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Structural and biochemical basis for misfolded RNA
recognition by the Ro autoantigen

Gabriele Fuchs!, Adam J Stein!?, Chunmei Fu!, Karin M Reinisch! & Sandra L Wolin!»2

The Ro autoantigen is ring-shaped, binds misfolded noncoding RNAs and is proposed to function in quality control. Here we
determine how Ro interacts with misfolded RNAs. Binding of Ro to misfolded precursor (pre)-5S ribosomal RNA requires a single-
stranded 3’ end and helical elements. As mutating most sequences of the helices and tail results in modest decreases in binding,
Ro may be able to associate with a range of RNAs. Ro binds several other RNAs that contain single-stranded tails. A crystal
structure of Ro bound to a misfolded pre-5S rRNA fragment reveals that the tail inserts into the cavity, while a helix binds on the
surface. Most contacts of Ro with the helix are to the backbone. Mutagenesis reveals that Ro has an extensive RNA-binding
surface. We propose that Ro uses this surface to scavenge RNAs that fail to bind their specific RNA-binding proteins.

Although all cells contain a large variety of noncoding RNAs,
including transfer RNAs, rRNAs and spliceosomal U small nuclear
RNAs (snRNAs)!, the quality control mechanisms by which mis-
folded noncoding RNAs are recognized and handled are only
beginning to be elucidated. In Escherichia coli, decay of a mutant
pre-tRNA requires polyadenylation by poly(A) polymerase and degra-
dation by the exoribonuclease polynucleotide phosphorylase?. A
similar pathway occurs in the yeast Saccharomyces cerevisiae, where a
nuclear poly(A) polymerase, Trf4p, functions with a complex of
exoribonucleases to degrade unstable mutant noncoding RNAs>*,
However, as several aberrant noncoding RNAs are degraded indepen-
dently of this pathway>®, additional quality control mechanisms
remain to be uncovered.

A protein that probably functions in noncoding RNA quality
control in higher eukaryotic cells is the Ro 60-kDa protein. First
described as an autoantigen in patients with rheumatic disease, Ro is
found in both the nucleus and cytoplasm of many animal cells’. In the
cytoplasm, Ro binds small RNAs of unknown function called Y RNAs.
In some vertebrate nuclei, Ro associates with misfolded noncoding
RNAs. In Xenopus laevis oocyte nuclei, Ro binds a large collection of
variant 55 rRNAs that have nucleotide changes that cause them to
misfold®®. These RNAs also contain 8-10 additional nucleotides owing
to readthrough of the first termination signal. The misfolded pre-5S
rRNAs are processed inefficiently to mature 55 rRNA and eventually
undergo degradation®. Ro also associates with misfolded U2 snRNAs
in mouse embryonic stem cells'. In addition to its likely role in
noncoding RNA quality control, Ro is important for the survival of
both mammalian cells and certain bacteria after UV irradiation!®11,

Structural and biochemical analyses have begun to address how Ro
recognizes its RNA substrates. Ro consists of two domains'?. One

domain consists largely of o-helical HEAT repeats that form a ring
with a central hole. The ring is closed by a von Willebrand factor A
domain, which in integrins and other cell-adhesion proteins functions
as a ligand-binding site!®. A crystal structure of Ro complexed
with a fragment of Y RNA has revealed that Y RNAs bind on the
outer surface of the ring. In addition, a single-stranded RNA
(an excess of one oligomer used to form the Y RNA duplex) was
bound inside the hole'?. Because Ro binding to misfolded pre-5S
rRNAs requires a single-stranded 3" extension, it was proposed that
the 3’ ends of misfolded RNAs insert into the hole!2. Lastly, mutagen-
esis showed that the binding sites of misfolded pre-5S rRNA and the
Y RNA overlap, suggesting that Y RNAs may regulate access of Ro
to other RNAs!2,

A central question is how Ro recognizes misfolded noncoding
RNAs. Here we define the features that confer Ro recognition of the
best-characterized substrate, misfolded X. laevis pre-5S rRNA. We
report that Ro binding requires a single-stranded 3" end of >5
nucleotides and also helical elements. Notably, although nucleotides
in the tail and a distal helix contribute to Ro recognition, alterations in
these components result in relatively modest decreases in binding,
suggesting Ro may be able to associate with a variety of structured
RNAs. Consistent with this hypothesis, Ro binds several other non-
coding RNAs that contain a 3" single-stranded extension. A crystal
structure of X. laevis Ro bound to a fragment of misfolded pre-5S
rRNA reveals that the 3" end of the misfolded RNA inserts into the
central cavity, while a helix binds on the outer surface. Mutational
analysis reveals that Ro has an extensive RNA-binding surface.
We propose that Ro uses this large binding surface to scavenge nascent
noncoding RNAs that, because they are aberrant, fail to bind their
specific RNA-binding proteins.
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Figure 1 Regions of misfolded pre-5S rRNA that are protected or structurally altered by Ro binding. (a—c) Incubation of 5-labeled misfolded pre-5S rRNA
in the absence or presence of Ro was followed by no treatment (lanes 3 and 4) or cleavage with indicated RNases. Markers were generated by treating the
denatured RNA with T1 RNase (lane 1) and alkali (lane 2), and resulting bands are numbered by nucleotide position in the RNA. RNA fragments were
resolved on denaturing 8% (a,b) or 15% (c) polyacrylamide gels. Lines at right indicate sites of nuclease protection. Arrow in a indicates an enhancement of
V1 cleavage in the presence of Ro. (d) 5’-labeled misfolded pre-5S rRNA was subjected to either no treatment (lanes 3-6) or cleavage with hydroxyl radicals
(lanes 7-10) in the absence or presence of Ro. Line at right indicates a site of protection from hydroxyl radicals. Bands generated by hydroxyl-radical
cleavage are shifted up 1 nt relative to the T1 (lane 1) and alkaline hydrolysis (lane 2) ladders, owing to the different 3’ termini generated by the reactions.
(e) Phosphorimager quantification of hydroxyl-radical cleavage between nucleotides A58 and C66 (top) and between nucleotides C118 and C123 (bottom).

RESULTS

Footprinting of the Ro-misfolded pre-5S rRNA complex

To identify portions of the misfolded pre-5S rRNA that contact Ro, we
performed enzymatic footprinting (Fig. 1). In this method, parts of an
RNA that associate with protein, or that undergo structural changes
upon protein binding, are protected from RNase digestion. We chose
two RNases that preferentially cleave single-stranded RNA, T1 (which
cleaves after guanosines) and T2 (which cleaves after all four nucleo-
tides) as well as RNase V1, which cleaves double-stranded or stacked
residues'®. For these experiments, we used a 5" end—labeled X. laevis
oocyte pre-5S rRNA that contains several mutations that cause it to
fold into a structure recognized by Ro®.

The cleavage patterns of the protein-free RNA (Fig. la—c and
data not shown) were consistent with the previously proposed
secondary structure’ for the first 70 nucleotides (nt) of the RNA.
However, as earlier studies used reverse transcription to detect
chemical modification of the RNA, no information was obtained
regarding 3’-end structure. The most plausible model, according
to our results, is shown in Figure 2. In this model, helix III
and loops B, C and D of the wild-type 5S structure are unchanged,
helices I, I and V are shortened and sequences from helix IV and

portions of helices I, IT and V are rearranged to form several alternative
helices (Fig. 2b).

To identify regions contacted by Ro, we incubated the RNA with
protein before RNase addition. RNase protection was confined to a
few areas. One region consisted of parts of the single-stranded 3" end
and the adjacent helix, a second consisted of several nucleotides
between G59 and G70, and a third consisted of nucleotides Cl4,
C17 and C18 (Fig. 1la,b and Fig. 2c¢). In addition, G68 showed
enhanced cleavage by V1 upon Ro binding (Fig. 1a). All these changes
in cleavage are clustered on our proposed secondary structure, as they
are located within portions of stem I, stem II and the adjacent
structures formed by rearranging parts of helices I, I and IV (Fig. 2c).

To better define bases in contact with Ro, we used hydroxyl-radical
footprinting. Hydroxyl radicals are not base specific and cleave both
single-stranded and double-stranded RNA. Protection was observed
between nucleotides G59 and G65 and between U119 and U122 in the
single-stranded 3" end (Fig. 1d,e and Fig. 2c). Both regions were
within areas protected by Ro from RNases. Together, our data suggest
that Ro associates with the single-stranded tail, the alternative helices
formed from parts of stems I, Il and IV, and the remaining portions of
stems I and II.
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Defining a minimal misfolded RNA

Information from the RNA footprinting A:GU Cu; « K e CUGA c
experiments was used to identify the minimal e ‘e, U,
structure bound by Ro with high affinity. We G Ac G-C
constructed a ‘minimal misfolded RNA’ in U * g—éjm e
which nucleotides 22-56 and 72-110 were o EZEA *
replaced by small loops (Fig. 3a). This 64-nt CCa oy g Gﬁ B
RNA bound Ro similarly to the full-length =3 N Aag_c A
RNA (Fig. 3b). To confirm that the remaining ;S; NoB 2 Zigféﬁo 0
structural features contributed to Ro reco- , :8:2 A ! ‘f\:ﬁ:“
gnition, we examined several truncated 8 .J D%U 2 : N
variants. Deleting either helix II or a stem- 5. I VA‘V: A e
loop formed by parts of the original stem I . ASS 107 E 3
and stem IV (Ahelix IV’ Fig. 3a), resulted in " C'UAC be G' A | C pppGCICUX C-G| «—+
about five-fold reduced binding compared to |, yuucseadecie | 9 CUUZP:EEEEE chuuuuéE;éAGllm
the parent RNA (Table 1). Similarly, deleting 120 &g ‘;QAAA%A' L BA AMAL  Ahycgave
the single-stranded loop (loop A’; Fig. 3a) cén v >5 10> Ga0y, v’ g 110l>g:SUA v
resulted in about a ten-fold decrease in bind- by voU 120 U}G\i ol 130 _Au°
ing affinity (Table 1). All these changes prob- son £ e, é:g
ably result in pronounced changes to the RNA 1 é_:ﬂ sAUACCR i a0 E A UAC i A-Uso  E
tertiary structure. Ug—gu " 10028 e L}g_—g GGG E-_SA y

All misfolded pre-5S rRNAs that bind < Y *GoU's v Sop
Ro contain 8-10 additional gene-encoded gng 00 AE:S . %0 Az_iG 5
nucleotides at the 3’ end®. As removal of 90a"% D voa - D

G A

these extra nucleotides eliminates Ro binding
in vivo® and reduces binding in vitro by about
ten-fold!'2, we determined the minimal single-
stranded tail required. Using the full-length
misfolded pre-5S rRNA as the parent RNA,
we found that Ro bound RNAs containing 5-
or 6-nt tails with affinities similar to the full-
length RNA (Fig. 3c and Table 1). However,
shortening the tail to 4 nt resulted in about a
ten-fold decrease in affinity (Fig. 3c and
Table 1). Thus, Ro requires a single-stranded

A Protection from cleavage

A Ticleavage with hydroxyl radicals

A Protection from cleavage

T2 cleavage with ribonucleases

* Vicleavage <«— + Enhanced cleavage site

Figure 2 Ro contacts the tail and several helices in misfolded pre-5S rRNA. (a) Mature X. laevis
oocyte-specific 5S rRNA, drawn in the proposed universal secondary structure32. Loops are labeled with
letters and stems with roman numerals. (b) Proposed secondary structure for the misfolded pre-5S
rRNA. The variant pre-5S rRNA used here contains several mutations (boxed) that cause it to fold
efficiently into a structure recognized by Ro®. Symbols denote cleavage by T1, T2 and V1 (see key).
Novel stems and loops are designated I, IV’, A” and E’. (c) Nucleotides protected by Ro (see key).
Arrow with plus sign indicates site of enhanced V1 cleavage in the presence of Ro.

tail of at least 5 nt for efficient binding.

Most RNA alterations result in modest decreases in binding
We examined whether the sequences of the helical or single-stranded
elements influence binding. Converting the sequences of three of the
four helices (I, I and IV’) to their complements had little effect
(Fig. 3a and Table 1). However, changing helix II to its complement
reduced binding 5.5-fold, consistent with our finding that sequences
in this helix are protected by Ro from hydroxyl radicals (Fig. 1d,e).
Altering the sequence of the single-stranded loop also resulted in a
three- to four-fold decrease in binding affinity (Fig. 3a and Table 1).
We next examined whether the sequence of the tail influences Ro
binding. In these experiments, the parent RNA was identical to the
64-nt minimal RNA except that the tail was truncated to 7 nt. This
RNA bound Ro similarly to the form containing the entire tail
(Table 1). Each of the first five nucleotides (U119-C123) was mutated
to adenosine. (Although we did not mutate the last two nucleotides,
our crystal structure (described below) reveals that the bases are not
contacted by protein.) Mutating either of the uridines closest to the
helix, U119 and U120, decreased binding affinity by four-fold and
two-fold, respectively, and a mutant in which both residues were
changed (U119A U120A) had a 6.3-fold lower affinity (Table 1). Thus,
Ro shows some preference for uridines at these positions. Notably,
changing U121 to adenosine increased affinity for Ro, and changing
U122 or C123 to adenosine resulted in a less than two-fold decrease in
affinity. A mutant in which all four uridines were changed to

adenosines, U119A U120A UI121A U122A, was similar to the
U119A U120A mutant in binding (Table 1). These differences were
all relatively modest, as would be expected if only part of an extensive
Ro-RNA interface was perturbed.

Crystal structure of Ro with a misfolded RNA fragment

To examine the interactions further, X. laevis Ro was crystallized with
a fragment of RNA that resembles the terminal portion of the
misfolded pre-5S rRNA (Fig. 4). The fragment consists of a short
duplex with a single-stranded 3’ extension corresponding to the first
seven nucleotides in the misfolded pre-5S rRNA tail. (The fragment
does not encompass the entire Ro binding site, and, as expected, it
binds Ro less tightly than the 64-nt fragment of misfolded pre-5S
rRNA (Table 1).) The complex structure was determined to 2.65 A.
There are two Ro—RNA complexes per asymmetric unit. The model
includes Ro residues 5-537 (except for disordered loop 136-143), 22
of 23 nucleotides in each RNA duplex, and 561 water molecules.

Ro forms a toroid with an extensive basic surface area that includes
the central cavity, a platform around the cavity and, adjoining it, a
patch on the side of the toroid (Fig. 4a). The duplexed portion of the
misfolded RNA is bound to the basic platform with its minor groove
facing Ro (Fig. 4a, left structure, and Fig. 4c). Interactions with Ro
are primarily through the sugar-phosphate backbone of the shorter
strand. Several residues form hydrogen bonds to phosphate groups on
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this strand (Arg237, Lys236, GIn173 and Asn175; Fig. 4d), and others
could participate in electrostatic interactions (Lys172 and Argl74). Ro
does not interact extensively with the second strand in the duplex;
Lys287 forms a hydrogen bond with the G117 phosphate, and Lys264
could contribute to electrostatic interactions with the G116 and G117
phosphate groups. The hydrogen bond between the Thr260 hydroxyl
and N3 of A115 is the only base contact between Ro and the RNA
duplex. Thus, as in the base-swapping experiments (Fig. 3a), the
structure suggests that Ro recognizes helix I of the misfolded RNA as a
duplex rather than recognizing any specific sequence.

The single-stranded tail is inserted into the central cavity of Ro, as
predicted from structural and biochemical studies'?. Notably, the
single-stranded oligomer bound by Ro in the Ro—Y RNA structure!?
has a sequence similar to that of the 3’ extension in the current
structure. We were therefore not surprised to find that the conforma-
tion adopted by the sugar-phosphate backbone is similar in both
structures and the positions of the nucleotide bases corresponding to
U122 and C123 are identical (Fig. 4d—f). Contacts are to the sugar-
phosphate backbone of the RNA as well as to the nucleotide bases. The
first five bases in the extension, corresponding to U119-C123, form a
number of hydrogen bonds either with Ro or with 2’-OH groups in
the RNA duplex (Fig. 4d). U119 is flipped from under the G1-C118
base pair and into a pocket at the mouth of the cavity. The pocket lies
between two helices (H16, spanning residues 278-291, and HI9,
spanning residues 321-331)!> and a loop spanning residues
336-340. This loop is not ordered in our previous structures of the
unliganded Ro and the Ro-Y RNA complex!2. Within this pocket, the
U119 base forms hydrogen bonds to the main chain oxygen of Leu282
and the main chain nitrogen of Gly286. These hydrogen bonds explain
the preference for uridine at the 5 position of the single-stranded
extension. The U119 phosphate group is also carefully fixed, as main
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Figure 3 Ro binding requires helical elements and a single-stranded tail of
at least 5 nt. (a) Left, a minimal form of the misfolded pre-5S rRNA that
retains structural elements protected by Ro. Right, a series of mutant RNAs.
For four mutants (helix | swap, helix |” swap, helix || swap, helix IV swap),
boxed sequences are the complements of those in the minimal RNA. In the
remaining mutant, U15 was changed to C and other nucleotides in the loop
to U. Nucleotides are numbered according to their positions in the full-
length RNA. Dissociation constants (+ s.d.) for binding of each RNA to Ro
are indicated. (b,c) 32P-labeled misfolded pre-5S rRNA, the minimal
misfolded RNA (shown in a) or the full-length misfolded RNA containing the
first five or four single-stranded nucleotides of the 3’ trailer was incubated
with indicated concentrations of Ro. Naked RNAs and ribonucleoproteins
were separated in nondenaturing gels. Dissociation constants (+ s.d.) are
below the gels.

chain nitrogens from loop residues Asn337, Arg338 and Gly339 are
positioned to form hydrogen bonds with it. The bases of U120 and
U121 are almost coplanar with the G1-C118 and C2-G117 base pairs,
respectively, but are not within hydrogen-bonding distance. Base U120
does form a single hydrogen bond to the 2’-OH of C118, and base
U121 forms a hydrogen bond with the 2”-OH of C2 as well as one with
Arg283. One hydrogen bond was observed between U122 and Asn284,
and Argl20 makes two hydrogen bonds to C123. In addition to
Asn337, Arg338 and Gly339, the residues involved in hydrogen bonds
with the phosphate groups of the 3 single-stranded extension include
Thr123, Lys170, Tyr171, Leu278 and Ala280. Residues Lys88, Argl74,
Arg255, Arg283 and Arg338 may participate in electrostatic inter-
actions with phosphate groups of the 3’ single-stranded extension. The
extensive interactions between Ro and the single strand of RNA within
the central cavity explain well why truncating or altogether eliminating

the extension results in a weakened affinity for RNA.

Table 1 Binding of X. /aevis Ro to misfolded pre-5S rRNA derivatives

RNA Kq (nM £ s.d.)
Misfolded X. /aevis oocyte pre-5S rRNA

12 nt tail (full-length) 26+ 8
6 nt tail 22+7
5 nt tail 31+5
4 nt tail 250 + 40
Minimal misfolded RNA

64 nt RNA 27 +7
Ahelix 11 140 + 30
Ahelix IV 130 + 20
Aloop A’ 290 + 20
Addition of 5" extension (pppGGUCAUCUC) 26+ 16
Helix | swap 22+ 4
Helix 1" swap 26+ 3
Helix Il swap 150 + 10
Helix IV swap 18+ 3
Loop A’ to Us 100 + 10
7 nt tail 30+ 12
7 nt tail UT19A 130 £ 10
7 nt tail U120A 68 + 10
7 nt tail U121A 6.7+1.7
7 nt tail U122A 47 £ 5
7 nt tail C123A 54 + 4
7 nt tail UI19A U120A 200 + 10
7 nt tail UI21A U122A 26+8
7 nt tail UI19A U120A U121A U122A 220+ 8
Fragment used for crystallization (23 nt) 320+ 70
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Figure 4 Interactions of Ro with a fragment of misfolded pre-5S RNA. (a) Molecular surface representations of Ro complexed with a fragment of misfolded
pre-5S rRNA (left) and with a fragment of Y RNA and a single-stranded RNA!2 (right). Ro surfaces are colored by electrostatic surface potential (blue,
positive; red, negative). The duplexed portion of the misfolded RNA is bound to the basic platform surrounding the central cavity, and its single-stranded
extension is bound in the central cavity. The Y RNA fragment is bound to a basic patch on the side of the Ro toroid, and an oligomer from the crystallization
mix is bound in the central cavity. Ro is in the same orientation in both representations. (b) Ribbon representation of Ro oriented as in a, colored with a
gradient from blue at the N terminus to red at the C terminus. Gray sphere marks the MIDAS motif, a divalent cation-binding site in the von Willebrand
factor A (VWFA) domain. (c) Fragment of misfolded pre-5S rRNA bound to Ro. Two RNA oligonucleotides were annealed to form the single-stranded end

and helix I. The helix is extended with three additional base pairs as compared to helix | of the misfolded pre-5S rRNA. Nucleotides are numbered as in
Figure 2; numbers for the additional bases are in parentheses. The RNA is rotated by ~90° around a horizontal axis compared with a. (d) Interactions of
Ro with misfolded pre-5S rRNA. Solid lines indicate hydrogen bonds (<3.5 A); dotted lines indicate possible electrostatic interactions (<7 A). Residues
involved in m stacking are shown in gray. For clarity, Ro interactions with ribose rings are not indicated. Of 23 RNA nucleotides, 22 (all except C111) were
modeled. (e) Interactions of Ro with the RNA oligomer in the Ro-Y RNA structure!2, for comparison with d. Nucleotides in the oligomer and in the 3’
extension located in roughly the same position in the central cavity are numbered identically. (f) Superposition of RNAs bound in the central cavity in

the Ro-pre-5S rRNA and Ro-Y RNA structures. 3" extension of the pre-5S rRNA is in white; RNA oligomer from the Ro-Y RNA structure is in green.
Conformations of the sugar-phosphate backbone are similar, as is positioning of bases 122 and 123. (g) Positions of residues whose mutation decreases
RNA binding are indicated on a molecular surface representation of Ro. Mutations depicted are K172A K180A K204A (pink), K236A R237A (teal), R146S
R149S (red), H187S (yellow), R184A (blue), K108A Q109A (orange) and K264A K287A (gray), all of which are on the outer surface and affect binding of
both misfolded pre-5S and Y RNAs. The central cavity mutation K170A R174A (green) affects binding of only misfolded pre-5S rRNA (Table 2).

An extensive binding surface for RNAs

The structure of Ro complexed with a Y RNA fragment's shows
Y RNA bound on the basic patch at the side of the toroid (Fig. 4a,
right), whereas the current structure shows that the misfolded pre-5S
rRNA binds using the central cavity and part of the basic platform
(left). As both structures include only portions of these RNAs,
the binding surfaces on Ro for both Y RNA and misfolded pre-5S
rRNA are probably more extensive than the footprints made by the
RNA fragments. Mutagenesis of Ro residues involved in binding the
Y RNA fragment has suggested that the binding surfaces for Y RNA
and the misfolded 5S rRNA overlap!?. To examine the extent of the
Ro-RNA binding surface, we mutated additional residues on the
basic platform (K172A K180A K204A, K236A R237A, and K264A
K287A, see Fig. 4d,g) and tested the mutants for RNA binding
(Table 2). Whereas the K264A R287A mutation had only a small
effect on Y RNA binding, the mutations K172A K180A K204A and
K236A R237A reduced the affinity of Ro for Y RNAs by ~ 16-fold and
~ 3-fold, respectively, indicating that Y RNA binds at least portions of
the platform. All three mutations also affected binding of misfolded

tlZ

pre-5S rRNA (Table 2); the effects are small, consistent with only small
perturbations in a more extensive Ro-RNA interface. Notably, two
other mutations at the edge of the basic platform, H187S and R184A,
have larger effects on binding of the misfolded RNA (ref. 12 and
Table 2). These data indicate that the Y RNA binds the basic patch and
platform, whereas the misfolded RNA uses the entire basic surface,
including the central cavity, to bind. One possibility consistent with all
our data is that pre-5S stems I and I” bind the basic platform, while
loop A’ allows the RNA to bend around Ro and stem II to bind the
basic patch (stem I is shorter than the duplexed RNA in the crystal
structure (Fig. 4a)). Whatever the exact mode of Y RNA and pre-5S
rRNA binding, it appears that the entire surface in and around the
central cavity of Ro is an RNA-binding surface.

Ro binds other RNAs that contain a single-stranded tail

The extensive RNA-binding surface, coupled with the finding that
altering most structural elements of the misfolded pre-5S RNA results
in relatively small decreases in binding, suggests that Ro might bind
other RNAs that contain helices and a single-stranded tail. We
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