNA has been shown
by direct UV crosslinking to lie close to the peptidyl
transferase center (Brimacombe, 1995), and moreover,
helix 69 has been crosslinked to 165 RNA (Mitchell
et al., 1992), and therefore probably forms part of the
interface bridge (Frank et al., 1995; Stark et al., 1995)
connecting the 305 and 50S subunits. On the other
hand, helix 68, which exhibits crosslink sites from po-
sitions 47 and 8 of P-site tRNA, also has a crosslink site
to protein L1 (Brimacombe, 1991). This helix is accord-
ingly already topographically “linked” to the third group
of tRNA crosslink sites, namely those between helices
76 and 77 (Fig. 3, upper right), where the binding site
for protein L1 (Branlant et al., 1976) is located, as well
as further crosslink sites to this protein (Brimacombe,
1991). The corresponding well-defined P-site crosslinks
at nt 1852 and 1878 from position 47 of the tRNA, and
at nt 2111-2112 from position 8 (Figs. 1E, 2C) thus sug-
gest that the central fold of the P-site tRNA is close to
the L1 protuberance of the 50S subunit. Furthermore,
nt 2112 has been identified as a CCA-end dependent
E-site footprint position (Moazed & Noller, 1989a); be-
cause the E-site tRNA (having released its peptidyl
moiety) is no longer constrained to the peptidyl trans-
ferase center at its CCA end, the crosslink site from po-
sition 8 of P-site tRNA to the same nucleotide helps to
define the relative orientations of the P- and E-site
tRNAs in this area of the 23S molecule. E-site-specific
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crosslinking from position 20:1 was also observed in
this region (Table 1).

The fourth group of crosslink sites is in the region of
helices 83 and 84 (Fig. 3, lower right). By virtue of
crosslinks to proteins L5, L18, and L27 (Brimacombe,
1991), this part of the 23S RNA belongs to the vicinity
of the central protuberance of the 50S subunit (cf.
Walleczek et al., 1988). The crosslinks here are largely
from the P site, nt 2309 being the most prominent tar-
get of crosslinking (cf. Mitchell et al., 1993). Nucleotide
2309 is also crosslinked from position 20:1 of A-site
tRNA. If the A- and P-site tRNAs are arranged in the
“S" configuration (Lim et al., 1992; Easterwood et al.,
1994), then the D-loop of the A-site tRNA faces the P
site. The S configuration is the one that we now favor
in our model-building studies (Stark et al., 1995), and
therefore-an “overlap” between A-site crosslinking
from position 20:1 and P-site crosslinking from posi-
tions 8 or 47 is not unreasonable.

The latter argument cannot, however, be used to ex-
plain the large number of A-, P-, and E-site crosslinks
from positions 20:1 and 47 in the fifth and final group
of sites on the 235 RNA, namely those at the peptidyl
transferase center (Fig. 3, lower middle), which is the
ring enclosed by helices 73, 74, 89, 90, and 93 (Vester
& Garrett, 1988). Here, there is a much greater “over-
lap” in the crosslinking data, the most extreme exam-
ple being nt 2505, which is crosslinked to the aminoacyl
residue of P- and A-site tRNA (Steiner et al., 1988;
Stade et al., 1994) and is also crosslinked from position
47 of tRNA at all three sites, as well as being foot-
printed by P-site tRNA (Moazed & Noller, 1989a). The
distance between position 47 and an aminoacyl residue
attached to position 76 (ca. 50 A) is too large to be
bridged by the lengths of the respective crosslinking re-
agents (ca. 10 A), and concomitant crosslinking to the
same nucleotide on the rRNA therefore implies either
a flexibility of the tRNA-binding sites or a flexibility in
the structures of the tRNA and rRNA molecules them-
selves. The crosslinking to the loop-end of helix 89 is
interesting in this respect, because this loop-end has
also been crosslinked to loop IV of 55 RNA (Dontsova
et al., 1994). Dohme and Nierhaus (1976) have reported
that 50S subunits lacking 5S RNA show a greatly re-
duced level of EF-Tu-dependent A-site tRNA binding,
and the crosslinking from position 47 of A-site tRNA
to helix 89 is compatible with this observation. Helix 89,
furthermore, contains a strong crosslink site to protein
L6 (Brimacombe, 1991), which is located on the L7/12
stalk side of the central protuberance of the 50S sub-
unit (Walleczek et al., 1988), close to where A-site bind-
ing would be expected (Stark et al., 1995). On the other
hand, the same loop-end of helix 89 is crosslinked from
position 20:1 of P-site tRNA, and Muralikrishna and
Cooperman (1995) have crosslinked this area (albeit
using a rather long reagent) to protein L1, on the other
side of the central protuberance. Taken together, these
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results are incompatible with one another and suggest
that helix 89 may be involved in quite large conforma-
tional changes within the ribosome. “Hybrid” or inter-
mediate tRNA-binding sites (Moazed & Noller, 1989b)
may also contribute to the complexity of the crosslink-
ing patterns here.

It is noteworthy that there are no crosslinks from po-
sition 8 of the tRNA to the peptidyl transferase area,
with the exception of the P-site crosslink tentatively lo-
cated to nt 2428 (not far from the E-site footprint at nt
2394 [Moazed & Noller, 1989a]). This lack of reactivity
may merely be due to our use of an azido reagent to
modify position 8, the azido compounds being in gen-
eral not as reactive as the corresponding diazirines
(Bochkariov & Kogon, 1992).

Environment of tRNA on 16S rRNA

The corresponding crosslinking data for 16S RNA
(Fig. 4) are grouped into three regions of the molecule,
the first of which is helix 23 (Fig. 4, upper right). The
crosslinks here are predominantly from positions 20:1,
32, and 47 of P- and E-site tRNA, and one of them is
notably an E-site-specific crosslink at nt 701 (Fig. 2A)
from position 20:1. Significant crosslinking from posi-
tion 20:1 of A-site tRNA was, however, also seen,
and —as with the crosslinks to the peptidyl transferase
region (above)—this concomitant crosslinking to the
same nucleotides in the helix 23 area from all three
tRNA sites is difficult to explain without invoking some
flexibility of the tRNA or rRNA structures. Current
model-building studies (Brimacombe, 1995; Stark et al.,
1995) place helix 23 on the side lobe of the 30S sub-
unit; Ofverstedt et al. (1994) have demonstrated that
“starved” ribosomes have a more open configuration
than actively functioning ones, and the side lobe of the
30S subunit is a likely candidate to be involved in the
change between these states.

Nucleotide 693 in helix 23 is a footprint site for P-site
tRNA (Moazed & Noller, 1990), and several crosslink
and footprint sites coincide with each other in the sec-
ond 165 RNA region, namely helices 28-31 (Fig. 4,
left). Notably, two of the footprint positions concerned,
nt 966 and 1338, are among those that have been found
to be essential for P-site tRNA binding, although 1338
was only observed in some experiments (von Ahsen &
Noller, 1995). A “chain” of P-site crosslinks between nt
1338 and 1348 can be seen in this part of the 165 RNA,
from positions 8, 20:1, 32, and 47 of the tRNA. Heli-
ces 28-43 form the “head” of the 305 subunit and, in
our current model for the 165 RNA (cf. Brimacombe,
1995), helix 29 —which encompasses this chain of
crosslinks —is placed “under the chin” of the 30S sub-
unit head. Also noteworthy here are the A- and E-site
crosslinks from position 32 of tRNA already reported
(Doring et al., 1994) in the loop connecting helices 28
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and 43, with an E-site crosslink from position 47 occur-
ring in the same sequence region.

Curiously, we have not observed any significant
crosslinking of tRNA to the 1400 region of the 165
RNA, where the “classical” P-site crosslink from posi-
tion 34 (Prince et al., 1982) is located, and that is be-
lieved to represent the primary decoding region (e.g.,
Purohit & Stern, 1994); possibly the tRNA-mRNA-165
RNA contacts are too closely packed in this area to al-
low a bulky aromatic crosslinking reagent to penetrate
into the functional complex. Crosslinking was, how-
ever, observed to the extreme 3’-terminal section of the
16S RNA (the third group of sites) in several cases (cf.
Wower et al., 1993).

Taken together, the crosslinks illustrated in Figures 3
and 4 offer an intricate pattern of data, which will be
of considerable help—and at the same time a chal-
lenge —in the continuing process of deducing the 3D
structure and dynamics of the functional regions of the
16S and 23S ribosomal RNA molecules. As noted in the
Introduction, our future model-building studies (cf.
Stark et al., 1995) will have to take these data into
account.

MATERIALS AND METHODS

Derivatization and charging of tRNAs

Lupin elongator tRNAM®* was a generous gift from Dr. P.
Gornicki (Poznan). E. coli tRNA™® was obtained from
Boehringer, Mannheim, or Biogenes, Berlin. In both cases,
the tRNA was dephosphorylated and labeled with *P at its
5’ end, by the procedure of Gnirke et al. (1989); the tRNA""
was purified by electrophoresis on a 15% polyacrylamide gel
prior to labeling. Specific activities of the **P-labeled tRNAs
were of the order of 40,000 cpm/pmol. Derivatization with
TDB (Bochkareva et al., 1988; kindly provided by D. Boch-
kariov) or APAB (Hixson & Hixson, 1975) was carried out in
DMSO under the conditions of Bochkariov and Kogon (1992).
Excess reagent was removed by passing the reaction mixture
over a NAP column (Pharmacia) in the case of TDB modifi-
cation, or by several ethanol precipitations in the case of
APAB. The uncharged derivatized tRNAs were used for bind-
ing to the ribosomal P or E sites. For A-site binding, the de-
rivatized TDB-tRNAM¢* was charged with methionine by
the method of Rheinberger et al. (1988) using S100 prepared
from lupin seeds (a generous gift from Dr. T. Twardowski,
Poznan); the charged TDB-tRNAM¢* was purified on a NAP
column, the level of charging being 20-25%, as determined
in parallel experiments using 14C-labeled methionine and un-
labeled TDB-tRNAM¢t, (Under the same conditions, non-
derivatized tRNAM®! was charged to 25-30%). In the case of
tRNA"¢, charging was carried out prior to APAB modifica-
tion, the corresponding charging level being ca. 70%.

Binding of derivatized tRNAs to the
ribosomal A, P, and E sites

mRNA analogues were prepared by T7 transcription from
synthetic DNA templates (custom synthesized by TIB, Ber-

- —




The ribosomal environment of tRNA

lin) by our usual procedure (Stade et al., 1989; Dontsova
et al., 1992). For binding of charged or uncharged TDB-
tRNAM! to all three ribosomal sites, an mRNA (“mRNA-1")
was used with the sequence GGGAGAAAAGA CGU AUG
GAA AAAAACAAAAACAAAAC, whereby the codons in
bold type are for Arg, Met, and Glu, respectively. For A- and
P-site binding of APAB-tRNA™* (charged or uncharged, re-
spectively), “mRNA-2" was used, with the sequence GGGA
GAGGAGAAAAGAAG AUG UUC AAAAGAAAA, the co-
dons in bold type being for Met and Phe. For E-site binding
of APAB-tRNA"", “mRNA-3"” was used, which was the
same as mRNA-2, but with the AUG UUC sequence changed
to UUC AUG. For tRNA binding, reaction mixtures were pre-
pared containing 250 pmol of 705 tight couple ribosomes from
E. coli MRE 600, or ribosomes reconstituted from 30S and 505
subunits, in both cases as described by Déring et al. (1994),
except that with the lupin TDB-tRNAM®t, magnesium concen-
trations of 10 mM and 15 mM were used in place of 7.5 mM
and 10 mM, respectively.

Binding of charged TDB-tRNAM*! to the A site was made
in the presence of EF-Tu, with mRNA-1 and tRNA{"®
(Subriden RNA, USA) at the P site. A-site binding of APAB-
tRNAThe was carried out similarly, using mRNA-2 and
tRNA™e¢t (Boehringer, Mannheim). P-site binding of un-
charged TDB-tRNAM®* or APAB-tRNA™* was made di-
rectly, with mRNA-1 or mRNA-2, respectively. For E-site
binding of APAB-tRNA™, mRNA-3 was used together
with tRNA™¢t at the P site, as described by Déring et al.
(1994). E-site binding of TDB-tRNAM® was made either with
mRNA-1 in the presence of tRNAS!" (Subriden RNA, USA)
at the P site, again as described by Doring et al. (1994), or with
mRNA-1 and Glu-tRNAS" at the A site, followed by treat-
ment with EF-G to translocate the TDB-tRNAM*! from the P
to the E site, using the procedure of Rinke-Appel et al. (1993).

Isolation and analysis of crosslinked products

Ribosomal complexes containing TDB-tRNAM¢t were irradi-
ated in the cold for 10 min at 350 nm, as described by Tate
et al. (1990). Complexes containing APAB-tRNA""® were
also irradiated for 10 min in the cold, but in this case using
a UV lamp with an energy maximum at 254 nm, the samples
being covered by a glass plate with a 280-nm cut-off as de-
scribed by Stade et al. (1989). In all cases, the irradiated sam-
ples were applied to sucrose gradients as in Stade et al. (1989)
s0 as to isolate ribosomal proteins or rRNA crosslinked to the
derivatized tRNAM* or tRNA"". Crosslinked proteins were
identified immunologically (Gulle et al., 1988). Crosslink sites
on the rRNA were localized by treatment with ribonuclease
H in the presence of selected pairs of oligodeoxynucleotides
(Dontsova et al., 1992; Doring et al., 1994), followed by
primer extension analysis (Moazed et al., 1986; Doring et al.,
1994), according to our usual procedures.
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