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Analysis of the conformation of the 3 9 major
domain of Escherichia coli 16S ribosomal RNA
using site-directed photoaffinity crosslinking
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1Département de Biochimie, Université de Montréal, Montréal, Québec H3T 1J4, Canada
2Department of Biochemistry, Tulane University Medical Center, New Orleans, Louisiana 70112, USA

ABSTRACT

The 39 major domain of Escherichia coli 16S rRNA, which occupies the head of the small ribosomal subunit, is
involved in several functions of the ribosome. We have used a site-specific crosslinking procedure to gain further
insights into the higher-order structure of this domain. Circularly permuted RNAs were used to introduce an azi-
dophenacyl group at specific positions within the 3 9 major domain. Crosslinks were generated in a high-ionic strength
buffer that has been used for ribosome reconstitution studies and so enables the RNA to adopt a structure recognized
by ribosomal proteins. The crosslinking sites were identified by primer extension and confirmed by assessing the
mobility of the crosslinked RNA lariats in denaturing polyacrylamide gels. Eight crosslinks were characterized.
Among them, one crosslink demonstrates that helix 28 is proximal to the top of helix 34, and two others show that the
1337 region, located in an internal loop at the junction of helices 29, 30, 41, and 42, is proximal to the center of helix 30
and to a segment connecting helix 28 to helix 29. These relationships of vicinity have previously been observed in
native 30S subunits, which suggests that the free domain adopts a conformation similar to that within the 30S subunit.
Furthermore, crosslinks were obtained in helix 34, which suggest that the upper and lower portions of this helix are
in close proximity.

Keywords: 16S ribosomal RNA; photoaffinity crosslinking; RNA structure

INTRODUCTION

Ribosomal RNA plays a major role in protein synthesis,
and a detailed knowledge of its structure is required to
elucidate the mechanisms underlying its function+ How-
ever, the size of the large rRNAs has so far precluded
the use of nuclear magnetic resonance spectroscopy
(NMR) to solve their structure (reviewed in Green &
Noller, 1997)+ Crystals of the entire ribosomes and ri-
bosomal subunits have been obtained, but the crystal
structures have not yet been solved at atomic resolu-
tion (Thygesen et al+, 1996; Ban et al+, 1998 and ref-
erences therein)+

A general property of large RNAs is that they can be
dissected into smaller domains that conserve the abil-
ity to fold correctly+ This reductionist approach has re-
cently been applied to analyze the conformation of a
variety of RNA domains with NMR or X-ray crystallog-

raphy+ As examples, structures have been determined
by NMR for the decoding center of 16S rRNA com-
plexed with an aminoglycoside antibiotic (Fourmy
et al+, 1996), for two important regions of 23S rRNA
(the a-sarcin loop (Szewczak & Moore, 1995) and the
2250 hairpin loop, involved in peptidyl-tRNA binding
(Viani-Puglisi et al+, 1997)), and for loops D and E of 5S
rRNA (Dallas & Moore, 1997)+ Crystal structures have
been determined for the P4–P6 domain of group I in-
tron (Cate et al+, 1996), the largest RNA yet crystallized
with 160 nt, and for fragment I of 5S rRNA (Correll
et al+, 1997)+

Our goal is to characterize spatial relationships in
Escherichia coli 16S rRNA+ It has been shown that, in
vitro, in high-ionic strength reconstitution buffer (20 mM
Mg21, 300 mM K1), each of the three domains that
constitute this RNA (59, central and 39) can interact with
the specific subset of proteins with which they interact
when they are part of the intact 16S molecule (Weitz-
mann et al+, 1993; Samaha et al+, 1994;Agalarov et al+,
1998)+ This implies that each domain can fold indepen-
dently of the rest of the molecule+
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We have decided to investigate the conformation of
the 39 major domain of 16S rRNA in ribosome recon-
stitution buffer, in the absence of ribosomal proteins+
The 39 major domain is involved in several functions of
the ribosome (reviewed by Zimmermann, 1996)+ It in-
teracts with mRNA (Juzumiene et al+, 1995; Sergiev
et al+, 1997), initiation factor IF2 (Wakao et al+, 1991),
and elongation factor G (Wilson & Noller, 1998)+ He-
lix 34, in the upper part of the domain, contains the
binding site of the antibiotic spectinomycin, an inhibitor
of translocation (Makosky & Dahlberg, 1987; Bilgin
et al+, 1990; Brink et al+, 1994), it interacts with the
termination factors (Murgola, 1996; Arkov et al+, 1998),
and it is involved in subunit association (Herr et al+,
1979; Baudin et al+, 1989)+ Furthermore, mutations in
helix 34 were found to affect translational accuracy
(Moine & Dahlberg, 1994; O’Connor et al+, 1997)+ The
lower part of the domain contains nucleotides which
are involved in the binding of tRNAs at the P site
(Moazed & Noller, 1990; von Ahsen & Noller, 1995;
Joseph et al+, 1997), and which have been crosslinked
to the A-, P- and E-site-bound tRNAs (Döring et al+,
1994)+ Tetracycline, an inhibitor of tRNA binding to the
A site, also interacts with this part of the domain (Oehler
et al+, 1997)+

To study the conformation of the large rRNA do-
mains, indirect techniques, such as chemical probing
and crosslinking, can provide useful information since
NMR and X-ray crystallography are still inadequate+
Random crosslinking has been extensively used to study
the higher-order structure of rRNAs (Wilms et al+, 1997;
reviewed in Baranov et al+, 1998b)+ Site-directed cross-
linking has been used by the groups of Brimacombe
and Cooperman but results are still scarce (Alexander
& Cooperman, 1998 and references therein; Baranov
et al+, 1998a)+ The technique developed by Brima-
combe and his coworkers involves the site-specific frag-
mentation of 16S rRNA with RNase H and the addition
of a photoreactive nucleotide at the 39 end of the 59
fragment+ Its use is limited by the capacity of the two
fragments to be reconstituted into a 30S subunit+ The
procedure of the Cooperman group involves the hy-
bridization to a specific portion of rRNA within the ribo-
some of a complementary photolabeled DNA probe+
However, this technique requires the rRNA portion that
is probed to be exposed and single-stranded, and,more-
over, the binding of the probe itself can induce confor-
mational rearrangements+ Pace and his coworkers have
developed a site-specific crosslinking procedure that
was successfully applied to study the conformation of
RNase P RNA (Nolan et al+, 1993; Harris et al+, 1994,
1997)+ It utilizes circularly permuted RNAs, in which the
native 59 and 39 extremities are joined by a synthetic
oligonucleotide linker and novel 59 and 39 extremities
are relocated in the interior of the sequence+ The novel
59 termini are modified by coupling to a photoaffinity
crosslinking agent, the p-azidophenacyl (APA) bro-

mide+ This method offers the advantage that it enables
us to probe the three-dimensional environment of ev-
ery G in any RNA molecule+ It is imperative, however,
to ensure that the discontinuities in the sugar–phosphate
backbone that are introduced between the novel 39 and
59 ends of the circularly permuted RNAs do not perturb
the conformation of the molecule+

In this study, in order to refine our understanding of
the higher-order structure of the 39 major domain, we
have utilized the site-directed crosslinking procedure
developed by Pace and his coworkers+ Seven sites
were selected for the introduction of the crosslinking
agent: G993, G1047, and G1193 (located in the upper
half of the domain, in and around helix 34), and G1309,
G1337, G1343, and G1353, in the lower half of the
domain+ The results presented here will be discussed
with respect to their agreement with current models of
16S RNA structure+

RESULTS

Construction and reassembly of circularly
permuted RNAs of the 3 9 major
domain of 16S rRNA

Plasmid pFD33, which contains duplicate copies of the
sequence coding for the 39 major domain of E. coli 16S
rRNA, was constructed by a three-fragment ligation as
described in Materials and Methods and Figure 1+ Poly-
merase chain reaction (PCR) amplification of pFD33
with appropriate primers (see Table 1) resulted in the
production of templates coding for the circularly per-
muted RNAs (cpRNAs) under control of a T7 promoter+
In the corresponding transcripts, positions 921 and 1396
of helix 28 are joined by a terminal GCAA tetraloop+
Seven new locations for the 59 endpoint in the RNA
were investigated (Fig+ 2)+

To ascertain that the introduction of discontinuities at
different positions within the 39 major domain did not
perturb its conformation, we verified that the different
cpRNAs were able to assemble into ribonucleoprotein
particles when incubated with a mixture of 30S ribo-
somal proteins+ As mentioned in the Introduction,
Samaha et al+ (1994) previously showed that the com-
plete 39 domain, including the major and minor por-
tions, could fold independently of the rest of the RNA
molecule and assemble with specific ribosomal pro-
teins into a ribonucleoprotein particle, when incubated
with a mixture of 30S ribosomal proteins in reconstitu-
tion buffer (20 mM Mg21, 300 mM K1)+We first showed
that the native 39 major domain alone behaved exactly
as the complete 39 domain and interacted with the same
subset of proteins (data not shown)+ We next system-
atically assessed the capacity of the different cpRNAs
to assemble into ribonucleoprotein particles, and found
that all the cpRNAs analyzed behaved as the native 39
major domain, assembling with an efficiency superior
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FIGURE 1. Construction of plasmid pFD33+ Plasmid pFD33 was generated by a three-fragment ligation (see details in
Materials and Methods) and contains two copies of the coding sequence for the 39 major domain of E.coli 16S rRNA+ This
plasmid was used as a template for PCR amplification of various circularly permuted derivatives of the 39 major domain
coding sequence+ The inset illustrates the production of a template that generates a cpRNA by in vitro transcription+

and represent the forward primer with a T7 promoter and the reverse primer, respectively+
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to 90% into a particle that comigrated with the particle
generated by the native 39 major domain in a 5–20%
sucrose gradient (Fig+ 3)+ This shows that these cpRNAs
fold into the conformation recognized by the ribosomal
proteins, indicating that the structure of the domain is
not affected by the presence of the novel 59 and 39
ends created in each cpRNA+

Crosslinking of the cpRNAs

Transcription with T7 polymerase of the PCR products
in the presence of guanosine monophosphorothioate
(GMPS) yielded RNAs with a unique sulfur atom at
their 59 end+ This sulfur was conjugated to the photo-
activable agent,APAbromide+The 59-APA-cpRNAs were
renatured at 43 8C in reconstitution buffer and exposed
to UV light (310 mm) for 15 min+ Under these condi-
tions, the azido group of APA is converted into a highly
reactive nitrene compound, which can form a large va-
riety of covalent bonds within a 10 Å radius+

Figure 4A illustrates the fractionation of crosslinked
species with cp1337+ Three crosslinked species were
found after UV irradiation of APA-coupled transcripts
(Fig+ 4A, bands a, b, and c, lanes 4 and 5)+ An addi-
tional band (a) also appeared in the absence of APA
and independently of UV irradiation, but disappeared in
the presence of dithiothreitol (DTT) (Fig+ 4A, lanes 2–
5), which indicates that this band corresponds to a di-
mer resulting from formation of a disulfide bond between
GMPS-initiated RNAs+No crosslinked species was seen
with RNA generated by transcription in the absence of
GMPS (Fig+ 4A, lane 1)+ To confirm that only intramolec-
ular crosslinks were obtained apart from band a, we
verified that dilution of the RNA (up to 100-fold) did not
affect the crosslinking pattern (data not shown)+ Only
crosslinked species that were found consistently in ev-
ery experiment were chosen for detailed analysis+ In
the absence of Mg21 and K1 ions, bands cp1337 a

and b disappeared, strongly suggesting that they cor-
respond to tertiary proximities in contrast to band c,
which is observed independently of the ionic strength
(Fig+ 4A, lane 6)+ Every cpRNA was investigated as
described for cp1337+ Figure 4B shows the pattern of
crosslinking in reconstitution buffer for cp993, cp1047
and cp1193+ The dependence of the crosslinked spe-
cies on the presence of Mg21 and K1 ions is examined
below (see Table 2)+

Analysis of crosslinked species

Primer extension by reverse transcriptase was used to
map the crosslink sites from gel-purified RNA+ Com-
parison of extension products with sequencing reac-
tions identified the crosslinked nucleotides+ For each
crosslinked species, the entire sequence was investi-
gated+ Examples of this analysis are shown in Figure 5
for crosslinked species derived from cp993, cp1047
and cp1193+ Crosslinked nucleotides are visible as
primer extension stops+ To confirm the primer exten-
sion analysis, we examined the mobility of the cross-
linked species in denaturing polyacrylamide gels relative
to the mobility of the linear molecules (Harris et al+,
1997)+ We found that the relative rate of migration of
each of the crosslinked species correlated with the as-
signment of crosslink sites, as long as the size of the
crosslinked loops was less than 80% of the size of the
full-length domain (Fig+ 6)+ It is known that the reverse
transcriptase may be able to read through some of the
crosslinked nucleotides (Burgin & Pace, 1990), which
occurred for band a from cp1193+ In this case, the size
of the crosslinked loop could be used to identify the
crosslinked region+

Table 2 summarizes our results+ Except for circular
forms, where the 59 and 39 ends are crosslinked to-
gether, no specific crosslink was observed with the na-
tive 39 major domain and with constructions cp1309,

TABLE 1 + Primers used for constructing cpRNA templates+

Name of the permutation Sequence of the primera

cp993 forward 59 TAATACGACTCAC TATAGACATCCACGGAAGTTTTC 39
reverse 59 AAGACCAGGTAAGGTTC 39

cp1047 forward 59 TAATACGACTCAC TATAGGTGCTGCATGGCTGTCGT 39
reverse 59 TGTCTCACGGTTCCCGA 39

cp1193 forward 59 TAATACGACTCAC TATAGTCAAGTCATCATGGCC 39
reverse 59 GTCATCCCCACCTTCCT 39

cp1309 forward 59 TAATACGACTCAC TATAGGAGTCTGCAACTCGACTC 39
reverse 59 AATCCGGACTACGACGCACT 39

cp1337 forward 59 TAATACGACTCAC TATAGGAATCGCTAGTAATCGTG 39
reverse 59 GACTTCATGGAGTCGAG 39

cp1343 forward 59 TAATACGACTCAC TATAGCTAGTAATCGTGGATCA 39
reverse 59 GATTCCGACTTCATGGA 39

cp1353 forward 59 TAATACGACTCAC TATAGTGGATCAGAATGCCAC 39
reverse 59 GATTACTAGCGATTCCGA 39

aThe promoter sequence for phage T7 RNA polymerase is shown in bold+
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cp1343 and cp1353+ In these molecules, the photo-
agent probably occupies a position that favors a reac-
tion with the solvent+ Eight intramolecular crosslinks
were observed with the other positions investigated+
The circular forms were observed independently of the
presence or absence of Mg21 and K1 ions, whereas
except for crosslinks II and VI, which connect the op-
posite strands of a helix (see Fig+ 7), all the other cross-
links disappeared in the absence of Mg21 and K1 ions+
This demonstrates that, for these crosslinks to occur,
the domain must have a specific conformation+ The
efficiencies of the crosslinks varied from about 1 to
10%+ These efficiencies may reflect the distance be-
tween the crosslink sites and the 59 terminus bearing
the crosslinking agent (the maximum span covered
by the agent being about 10 Å), the relative reactivity of
the crosslinking agent with the chemical groups in its

vicinity, and the orientation of the modified phosphate
relative to its target+

Figure 7 presents our results in the secondary struc-
ture of the 39 major domain+ It can be seen that G1193,
in the upper stem of helix 34, crosslinked to a bulge at
the base of helix 33 (crosslink V), and this crosslink
therefore indicates that the upper stem of helix 34 is
proximal to its lower stem+ G1193 also crosslinked to
the region around 1060 (crosslink VI), on the opposite
strand, and to region 1395 in helix 28, the helix that
connects the head of the 30S subunit to its body (cross-
link IV)+G993, in the bulge flanking the base of helix 33,
crosslinked to a segment spanning the lower half of
helix 34 plus the upper stem of this helix (crosslink I),
supporting the observation with crosslink V that the
upper and lower stems of helix 34 are in close proxim-
ity+ G1047 crosslinked to the same segment spanning

FIGURE 2. Locations of photoagent attachment sites+ The skeleton of 16S rRNA secondary structure is presented with an
enlarged area corresponding to the 39 major domain+ The photoagent attachment sites located at the 59 end of each
permutation are circled+ Nucleotides are numbered as in the 16S rRNA and helices are numbered according to the
nomenclature of Brimacombe (1991)+ The terminal GCAA tetraloop has been introduced to close helix 28+
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the lower half of helix 34 (crosslink II), and also cross-
linked to G993, in an adjacent position (crosslink III)+
Finally, G1337, in an internal loop located at the junc-
tion of helices 29, 30, 41, and 42 in the lower part of the
domain, crosslinked to a single-stranded segment con-
necting helices 28 and 29 (crosslink VII) and to the
central portion of helix 30 (crosslink VIII)+

The length of the crosslinked regions is comparable
to that observed by Pace and coworkers with RNase P
RNA analyzed with the same approach (Chen et al+,
1998), except in crosslinks I and II+ In these crosslinks,
G993 and G1047, respectively, crosslinked to an ex-
tensive region in one strand of the lower stem of he-
lix 34+ One could suggest that G993, being located in
an internal loop, has greater flexibility than a 59 termi-
nus located in a helix, which could increase the size of
the target hit by the crosslinking reagent+ However,
G1047, which is in a helix, also crosslinks to a large
region+Moreover, the size of the regions to which G1337
crosslinks in crosslinks VII and VIII is less extensive
than that of crosslinks I and II, although G1337 is lo-
cated in an internal loop+ Recent X-ray crystallographic
and NMR studies with a variety of RNA molecules have
shown that internal and hairpin loops can be highly
structured in the presence of divalent cations (reviewed
by Doudna & Cate, 1997; Ramos et al+, 1997)+ We

suggest that in reconstitution buffer the 59 terminus of
cpRNAs can be constrained as well, whether it is lo-
cated in an internal loop or in a helix, and we hypoth-
esize that the large size of the regions to which G993

FIGURE 3. Sucrose gradient analysis of cp1337 (A) and of the
ribonucleoprotein particle reconstituted when cp1337 was incubated
with a threefold molar excess of ribosomal proteins (B)+ Centrifuga-
tion was through a 5–20% sucrose gradient in reconstitution buffer+
The arrow points to the position of migration of the control particle
formed by the association of the native 39 major domain with ribo-
somal proteins, which coincides with that of the particle formed
with cp1337+ A similar profile was observed with all the cpRNAs
investigated+

FIGURE 4. Identification of crosslinked species+ A: Detailed analy-
sis of intramolecular crosslinking of cp1337+ Radiolabeled 59-APA-
cp1337 RNA (about 4 nM) was crosslinked under reconstitution
conditions: 70 mM HEPES-KOH, pH 7+8, 20 mM MgCl2, and 300 mM
KCl or, when indicated, in the absence of Mg21 and K1+ Crosslinked
species and noncrosslinked RNA were resolved on denaturing 4%
polyacrylamide gels+ DTT was added to a final concentration of
1 mM prior to electrophoresis, when indicated+ RNA was exposed to
310-nm UV light for 15 min, except in the No UV lane+ The Uncon-
jugated sample was not modified with APA and the 59-GTP sample
was generated by transcription in the absence of GMPS+ Crosslinked
species are identified with letters (a–d)+ Band a corresponds to a
dimer where two 59-GMPS-RNAs are linked by a disulfide bridge+ B:
Examples of analysis with 59-APA-cp993, -cp1047 and -cp1193+ Ra-
diolabeled 59-APA-cpRNAs were irradiated (1) or not (2) with 310-nm
UV light+ DTT was added to a final concentration of 1 mM prior to
electrophoresis, when indicated+
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and G1047 crosslink reflects some unusual flexibility in
the lower stem of helix 34+

DISCUSSION

We have undertaken a study of the conformation of the
39 major domain of 16S rRNA, in the absence of pro-
teins, using a site-directed crosslinking method+ The
crosslinks were generated in a high-ionic strength buffer,
where this domain adopts a conformation recognized
by the ribosomal proteins+ The importance of rRNA war-
rants a detailed investigation of its higher-order struc-
ture+ rRNA may have functioned at a time without the
aid of proteins (Noller, 1993), and a large body of evi-
dence supports the direct role of rRNA in protein syn-
thesis (Green & Noller, 1997)+ A report by Nitta et al+
(1998a,b) recently suggested that in vitro-transcribed
naked 23S rRNA could have peptidyl transferase ac-
tivity+ Previously, Purohit & Stern (1994) had shown
that a fragment of 16S rRNA corresponding to the de-
coding center of 16S rRNA had the capacity to interact
with mRNA, tRNA anticodon stem-loop, and aminogly-

coside antibiotics such as neomycin in a similar way as
16S rRNA within 30S subunit, indicating that this frag-
ment is able to perform some of the functions of the
ribosome+

Several of the crosslinks we observed in the free 39
major domain are in agreement with proximity relation-
ships that have been observed within the 30S subunit+
Crosslink I, which joins position 993 to a segment en-
compassing nt 1205–1215, is consistent with a pre-
vious UV crosslink joining positions 991–1212+ This
crosslink was identified in 16S rRNA within the 30S
subunit first by Stiege et al+ (1988) and, later on, with a
higher resolution, by Wilms et al+ (1997)+ Also, cross-
link IV, which links the upper stem of helix 34 to helix 28
in the free domain, agrees with a proximity relationship
demonstrated between positions 1196 and 1395 in 16S
rRNA within the 30S subunit, using crosslinking with
mRNA analogs (Rinke-Appel et al+, 1993; Juzumiene
et al+, 1995; Sergiev et al+, 1997) or cleavage with mRNA
modified with phenanthroline (Bucklin et al+, 1997)+

Crosslinks VII and VIII also indicate interesting ter-
tiary interactions showing that position 1337 is linked

TABLE 2 + Analysis of crosslinked species+

Crosslinked
species

Dependence on
Mg21 and K1 a Efficiencyb Crosslinked nucleotides

Crosslink
number

native
native a 2 7+0 Circular formc

cp993
993 a 1 7+0 G1190-A1191;U1205-

G1206; C1209-G1215
I

993 b 2 2+4 Circular formc

cp1047
1047 a 2 8+4 U1205-C1214 II
1047 b 1 7+2 G993 III
1047 c 2 7+2 Circular formc III

cp1193
1193 a 1 0+9 1395 regiond IV
1193 b 1 1+6 C995-A996 V
1193 c 2 3+9 U1060-C1063 VI
1193 d 2 5+4 Circular formc

cp1309
1309 a 2 5+7 Circular formc

cp1337
1337 a 1 10+2 C934-A938 VII
1337 b 1 4+7 A1229-G1233 VIII
1337 c 2 2+1 Circular formc

cp1343
1343 a 2 3+9 Circular formc

cp1353
1353 a 2 6+2 Circular formc

a2 indicates that the crosslinked species is detected independently of the presence of Mg21

and K1, and 1 indicates that the crosslinked species disappears in the absence of Mg21 and K1+
bEfficiency indicates percent conversion to crosslinked species+
cIntramolecular crosslink between the 59 and 39 ends+
dThe position of this crosslink could not be identified by primer extension and was assessed

from the size of the lariat (see Fig+ 6)+
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to nt 934–938, a segment connecting helices 28 to 29,
and also to nt 1229–1233 in helix 30+ The neighboring
nucleotide G1338 is required for tRNA binding at the P
site (von Ahsen & Noller, 1995) and has been cross-
linked to the anticodon loop of P-site-bound tRNA,while
position 936 has been crosslinked to the anticodon loop
of tRNA bound at the A site (Döring et al+, 1994)+ The
obvious proximity between the anticodon loops of A-site-
and P-site-bound tRNAs is in complete agreement with
crosslink VII+ As to crosslink VIII, which links position
1337 to the 1230 region, Noller and his coworkers also
observed that these regions are proximal by probing
16S rRNA within the 30S subunit with hydroxyl radicals
generated either with a tRNA anticodon stem-loop an-
alog bound to the P site or with elongation factor G
(Joseph et al+, 1997; Wilson & Noller, 1998)+

On the whole, our results strongly suggest that, when
in solution in reconstitution buffer, the free RNA domain
adopts a conformation that is similar to that within the
30S subunit+ Nevertheless, this conformation probably
differs in details from that within the 30S subunit+ Ri-
bosomal proteins have been shown to cause several
local adjustments in the conformation of 16S rRNA,
and they appear to stabilize rRNA tertiary structure and

FIGURE 5. Examples of mapping of crosslink sites by primer exten-
sion+ Analysis of intramolecular crosslinks from 59-APA-cp1193b (A);
59-APA-cp1193c (B); and 59-APA-cp993a and 59-APA-cp1047a (C)+
Lanes marked A, C, G, and U denote A, C, G, and U sequencing
reactions, and lane N corresponds to a control primer extension with
noncrosslinked RNA+ Lanes containing the products of primer exten-
sion reactions using the crosslinked species are identified by the
corresponding lowercase letter from Figure 4+ Arrows indicate the
positions of the reverse transcriptase stops specific to the cross-
linked templates, these stops being one position 39 to the inferred
crosslink sites+

FIGURE 6. Correlation of crosslink site and mobility of crosslinked
RNAs in denaturing polyacrylamide gels+ The distance of cross-
linked nucleotides to the 59 terminus was plotted versus the cross-
linked species mobility+ This mobility is expressed relative to the
mobility of the linear molecules, from the well to their final position
(which was ascribed a value of 1)+ As an example, the relationship
between the crosslink site and the relative mobility is indicated for
band cp993a+ The arrow points to the position of band cp1193a, for
which the localization of the crosslink site could not be detected by
primer extension but was inferred from its mobility+
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facilitate conformational transitions (Baudin et al+, 1989;
Stern et al+, 1989; see also Xing & Draper, 1995)+
However, the effect of ribosomal proteins on the con-
formation of rRNA was generally assessed in the non-
physiological high-ionic-strength reconstitution buffer+A
careful study by Orr et al+ (1998) recently demonstrated

that an rRNAfragment containing the binding site for ribo-
somal protein S15 undergoes a significant and similar
conformational change upon addition of either Mg21 or
protein S15, altering the orientation of a three-helical
junction+ It would be interesting to investigate with our
crosslinking approach the conformation of the 39 major

FIGURE 7. Overview of crosslinking results+ Crosslinking results are shown in the secondary structure of the 39 major
domain, where arrows connect photoagent attachment sites (circles) to crosslink sites and are identified by roman numerals
(see also Table 2)+
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domain in a more physiological buffer than reconstitu-
tion buffer, in the absence or the presence of ribosomal
proteins+ This could help to better define the effect of
ribosomal proteins on the conformation of rRNA+

We have obtained different crosslinks in helix 34 that
suggest that the upper and lower portions of this im-
portant helix are in close proximity+ Wilms et al+ (1997)
also concluded that this helix displays a bend, based
on UV crosslinks in 16S rRNA within the 30S subunit+
Although most of our crosslinks can readily be inte-
grated in the current models depicting the folding of
16S rRNA within the 30S subunit (Mueller & Brima-
combe, 1997a,b; Noller, 1998), we predict that helix 34
has a folded structure, in contrast with those models
where it is extended+ One logical interpretation is that
helix 34 exists under different conformations and that
we have identified one of these conformations+ This is
in agreement with various observations suggesting that
helix 34 is highly flexible (see Laughrea & Tam, 1992;
Brink et al+, 1994; Mueller et al+, 1997)+ Interestingly, a
computational model by Fink et al+ (1996) also consid-
ered the possibility that helix 34 is bent+

In conclusion, our results show that the site-directed
crosslinking approach with cpRNAs can be applied to a
large domain of 16S rRNA and generate valuable in-
formation that is consistent with existing results+ Prob-
ing a large number of sites in this domain may contribute
to refinement of its higher-order structure, a prerequi-
site to a detailed understanding of its function+

MATERIALS AND METHODS

Chemicals and enzymes

Except when noted, reagents were obtained commercially
and used without further purification+ Deep Vent DNA poly-
merase and PCR buffer were obtained from NEB; guanosine
mono-phosphorothioate (GMPS) from USB; radiochemicals
from ICN; RNA Guard, AMV reverse transcriptase, and re-
striction endonucleases from Pharmacia; and APA bromide
and inorganic pyrophosphatase from Sigma+

Construction of pFD33

Plasmid pFD3 (Dragon & Brakier-Gingras, 1993) contains
the sequence coding for the 39 major and 39 minor domains
of E. coli 16S rRNA (nt 926–1542) under control of a T7
promoter+ This plasmid was digested either with Nde I and
Apa I to excise the T7 promoter, generating fragment 1, or
with Nde I and Rsa I, generating fragment 2, which contains
the T7 promoter and the region coding for the 39 major do-
main+ Fragments 1 and 2 were then ligated together, using a
third fragment, a synthetic linker with a blunt end on one side
and a cohesive Apa I end on the other side (resulting from
the annealing of two oligonucleotides: 59-ACAGCAATGAC
GGGGGCC-39 and 59-CCCGTCATTGCTGT-39)+ This three-
fragment ligation generated pFD33,which contains two copies
of the sequence coding for the 39 major domain, one coding

for nt 926–1396 and the other for nt 921–1393 of 16S rRNA,
separated by a four-nucleotide sequence (see Fig+ 1)+ In the
cpRNAs, this sequence forms a tetraloop closing helix 28+

Preparation of cpRNAs

Template DNAs for in vitro transcription were synthesized by
PCR from the tandemly repeated 39 major domain genes of
pFD33+ Two primers were used to define the 59 and 39 termini
of the RNAs that were produced (Table 1)+ The forward prim-
ers contained the promoter for T7 RNA polymerase+ PCR
reactions (100 mL) were performed using Deep Vent DNA
polymerase in the commercial Deep Vent PCR buffer or in a
10-mM Tris-HCl buffer, at pH 8+3, containing 200 mM of each
NTP, 50 mM KCl, 2+5 mM MgCl2, 0+01% NP-40, 0+01% Triton
X-100, 0+01 mg/mL bovine serum albumin, 10 ng template
DNA and 25 pmol of the forward and the reverse primers+
The amplification program was 25 cycles at 94 8C for 1 min,
45–57 8C for 11

2
_ min, depending on the primers used, and

72 8C for 1 min, followed by 5 min at 72 8C+ The PCR products
were subjected to gel electrophoresis on 1% agarose and
purified from the gel with the GFX PCR kit (Pharmacia)+ The
sequence of all cpRNA templates was verified by dideoxy-
terminated sequencing (Sanger et al+, 1977)+

The native 39 major domain (nt 926–1393) was produced
by run-off transcription of the Rsa I product of pFD33 (Milli-
gan & Uhlenbeck, 1989), using T7 RNA polymerase prepared
by the method of Zawadzki & Gross (1991)+ The cpRNAs
were produced by run-off transcription of the PCR templates+
Preparative reactions (100 mL) contained 20 nM template,
80 mM HEPES-KOH, pH 7+5, 40 mM DTT, 12 mM MgCl2,
2 mM spermidine, 2+5 mM of each NTP, 15 units of RNA
Guard and 1+8 unit of inorganic pyrophosphatase+ For the
synthesis of RNAs containing GMPS at the 59 end, the GTP
concentration was reduced to 0+5 mM, the MgCl2 concentra-
tion was raised to 22 mM and GMPS was added at a con-
centration of 6 mM+ In analytical reactions, radiolabeled RNAs
were produced in a 12+5 mL volume containing 25 mCi of
[a-32P]GTP (3,000 Ci/mmol) and 0+4 mM GTP in addition
to the buffers and reagents mentioned above+ Transcribed
cpRNAs were gel-purified by electrophoresis through 4%
polyacrylamide/8 M urea gels+ RNAs were visualized by
UV shadow or autoradiography, eluted in a 10 mM Tris-HCl
buffer, at pH 8+0, containing 500 mM ammonium acetate,
1 mM EDTA, and 0+1% SDS, and precipitated with ethanol+

Reconstitution of cpRNAs into a
ribonucleoprotein particle

The reconstitution of ribonucleoprotein particles was adapted
from a standard method (Melançon et al+, 1987)+ The 30S
ribosomal proteins were isolated from 30S subunits of E. coli
K12A19 by the LiCl–urea extraction procedure of Traub et al+
(1971)+ Proteins and RNA were renatured separately+ cpRNAs
(about 120 mg) were preincubated at 43 8C for 30 min in
reconstitution buffer (70 mM HEPES-KOH, pH 7+8, 300 mM
KCl, 20 mM MgCl2 and 6 mM b-mercaptoethanol)+A threefold
molar excess of 30S ribosomal proteins, also preincubated at
43 8C for 30 min in the same buffer, was then added to a final
reaction volume of 3 mL+ The mixture was incubated for 1 h
at 43 8C and chilled on ice+ The ribonucleoprotein particles
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were analyzed on a 5–20% sucrose gradient (26,000 rpm,
22 h, SW28 rotor)+

Crosslinking procedure and mapping
of crosslink sites

Crosslinking experiments were performed essentially as de-
scribed by Burgin & Pace (1990)+ APA bromide was conju-
gated to the unique sulfur at the 59-terminal phosphate of
GMPS RNA+ Analytical reactions were carried out to detect
the crosslinked species and to assess the efficiency of the
crosslinks+ In an analytical crosslinking reaction (100 mL),
radiolabeled 59-APA-RNA (about 4 nM) was incubated in re-
constitution buffer without b-mercaptoethanol for 30 min at
43 8C and then chilled on ice for 5 min+ The solution was
exposed for 15 min at 4 8C to 310-nm UV light (Foto/PrepI,
Fotodyne) at a distance of 5 cm+ It was screened by a poly-
styrene filter (Petri dish, Fisher) to absorb wavelengths under
300 nm+ In control experiments, the crosslinking reactions
were performed in the absence of Mg21 and K1 ions+ The
crosslinked species were resolved on 4% polyacrylamide/
8 M urea gels, visualized by autoradiography, and the effi-
ciency of the crosslinks was evaluated by measuring the in-
tensity of the bands in percent of the total input, using Alpha
Imager software (Alpha Innotech Corp+)+ The migration of the
crosslinked species was assessed in the denaturing gel rel-
ative to the linear molecules+ Preparative crosslinking reac-
tions were carried out to isolate crosslinked species+ In a
preparative crosslinking reaction (100 mL), 59-APA-RNA (at
about 400 nM) was incubated as described for the analytical
reactions+ The crosslinked species, as well as the noncross-
linked RNA, were resolved by electrophoresis through 4%
polyacrylamide/8 M urea gels, visualized by staining with
ethidium bromide, eluted from the gel as described above,
and used to map the crosslink sites by primer extension+
Primers used were the reverse primers complementary to
16S rRNA described in Table 1+ They were 59-end-labeled
with [g-32P]ATP (3,000 Ci/mmol) and annealed to cross-
linked or noncrosslinked RNA in a 50 mM Tris-HCl buffer at
pH 8+5 containing 100 mM KCl by heating for 2 min at
85 8C, followed by slow cooling to room temperature+ The
oligonucleotides were then extended with AMV reverse tran-
scriptase+ The products of extension were resolved by elec-
trophoresis on 8% polyacrylamide/8 M urea gels+
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