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ABSTRACT: The structure of the eukaryotic L5—SS rRNA complex was investigated
in protection and interference experiments and is compared with the corresponding
structure (L18—SS rRNA) in the Haloarcula marismortui SOS subunit. In close
correspondence with the archaeal structure, the contact sites for the eukaryotic
ribosomal protein are located primarily in helix Il and loop C and secondarily in loop
A and helix V. While the former is unique to LS, the latter is also a critical contact site for
transcription factor IIIA (TFIIIA), accounting for the mutually exclusive binding of
these two proteins to SS RNA. The binding of LS causes structural changes in loops B
and C that expose nucleotides that contact the Xenopus L11 ortholog in H. marismortui.
This induced change in the structure of the RNA reveals the origins of the cooperative
binding to 5SS rRNA that has been observed for the bacterial counterparts of these
proteins. The native structure of helix IV and loop D antagonizes binding of LS,
indicating that this region of the RNA is dynamic and also influenced by the protein.
Examination of the crystal structures of Thermus thermophilus ribosomes in the pre- and
post-translocation states identified changes in loop D and in the surrounding region of
23S rRNA that support the proposal that SS rRNA acts to transmit information between

different functional domains of the large subunit.

In eukaryotes, there is an extraribosomal pool of 5S rRNA
associated with ribosomal protein L3."” The functional sig-
nificance of this RNP complex is not entirely clear, but most likely LS
is acting as a chaperone to deliver the RNA to the site of ribosome
assembly. The 5S rRNA genes, which are transcribed by RNA
polymerase III, are not associated with other rRNA genes, which
are transcribed by RNA polymerase I in the nucleolus. Pulse—chase
experiments in HeLa cells provided evidence that the L5—S5S rRNA
complex is ultimately incorporated into ribosomes.” Yeast also has a
measurable amount of the L5—5S rRNA complex," and recent
experiments have determined that assembly factors Rpf2 and Rrsl
are necessary for recruiting LS, 5S rRNA, and ribosomal protein L11
into 90S preribosomal particles.”

The metabolism of 5S rRNA in amphibian (Xenopus) oocytes is
more complex, because the synthesis of LS and 5S rRNA is asynchro-
nous.* Approximately 100,000 copies of 5S rRNA genes are actively
transcribed during the early stages of oogenesis; however, expression
of L5 does not begin until vitellogenesis at the midstage of oogenesis.
As aresult, 5S rRNA is stored in two cytoplasmic RNP complexes for
several weeks until it is mobilized for ribosome biogenesis. The stored
5S rRNA is bound to either the zinc finger protein, transcription
factor ITIA (TFIIIA), or a related protein, p43/thesaurin-b.”® In the
latter instance, the p43—SS rRNA complex is part of a larger 42S
structure that also contains thesaurin-a and tRNA.*

The accumulated cytoplasmic 5S rRNA is somehow trans-
ferred to LS, which is required for transport of this RNA into the
nucleus.”"* Various protection and mutagenesis experiments
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have been used to define the binding sites for TFIIA" > and
L5*° 7% on 35S rRNA. Both binding sites encompass large
segments of the RNA, indicating that interaction of the proteins
with SS rRNA is mutually exclusive. Biochemical experiments
indicated that the N-terminus of TFIIIA is proximal to loop D and
the protein appears to extend linearly through helix IV, loop E, helix
V, loop A, helix II, and loop B, ending with its C-terminus positioned
in the vicinity of helix IIl and loop C." This orientation of the protein
has been confirmed in two high-resolution structures of fragments of
TFIIA bound to truncated versions of 5SS rRNA. Crystal®® and
NMR?Y structures of zinc fingers 4—6 bound to the central region of
5SS rRNA show that finger 4 is positioned at loop E, finger S at helix V,
and finger 6 at loop A.

The o-sarcin footprint of rat LS on 5SS rRNA extends over
much of the same region as that for TFIIIA;**** however,
subsequent mutagenesis experiments revealed that nucleotides
in the helix Ill—loop C hairpin are the major determinants of
binding of L5 to SS rRNA.* Indeed, a direct comparison of the
effects of a family of mutations in 5SS rRNA on the binding of
TFIIIA and LS exhibited few notable similarities between the
two.>® Thus, despite largely overlapping binding sites defined by
enzymatic footprinting, TFIIIA and LS appear to utilize different
subsets of these sites as critical identity elements.
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In previous experiments, we used chemical nucleases in
protection and interference assays to characterize the interaction
of TFIIIA with 5 rRNA.”” The smaller size of these cleavage
reagents minimizes the effects of steric hindrance that complicate
the interpretation of protection experiments using protein
nucleases.*® Notably, “missing nucleoside” experiments indi-
cated that the loop E—helix V region is a major determinant
for binding of TFIIIA,* which was later confirmed by the crystal
and NMR structures. Here we have applied these techniques to
an analysis of the Xenopus L5—5S rRNA complex. The results
verify that helix III and positions in loop C are critical for binding
of LS and reveal other sites of close association between the
protein and RNA located in loop A and helix V. In addition, the
data provide evidence of LS-induced changes in the structure of
loops B and C that create contact sites for ribosomal protein L11.
The missing nucleoside experiments reveal that the native loop
D—helix IV structure adversely affects binding of LS to 5SS rRNA,
indicating the protein may influence the dynamics of this domain
of the RNA. This observation prompted us to examine the crystal
structures of ribosomes at various stages of the protein synthesis
cycle. We have found that there are differences in the structure of
loop D and its interaction with 23S rRNA between pre- and post-
translocation ribosomes that are consistent with proposals that
5S rRNA transmits signals between functional sites within the
ribosome.*~*

B EXPERIMENTAL PROCEDURES

Several of the experimental procedures have been described
previously, including the preparation of native 5S rRNA, synth-
esis of RNA by runoff transcription, and the radiolabeling of
RNA;*° expression and purification of LS as a fusion with maltose
binding protein (fL3); and 35S rRNA binding assays.””

o-Sarcin Footprinting. After digestion of fLS with factor Xa
to remove the MBP domain, LS (100 nM) was incubated with
§'- or 3'-end radiolabeled 5S rRNA as previously described.*®
The indicated amount of ®-sarcin was added, and samples were
incubated at 30 °C for S min. Digestions were stopped by the
addition of 1 ug of tRNA and sodium acetate to a concentration
of 0.3 M, followed by extraction with phenol and chloroform and
precipitation with ethanol. The samples were analyzed on
sequencing gels (10 or 20%) alongside RNase T1 and alkaline
hydrolysates of SS rRNA.

Hydroxyl Radical Footprinting. Because the LS binding
buffer contains glycerol, which is a strong scavenger of hydroxyl
radicals, the L5—5S rRNA complex was exchanged into binding
buffer lacking glycerol by being passed through a spin column
(Ambion). Cleavage reactions were conducted essentially as
described previously.”” Reaction volumes generally were 20 uL
and contained (final concentrations) 100 #M iron(II), 200 ©M
EDTA, 0.015% hydrogen peroxide, and 1 mM ascorbate. Reac-
tions proceeded for 2 min at 28 °C and were quenched with
10 mM thiourea and 2 mM EDTA. The RNA was precipitated
with ethanol using 1—2 ug of tRNA as carrier, and the pellets
were washed multiple times with 70% ethanol to remove residual
Fe[EDTA]*". The samples were analyzed on sequencing gels.

Missing Nucleoside Experiments. Renatured 5S rRNA was
cleaved with Fe[EDTA]*~ and H,O, and recovered by precipi-
tation with ethanol. This procedure results in the loss of small
fragments (8—10 nucleotides) from the - and 3’-ends of the
RNA. The gapped RNA was incubated with fLS (an empirically
determined amount that binds approximately half of the RNA) in

binding buffer for 90 min at room temperature. Free 5S rRNA
and bound SS rRNA were separated by electrophoresis on 8%
nondenaturing polyacrylamide gels.*” These samples were then
analyzed on sequencing gels, and autoradiographs were scanned
with a laser densitometer (Molecular Dynamics) to quantitate
differences between nucleotide positions in the free and bound
fractions of the RNA.

Footprinting with Phosphorothioate Nucleotides. Synth-
esis of 5SS rRNA containing $'-O-(1-thio)nucleotides was mod-
ified from the standard procedure.*® The concentration of
phosphorothioate nucleoside triphosphate (Glen Research)
was 350 uM, and the concentration of the standard ribonucleo-
tides was reduced to 1.4 mM. Binding reactions with LS were as
described above. Samples were placed on ice for cleavage with
iodine (150 #M in ethanol) for 30 s; the reactions were stopped
by extraction with phenol.**

CONTACT/ACT Analysis. Predicted intersubunit contacts
between Haloarcula marismortui L18 and SS rRNA were calcu-
lated using CONTACT /ACT with atom to atom search limits of
2.0-3.5 A* All structural illustrations were prepared with
PyMOL (DeLano Scientific LLC, San Carlos, CA).

B RESULTS

o-Sarcin Footprint of Xenopus L5 on 55 rRNA. a-Sarcin is a
cytotoxic ribonuclease that inactivates ribosomes by precise
cleavage of a conserved site, the sarcin—ricin domain, in the large
rRNA.* At high concentrations, it is a purine-specific ribonuclease
that is largely insensitive to secondary structure.*’” Thus, Gt-sarcin can
generate digestion ladders sufficient for footprinting the binding sites
of proteins on RNA.* In earlier experiments, the eukaryotic L5—5S
rRNA complex was released from rat ribosomes by treatment with
EDTA and end-labeled [**P]5S rRNA allowed to exchange into the
complex. The region of 5SS rRNA protected from Qt-sarcin digestion
was extensive and included all but the loop B—helix IlI—loop C
region.”> However, later experiments that aimed to characterize the
binding of Xenopus LS to mutant variants of 5§ rRNA indicated that
critical nucleotides were limited to the helix IlI—loop C hairpin.*®
Because there is little difference in the sequences of the rat and
Xenopus proteins and RNAs, the disparity seemed artifactual rather
than reflecting true differences in the structures of the complexes. It
seemed more likely that the methods used to form the Xenopus
L5—5S rRNA complexes, prepared by direct reconstitution using
purified protein and RNA, could account for the discrepancy.

Figure 1 shows the O-sarcin footprint of the Xenopus L5S—SS
rRNA complex. A considerable amount of the RNA is protected
from digestion; the only exposed region is located in loop D
(nucleotides 83—89). Thus, under these conditions, the foot-
print includes not only the region identified previously but also
the helix III—-loop C domain identified in mutagenesis experi-
ments. This result may indicate that the ability of 5SS rRNA to
exchange into the L5—5S rRNA complex by incubation in EDTA
is due to a disruption of contacts between the protein and its
critical identity elements in metal-free medium; optimal binding
of L5 to 35S rRNA occurs in 0.5 mM magnesium.”® Notwith-
standing this point, the important observation in this case is that,
in the reconstituted RNP complex, the protein does protect
nucleotides identified by mutagenesis from digestion with
Q-sarcin. Moreover, a large amount of the RNA molecule is
resistant to ribonuclease digestion when bound to LS, which
ostensibly reflects the ability of this RNP complex to exist
independently of the ribosome in vivo.
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Figure 1. o-Sarcin protection analysis of the LS—5S rRNA complex. 5S
tRNA (~2 nM) radiolabeled at the 3'-end (left) or $'-end (right) was
incubated without (—) or with (+) 100 nM LS. Samples were digested for 5
min with $ M -sarcin. Digests were analyzed alongside ribonuclease (T1)
and alkaline (A) digests and undigested control RNA (C) on denaturing
polyacrylamide gels. Brackets enclose regions of protection.

Hydroxyl Radical Footprint of Xenopus L5 on 5S rRNA. The
protection pattern observed with Q-sarcin establishes that a

considerable amount of 5SS rRNA can be protected from ribo-
nuclease digestion by LS; however, it reveals little about contact
sites on the RNA. Hydroxyl radicals cleave nucleic acids in a
sequence-neutral fashion. Moreover, because of its small size, this
reagent essentially probes the solvent accessible surface of a
nucleic acid, providing a high-resolution picture of a protein—
nucleic acid complex.”®*’ As expected, the regions with dimin-
ished cleavage by hydroxyl radicals in the presence of LS are a
subset of the 0.-sarcin footprint (Figure 2). The protected region
extends from helix I through loop A, helix II, loop B, helix III, and
the proximal region of loop C (Figure 3). It is noteworthy that
the strongest protection occurs in helix IIT and the base ofloop C,
fully consistent with the results from mutagenesis.

lodoethane Footprint of Xenopus L5 on 55 rRNA. Hydroxyl
radicals react with hydrogens on the ribose ring, preferably at the
5" and 4 positions, which leads to strand scission.”® Protection
from this reagent provides information about regions of close
association between the protein and the RNA backbone. Alkyla-
tion of §'-O-(1-thio)nucleotides by iodoethane leads to sponta-
neous hydrolysis;>" thus, this reagent can also be used to probe
protection of the backbone, but at the position of the phosphate
rather than the ribose. Samples of 5S rRNA were prepared that,
individually, had one of the four 5'-O-(1-thio)nucleotides ran-
domly incorporated by runoff transcription. Complexes of L5
bound to the modified RNAs were treated with iodoethane and
compared to digests of free RNA (Figure 4).

The RNA in the complex exhibited sites of protection and sites
of enhanced cleavage, both of which are found within the
hydroxyl radical footprint (Figure 3), indicating good concor-
dance between the two probes. Protected sites are clustered in
helix IIT and at the junction with loop C, providing more evidence
that this is the critical site of interaction between LS and 35S
rRNA. The small region at the top of loop C that is exposed in the
hydroxyl radical footprint contains two nucleotides (U, and
Gy,) that exhibit enhanced cleavage by iodoethane in the RNP
complex. Interestingly, the converse situation occurs in the
region of loop B between nucleotides 54 and 58. There is clear
protection of this region in the hydroxyl radical footprint, yet Agy,
Uss, and Agg are more reactive with iodoethane in the presence of
LS. On the opposite strand there is both protection (A, Ays,
A4, and Us,g) and enhancement (G,s). Xenopus LS binds to SS
rRNA through a mutual induced fit mechanism.>* The mixed
increased/decreased cutting by iodoethane in the region of loop
B and loop C locates at least some of these protein-dependent
structural changes in 5S rRNA.

Missing Nucleoside Experiment. In this experiment, hydro-
xyl radicals are used to introduce single-nucleoside gaps ran-
domly throughout the nucleic acid.*”**** The damaged nucleic
acid is incubated with its cognate binding protein, and then free
and bound nucleic acids are separated and analyzed by electro-
phoresis on sequencing gels. Fragments enriched in the unbound
fraction represent positions at which the missing nucleoside
interfered with binding of the protein. In the case of DNA, with
its regular double-helical structure, interpretation of the data is
straightforward; however, because of its extensive secondary and
tertiary structure, RNA experiments are more complex. An
important caveat is that a missing nucleoside may perturb the
structure of the RNA, which then has an indirect, secondary
effect on protein binding. An associated problem, noted earlier, is
that recovery of some fragments is poor, and these positions
are underrepresented on the subsequent sequencing gel.””**
Notwithstanding these complications, this technique was used

3829 dx.doi.org/10.1021/bi200286e |Biochemistry 2011, 50, 3827-3839
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Figure 2. Hydroxyl radical analysis of the LS—S5S rRNA complex. The complex was formed under standard conditions with 3'- or 5'-end-labeled SS rRNA and
then passed through a spin column to remove glycerol. Cleavage reactions of SS rRNA (—) and the LS—SS rRNA complex (+) were analyzed alongside
ribonuclease (T1) and alkaline (A) digests and undigested control RNA (C) on denaturing polyacrylamide gels. Brackets enclose regions of protection.

successfully to identify loop E and helix V as key recognition
elements for TFIIIA.>

End-labeled 5S rRNA was gapped using Fe[EDTA]*" and
H,0, and then incubated under standard conditions with LS.
Bound 5SS rRNA and free 5SS rRNA were separated on a non-
denaturing polyacrylamide gel and isolated for subsequent analysis
on sequencing gels (Figure S). During this process, small RNA
fragments are lost; thus, helix I cannot be tested by this method.
Similar to the footprinting experiment with iodoethane, there were
positions at which a missing nucleoside interfered with binding of LS

or, alternatively, enhanced binding. To improve the visualization of
the difference between the bound and free samples, the autoradio-
graphs were scanned with a laser densitometer (Figure 6). The most
deleterious effects of gapping the RNA occur between nucleotides
44 and S1 in helix IIl. On the opposite side of helix III, missing
nucleotides at positions 27—30 interfere with binding, as do Uss and
Csginloop C.Inloop A, Uy g9 shows particularly strong interference;
this position is also protected from iodoethane. Indeed, there is
remarkably good overall agreement between the iodoethane foot-
printing data and the missing nucleoside data (Figure 3).

3830 dx.doi.org/10.1021/bi200286e |Biochemistry 2011, 50, 3827-3839
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Figure 3. Secondary structure of Xenopus 5S rRNA with designations of the sites of protection or interference. Nucleotides protected by LS from cleavage by
hydroxyl radicals are colored black; exposed residues are colored gray. Phosphorothioate nucleotides that exhibit decreased (blue) or enhanced (orange) reaction
with iodoethane or nucleotides enriched in the free (red) or bound (green) fractions of gapped (missing nucleoside) SS rRNA are highlighted.
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Figure 4. Todoethane analysis of the LS—5S rRNA complex. 5SS rRNA samples containing randomly incorporated phosphorothioate nucleotides were
individually synthesized by runoff transcription. Free (—) and bound (4) RNA was treated with iodoethane to induce hydrolysis at the sites of the
modified nucleotides and analyzed alongside a ribonuclease T1 digest of unmodified 5SS rRNA. Note that the phosphorothioate nucleotides alter
the migration of RNA fragments relative to the unmodified RNA; thus, the two do not comigrate exactly during electrophoresis. The phosphorothioate
nucleotide is indicated at the top of each panel. Unmodified SS rRNA with (+) or without (—) treatment with iodoethane is also shown. Nucleotide

positions that exhibit decreased (<) or increased (+) cleavage in the presence of LS are indicated on the right side of each panel.
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Figure S. Missing nucleoside experiment. 5S rRNA radiolabeled at the 5'- or 3'-end was gapped using Fe[EDTA]*~ and H,0,. The damaged RNA was
incubated with LS, and bound and free RNA isolated after separation on a nondenaturing polyacrylamide gel. The RNA in bound (B) and free (F)
fractions was compared by electrophoresis on denaturing gels alongside lanes containing untreated control RNA (C), gapped RNA prior to incubation
with LS (To), ribonuclease T1 (T1), and alkaline (A) digests. Filled circles and a bar indicate positions enriched in the population of free RNA.

There is a segment of 5SS rRNA, extending from position 84 to 96,
in which a missing nucleoside favors binding of LS. This region does
not appear to be part of the contact site for LS. No protection from
hydroxyl radicals or iodoethane is seen here, and various site-specific
mutations at residues 83, 86, and 96 had no effect on the binding
affinity for L3.*> We speculate that gaps in this region, which includes
loop D and part of helix IV, have an indirect effect that relieves a
conformational constraint that normally has an adverse effect on
binding of LS. Mirroring this effect, a quadruple (G — C) mutation at
positions 70, 71, 81, and 82, which weakens the helices flanking loo p
E, binds to L5 with a slightly higher affinity than wild-type 5S rRNA.>

It is clear from the missing nucleoside experiment and the earlier

3832

mutagenesis experiments that, in solution, this region of 5S rRNA
(loop E—helix IV—Ioop D) may be in a conformation that confers
some energetic penalty upon binding LS. It is unlikely that eukaryotic
LS5 makes substantive contact with this arm of the molecule. Although
the Ot-sarcin footprint includes loop E and much of helix IV, the
smaller footprinting reagents did not reveal any protection beyond
the junction of helix V with loop A.

W DISCUSSION

Comparison to the H. marismortui L18—5S rRNA Complex.
The results of these protection and interference experiments will be

dx.doi.org/10.1021/bi200286e |Biochemistry 2011, 50, 3827-3839
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Figure 6. Densitometric analysis of the missing nucleoside experiment.
The lanes in the autoradiograph containing free and bound fractions of
RNA were scanned with a laser densitometer for comparison of the
relative intensity at each nucleotide position. The differences show
positions enriched in the free (red) or bound (green) fractions. The
positions of even-numbered nucleotides are given.

discussed relative to the structure of the S0S subunit of H. mar-
ismortui, because the crystal (4.1 A) and electron cryomicroscopy
(8.7 A) structures of eukaryotic ribosomes remain below the resolu-
tion of the archaeal structure.**** The H. marismortui homologue of

Table 1. Homologous Ribosomal Proteins

eukaryote archaea eubacteria

LS L18 L18

L11 LS LS

Figure 7. Map of sites of protection or interference on the crystal
structure of H. marismortui 5SS rRNA. (A) Two views of the SS
rRNA—L18 complex. Phosphorothioate nucleotides that exhibited
reduced (blue) or enhanced (orange) cleavage by iodoethane are
indicated along with a surface representation of L18. (B) Nucleotide
positions that were enriched in the free (red) or bound (green) fractions
in the missing nucleotide experiments are indicated. The coloring is the
same as in Figure 3.

LS is L18 (Table 1). These proteins are 35% identical and differ
considerably in length, 296 versus 186 amino acids. Approximately
half of this difference in size is accounted for by an extension of the
C-terminal end of LS, deletion of which severely weakens binding to
5S rRNA."® While this effect might suggest the possibility of interac-
tions between this segment of LS and S5S rRNA, the C-terminus of
the archaeal protein is distal to the RNA, so it is not obvious how the
eukaryotic protein contributes additional contacts to the RNA.
Nonetheless, a region of protection on Xenopus 5SS rRNA not iden-
tified in the H. marismortui structure must be considered a potential
contact site for the C-terminal end of LS.

The nucleotides identified in the iodoethane protection
(Figure 7A) and missing nucleoside (Figure 7B) experiments
are highlighted on the structure of the H. marismortui L18—5S
rRNA complex. There is a good correspondence between the

3833 dx.doi.org/10.1021/bi200286e |Biochemistry 2011, 50, 3827-3839
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positions identified in these experiments and their location
relative to L18 in the archaeal structure, suggesting that any
potential interactions between the C-terminus of LS and the
RNA are limited. A deep trough in L18 makes close contact with
helix IIT and the base of loop C that can account for much of the
protection pattern seen with the Xenopus protein. The top of
loop C protrudes from the surface of H. marismortui L18,
consistent with the absence of any protection in the eukaryotic
complex. The ribose—phosphate backbone at the 3’-end of the
archaeal RNA is buried in the protein, accounting for the
protection we detect at Xenopus residues 114—116."

The N-terminus of H. marismortui L18 is an extended segment
that makes contact with the three-way helical junction at loop A.
The C;pACA sequence, common to archaeal and eukaryotic
5SS rRNAs, makes a considerable number of contacts with
H. marismortui L18, and we observe protection of these nucleo-
tides from hydroxyl radicals by LS. However, there was no
detectable protection from iodoethane. In the archaeal structure,
most of the protein contacts are to the bases, with the backbone
in this segment exposed, accounting for the phosphorothioate
linkages that are susceptible to alkylation and cleavage in the
Xenopus complex. Hydroxyl radicals target ribose positions (C4’
and C%') in the minor groove,” which explains the difference
between probing with Fe[EDTA]* " and H,0, and probing with
iodoethane and is consistent with LS also making contact with
the bases at these positions in loop A.

Overlapping Sites for L5 and TFIIIA on 5S rRNA. In atomic-
resolution structures, the loop A junction makes a variety of
contacts with TFIIIA and H. marismortui L18. Interestingly, the
structure of the loop, which is conformationally heterogeneous in
the absence of protein, is quite similar in the two complexes
despite entirely different interactions with the two disparate
proteins.***”*%*” The N-terminus of eukaryotic L5 contains a
nine-amino acid extension compared with the archaeal ribosomal
protein, and this extra segment appears to run from loop A to
helix V. Protection by LS from hydroxyl radicals occurs at
residues 107—109 and from iodoethane at residues 67 and 68;
however, the corresponding nucleotides in H. marismortui 5S
rRNA do not contact L18. In the missing nucleoside experi-
ments, five positions in helix V extending into the junction with
loop A exhibit diminished binding, supporting the results of the
protection assays. The phosphates at Cs; and Cgg protected by LS
from iodoethane are particularly noteworthy, because they also make
hydrogen bond contacts with zinc finger S of TFIIIA.*® Much of the
free energy of binding of TFIIIA to 5SS rRNA comes from contacts
made by zinc fingers S and 6 to helix V and loop A, respec-
tively;'***¥”%%%% consequently, this region of the RNA is likely the
major arbiter of the mutually exclusive binding of the two proteins.
Hence, the small N-terminal extension of eukaryotic LS is especially
significant in this regard, because it contributes to the competition for
common contact sites in the RNA.

L5-Dependent Changes in the Structure of Loops B and C
and Contacts with L11. The loop B region exhibits sites of
reduced and enhanced cleavage by iodoethane. The basis for the
observed protection is not obvious from the archaeal crystal
structure, because this segment appears pushed away from L18;
possibly, this is a site of contact with the C-terminal extension in
eukaryotic LS. The nucleotides that exhibit increased reactivity with
iodoethane, however, show a remarkable relationship with archaeal
ribosomal protein LS that also contacts 5S rRNA. Figure 8 shows that
four of the six nucleotides in loop B and loop C that exhibited
enhanced cleavage, in fact, contact H. marismortui LS. Xenopus

Figure 8. Sites of enhanced cleavage by iodoethane relative to
H. marismortui LS. Nucleotides that exhibited enhanced cleavage by
iodoethane (orange) are shown relative to a surface representation of
H. marismortui LS, the homologue of eukaryotic L11, which also makes
contact with 5S rRNA: nucleotides 40 and 41 in loop C at the left and
nucleotides 25, 54, 55, and 58 in loop B at the right.

ribosomal protein L11 is the homologue of archaeal LS (Table 1),
and the former is similarly positioned adjacent to 5S rRNA in the
cryo-EM structures of yeast® and mammalian® ribosomes. This
indicates that a conformational change engendered by the binding of
Xenopus LS exposes nucleotides in 5S rRNA required for interactions
with L11. Xenopus LS alters the CD spectrum of 5S rRNA, providin§
direct evidence of a protein-induced change in the RNA structure.’
This scenario parallels that for the Escherichia coli homologues of
these two proteins (Table 1). E. coli L18 (Xenopus LS), which also
changes the CD spectrum of S rRNA, has a cooperative influence on
the binding of E. coli LS (Xenopus L11), increasing the binding affinity
of the latter by roughly 1 order of magnitude.él’62 The molecular basis
for this cooperative mechanism can now be understood in terms of
the induced fit binding of one ribosomal protein (Xenopus LS or
E. coli L18) that then creates a specific binding site for a second
protein (Xenopus L11 or E. coli LS).

This induced change in the structure of 5S rRNA may play a
role in ribosome assembly. The incorporation of the L5S—SS
rRNA complex into 90S preribosomal particles appears to take
place within the context of a larger complex that contains
ribosomal protein L11 and two assembly factors, Rpf2 and
Rrs1.” The L3-induced structural change in 5S rRNA seemingly
allows or facilitates the latter’s interaction with L11 and may
serve as a quality control mechanism, because the complete RNP
particle is required for integration into preribosomes.’

The y-Domain and the Function of 5S rRNA. The y-domain
of 5SS RNA includes loop D, helix IV, loop E, and helix V.5 Three
missing nucleosides in loop E, including two (G5 and U) that
comprise the base triple that defines the structure of the loop,
have a modest effect on LS despite being well outside the contact
region of the archaeal protein and not exhibiting any protection
from hydroxyl radicals or iodoethane (Figure 3). Mutagenesis
experiments demonstrate that disruptions in loop E can cause
global changes in the structure of 5SS rRNA, accounting for the
effect of missing nucleotides at these positions.*® Four nucleo-
tides (98—101) on the opposite strand of loop E exhibit
diminished cleavage by hydroxyl radicals when LS is bound,
which we believe is caused by a structural change in the RNA
rather than protection by the protein, because none of these
positions is protected from iodoethane. Solvent accessibility
influences the degree of cleavage by hydroxyl radicals and is, in
fact, used to map RNA tertiary structure and folding (reviewed by
Tullius and Greenbaum in ref 64). It is noteworthy that Ao and
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Figure 9. Comparison of the structures of loop D. The T. thermophilus ribosome with all three tRNA binding sites occupied (red, PDB entry 2J01) is
taken as the reference structure and is compared with (A) H. marismortui (pink, PDB entry 1S72), (B) T. thermophilus prepeptidyl transfer (magenta,
PDB entry 2WDN)), (C) T. thermophilus postpeptidyl transfer (yellow, PDB entry 2WDJ), (D) T. thermophilus ternary complex with bound EF-Tu and
aminoacyl-tRNA (blue, PDB entry 2WRR), and (E) T. thermophilus with bound EF-G—GDP and fusidic acid (green, PDB entry 2WR]).

Ajp; are part of an A-minor motif that contacts helix 38 in 23S
rRNA that contains the A-site finger (ASF) that helps position
tRNA in the A-site.***® Mutations that shorten the ASF affect
translocation and enhance frameshift activity,” which echoes the
effects of mutations in either yeast LS or 5SS rRNA.*"*®

Missing nucleosides in portions of helix IV and loop D
enhance binding of LS (Figures 3 and 7B). This region exhibited
no protection from O-sarcin, hydroxyl radicals, or iodoethane,
suggesting that the inherent structure of this region of 5S rRNA
confers an energetic penalty on the binding of LS. This result is
consistent with the modestly increased binding affinity of LS for a
quadruple mutant that disrupts G- C base pairs in helices IV and
V and, presumably, destabilizes this region of the RNA.>> Long-
range structural changes involving this arm of 5S rRNA are
particularly significant given the biochemical evidence that this
region makes direct and indirect contacts with functionally
important sites in the large rRNA. In E. coli ribosomes, Ugg in
loop D can be cross-linked to sites near the peptidyl transferase
center (PTC) and the GTPase-associated center (GAC) in 23S
rRNA.*** Similarly, mutations at a conserved nucleotide (Aggo)
of the GAC trigger structural changes at loop D and the PTC.*
These observations have led to the proposal that 5SS rRNA, and
more specifically loop D, acts to transmit signals between these
two active centers of the ribosome. In saturation mutagenesis
studies of yeast 5SS rRNA, the resulting phenotypes were assigned
to mutations that clustered in three regions: loop B and helix III,
which can be ascribed to interactions with LS and L11 and contacts
with the small subunit; loop E, ascribed to effects on the A-site
finger; and helix IV and loop D, ascribed to direct and indirect
contacts with the PTC, GAC, and sarcin—ricin domain.*"** These
studies provide genetic evidence that functional domains of the
ribosome might coordinate their activity through 5S rRNA acting as
a sort of relay center.

The structural probing experiments reported here not only
provide evidence of conformational flexibility in the y-domain
that supports this model but also indicate that LS may modulate
these structural transitions. Consequently, we asked whether

there are any appreciable changes in the structure of 5S rRNA,
specifically in the y-domain and the surrounding regions of 23S
rRNA, that can be seen in any of the high-resolution crystal
structures of ribosomes at various stages of the protein synthesis
cycle. We have focused on the T. thermophilus ribosome for this
analysis, because there are several atomic-resolution structures
presently available that allow for comparisons without the com-
plication of sequence and phylogenetic structural differences. We
have identified changes in the local structures of loops E and D.
Those in loop E will not be addressed here, because the
secondary structure of this region differs between bacterial and
eukaryotic 5SS rRNA and changes in the former cannot be easily
correlated with the protection—interference data reported here
for Xenopus 5S rRNA. Nonetheless, these changes do suggest that
the structure ofloop E is dynamic, and a full analysis of the loop E
structures will be reported separately.

The structures of loop D are all compared to that of a
pretranslocation T. thermophilus ribosome bound to mRNA with
all three tRNA sites (A, P, and E) occupied [Protein Data Bank
(PDB) entry 2J01].%° Notably, the loop D nucleotides of
T. thermophilus and H. marismortui, which have identical se-
quences, align well (rmsd of 0.62), indicating that the structure of
the loop is likely comparable across all three kingdoms
(Figure 9A). This comparison between the archaeal and bacterial
loops also provides some sense of what changes in the series of T.
thermophilus structures may be significant. Loop D in T. thermo-
philus ribosomes representing the pre- and postpeptidyl transfer
states (Figure 9B,C) superimposes on the reference structure
(rmsd values of 0.59 and 0.39, respectively) with no notable
differences.”® The structure of the 70S ribosome bound to the
ternary complex of aminoacyl-tRNA—EF-Tu—GDP (Figure 9D)
does exhibit some change in the orientation of the base of Ggg that
is reflected in a small increase in the rmsd (0.70).”" However,
the T. thermophilus ribosome bound to the EF-G—GDP complex
and locked in the post-translocation state with fusidic acid
(Figure 9E) has marked changes in the structure of loop D
(rmsd of 0.90). A roughly 60° rotation around the glycosidic
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Figure 10. Comparison of pre- and post-translocation ribosomes. Loop
D residues of the pre-translocation ribosome (PDB entry 2J01) are
colored red and those of the post-translocation ribosome (PDB entry
2WR]) green. (A) Loop D and the surrounding regions of 23S rRNA of
the two structures were aligned using PyMOL. The region between
helices 41 and 42 is colored cyan; the loop that caps helix 39 is colored
blue, and helix 89 is colored yellow. Residues in 23S rRNA that are
significantly changed are colored red (pre-translocation) or green (post-
translocation). Contacts between 23S rRNA and loop D nucleotides are
shown for (B) Cgg, (C) Coy, and (D) Ggo.

bond of Agy abolishes the closing base pair of this GNRA
tetraloop, and there is a lateral movement of Cgg by more than
S A (relative to N4). These changes alter the path of the
backbone through the loop.

Because the pre- and post-translocation ribosomes exhibit the
greatest difference in the structure of loop D, we have examined
these two structures more carefully. Loop D is embedded in a
region that represents a confluence of domain II of 23S rRNA,
which includes the GAC, and domain V, which contains the PTC
(Figure 10A). Three segments of 23S rRNA are proximal to loop
D: (1) the loop of helix 39 (H39), (2) a structured region that
joins helices 41 and 42 from domain I, and (3) helix 89 (H89),
one of the helices comprising the PTC of domain V. In addition
to the changes in the position of bases Agg and Cgg in 5S rRNA,
the loop itself is shifted relative to the surrounding segments of
23S rRNA. This translational movement probably accounts for
the ability of E. coli Ugg to cross-link to residues in domains II and
V.>° The orientations of two noncontiguous bases in 23S rRNA,
Ugsg and Ujgye, also change between the two structures. The
former has rotated approximately 90° around its glycosidic bond,
and the latter base is shifted by 2.8 A (relative to 04).

A search for contacts identified three possible interactions
between loop D and 23S rRNA. Cgg, which exhibits the largest
movement in loop D, makes the greatest contact with 23S rRNA.
In the pretranslocation ribosome, Cgg makes potential hydrogen
bonds through N4 to O3’ of nucleotide 1027 and through OP1
to 02’ of nucleotide 1026; in addition, the ribose of Cgg is
stacked on the base of U 0,6 (Figure 10B). The distance between
Cgg and this segment of 23S rRNA increases by more than 1 A in
the post-translocation structure, eliminating all these contacts.
The loss of the stacking interaction between Cgg and Ujgy6 can
account for the markedly different orientation of the latter
residue in the two structures.

Cross-linking and mutagenesis studies have demonstrated the
proximity of loop D to the 960 loop that caps helix 39 in 23S
rRNA****7 A potential (water-mediated) hydrogen bond
between Co; (OP1) and Ugsg (O2) is found in both ribosome
structures. Co is in the first Watson— Crick base pair flanking loop
D, and its conformation is not appreciably influenced by the changes
at Agg; rather, its position is changed by the lateral shift of loop D.
Contact between Cy; and Ugsg is maintained by a substantial
rotation (approximately 90°) of the uracil that compensates for
the movement of loop D (Figure 10C). The difference in the
distance between the putative hydrogen bond partners is only ~0.1
A in the two structures, indicating coordinated changes occur in the
structures of the two RINAs to maintain contact before, after, and,
presumably, during translocation.

A third contact is possible between N2 of Ggg and OP1 of
G457, which is located in helix 89 in the peptidyl transferase ring
(Figure 10D). This interaction is only possible in the post-
translocation ribosome; the distance between these two atoms is
nearly 2 A greater in the pretranslocation ribosome. This change
can be attributed mostly to the lateral movement of loop D,
because the orientation of guanine 89 does not change appreci-
ably between the two structures, nor does the position or
conformation of helix 89.

The structural changes of loop D apparently result from the
disruption of the Gg;* Agg base pair, yet neither of these nucleo-
tides appears to make contact with 23S rRNA. Loop D is a
member of the familiar GNRA tertaloop family that occurs
frequently in rRNA.”® These tetraloops are characterized by a
sheared anti-anti G-A base pair between the first and last
nucleotides of the loop that contributes significantly to the
stability of the structure. However, the sheared base pair in the
pretranslocation ribosome appears to be compromised, having
only one, rather than two, hydrogen bond between the bases.
The hydrogen bond distance from Gg; N2 to Agy N7 is 3.86 A,
well within the range (2.41—4.18 A) measured for different
GNRA tetraloops by NMR.”* However, the distance from Gg,
N3 to Agg N6 of 5.37 A is outside the observed range of 2.5—5.08
A, indicating that a hydrogen bond between these latter positions
is unlikely. Thus, the atypical weak interaction between these
nucleotides likely explains how this base pair can be exploited and
used to change the structure of the loop and, consequently, its
interaction with surrounding nucleotides in 23S rRNA.

Another feature of the canonical GNRA tetraloop is the
exposure of the nucleotide following the turning phosphate.
This nucleotide is not involved in any internal hydrogen bonds
and, thus, is the position in the tetraloop most likely to participate
in tertiary interactions.”* This is exactly what is observed in the
pretranslocation ribosome where Cgg makes two hydrogen bonds to
23S rRNA as well as a stacking interaction with Uy, all of which
are lost in the post-translocation ribosome.
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The structural studies presented here not only refine the
contact site for eukaryotic ribosomal protein LS on 5S rRNA
but also identify sites of structural changes in the RNA that are of
potential functional significance. In particular, the arm of 5S
rRNA comprised of loop D, helix IV, and loop E has dynamic
features consistent with a role in transmitting information from
one site in the large subunit to another. This raises the question
of whether LS induces a conformation in this region of the RNA
that is needed for its putative relay activity. Protein-induced
deformation of RNA used to promote function is seen elsewhere
in the ribosome, most notably the distortion of A-site tRNA that
creates a communication pathway between the decoding center
in the small subunit and the GAC of the large subunit. %775 =77
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