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Abstract

Transcription factor 1A (TFIIA) is required for eukaryotic synthesis of 5S ribosomal RNA by
RNA polymerase I11. Here we report the discovery of a structured RNA element with striking
resemblance to 5S rRNA that is conserved within TFIIA precursor mRNAS (pre-mRNAs) from
diverse plant lineages. TFIIIA protein expression is controlled by alternative splicing of the exon
containing the plant 5S rRNA mimic (P5SM). P5SM triggers exon skipping upon binding of
ribosomal protein L5, a natural partner of 5S rRNA, which demonstrates the functional adaptation
of its structural mimicry. Since the exon-skipped splice product encodes full-length TFITIA
protein, these results reveal a ribosomal protein-mRNA interaction that is involved in 5S rRNA
synthesis and has implications for cross-coordination of ribosomal components. This study also
provides insight into the origin and function of a newfound class of structured RNA that regulates
alternative splicing.

A large portion of transcripts from diverse eukaryotes exhibit alternative splicing. Between
40-60% of expressed human genes are conservatively estimated to give rise to multiple
splice productsl. Alternative splicing events have recently been shown to be prevalent in
plants as well, with an estimated ~20% of expressed genes in Arabidopsis thaliana (thale
cress) and Oryza sativa (rice) generating alternate splice products2. Many questions still
remain about how alternative splicing is regulated, and what the biological significance of
particular alternative splicing events is.
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It is becoming apparent that RNA structures can influence splicing3,4. Structural elements
present within pre-mRNAs can alter accessibility of the splicing sites and branch site that
define the sequence to be excised. Also, binding of protein splicing factors to regulatory
RNA motifs that influence recognition of the surrounding region as an exon or intron can be
affected by the structural context of the motifs.

While many computationally predicted pre-mRNA structures have been associated with
splicing regulation of specific transcripts, few examples have contained detailed
experimental evidence for the RNA structure3 or for its interacting partner. Exceptions
include some descriptions of splice factor binding to regulatory motifs5,6, ribosomal
proteins binding to rRNA mimics7-10, and metabolite binding to structured RNA elements
called riboswitches11,12. These studies demonstrate how detailed analyses of pre-mRNA-
ligand interactions can provide insight into molecular mechanisms for splicing regulation.

For example, direct binding of thiamin pyrophosphate (TPP) to TPP riboswitches found in

fungi and plants13,14 alters pre-mRNA splicing and leads to regulation of gene expression
in response to the metabolite11,12,15,16. Sequences within the metabolite-binding domain
of the riboswitch base pair with nucleotides at or adjacent to the proximal 5" splice site and
inhibit its use11,12. Under elevated TPP conditions, these sequences instead are engaged in
binding TPP, resulting in alternative splicing utilizing the revealed splice site.

We have discovered a class of structured RNAs broadly conserved in plants that controls
alternative splicing of TFIIIA, the specific transcription factor essential for synthesis of 5S
rRNA. The newfound RNA resembles 5S rRNA to a similar degree as several
retrotransposons derived from 5S rRNA 17-19, which supports its origination from an
ancient 5S pseudogene. While there are thousands of copies of 5S genes and pseudogenes in
eukaryotic genomes20-22, plant 5S rRNA mimic (P5SM) serves a specific function as a
structured cis-regulatory RNA element.

Our findings reveal that A. thaliana P5SM binds to ribosomal protein L5 in a directly
analogous fashion to the eukaryotic 5S-L5 interaction. This interaction within the context of
the TFIHIA pre-mRNA promotes exon skipping and leads to generation of the splice product
encoding full-length TFIIIA protein. Since an increase in TFIIIA protein upregulates
synthesis of 5S rRNA23, the discovery of P5SM shows that ribosomal protein L5 can
directly control the production of its partner, 5S rRNA. P5SM regulation of TFIIIA pre-
MRNA splicing also provides an example of alternative splicing control in plants by a
structured RNA distinct from metabolite-binding riboswitches.

Discovery of a plant 5S rRNA mimic (P5SM)

We performed a bioinformatics search for structured, cis-regulatory RNA elements
conserved in plant species by comparative analysis. The search strategy was based on
computational prediction of both nucleotide sequence and secondary structure conservation
between non-coding regions of A. thaliana and O. sativa genes related by protein sequence
homology (M.C.H. and R.R.B., unpublished data). Several candidate RNA classes were
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detected, including the previously characterized plant TPP riboswitch12,15. One structured
RNA element identified is associated with the TFIIIA gene in both plant species. Over 30
additional unique representatives of this candidate across species were detected in available
genomic and EST/cDNA databases (Supplementary Fig. 1). The RNA element is well-
represented in angiosperms, and a more diverged version also has been identified in the
moss, Physcomitrella patens (Supplementary Fig. 2), indicating conservation in both
vascular and non-vascular land plants.

A consensus sequence and secondary structure model for the TFII1A-associated RNA
element was developed using the examples collected as inputs for the CMfinder program24.
The RNA secondary structure predicted by the algorithm consists of two hairpin arms which
are interrupted by internal loops and bulges (Fig. 1a). An additional pairing element (P1)
forms a closing stem between sequences at the 5" and 3’ termini.

In-line probing analysis25 of the A. thaliana and O. sativa representatives support the
secondary structure model (Fig. 1b, Supplementary Fig. 3). Typically, nucleotides that are
base paired or otherwise structurally constrained are less subject to spontaneous
phosphoester cleavage than more conformationally flexible internucleotide linkages.
Accordingly, most predicted base paired regions exhibit reduced spontaneous cleavage (Fig.
1c). While some predicted bulges and loops are cleaved as expected for conformationally
flexible regions, others (notably the P3b/P3c bulge) are not, which may indicate
participation in non-canonical base pairings or in tertiary structures.

The sequence and structure of the candidate RNA do not match any RNA class models
annotated in the Rfam database26. However, its unvarying association with the TFIIIA gene,
which encodes a transcription factor required for the synthesis of 5S rRNA, suggests a
connection between the newly identified RNA element and 5S rRNA. Comparison of
sequences and secondary structures of 5S rRNA and the RNA element reveals two domains
with striking homology between the two RNAs (Fig. 1c,d). Based on the structural similarity
between these two RNAs, we named the newly discovered RNA element “plant 5S rRNA
mimic” or “P5SM”.

Alternative splicing of P5SM controls TFIIIA expression

P5SM resides exclusively within an optional or “cassette” exon that is alternatively spliced
in TFIIA pre-mRNAs (Fig. 2a). In A. thaliana, two splice variants (NM_105863 and
NM_202399) are annotated for the TFIIIA gene, which differ only in the presence or
absence of the cassette exon. The existence of both splice products was confirmed by RT-
PCR analysis (Fig. 2b). Similar results were obtained for the rice TFIIIA genes (Fig. 2b,
Supplementary Fig. 4). Available EST/cDNA data also support the conservation of these
two splice products for other plant TFII1A genes. We have not identified any 5S rRNA-like
element or alternate splice forms for annotated TFIIIA genes from non-plant species.

All known examples of TFIIIA contain nine zinc fingers, except for Schizosaccharomyces
pombe TFIA, which has ten27. The cassette exon carrying P5SM is always located
between exons coding for zinc fingers 2 and 3 (Supplementary Fig. 4). Cassette retention
introduces a premature termination codon in all splice product Il (SP-11) transcripts
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identified, while skipping of the exon produces splice product | (SP-I) transcripts that
encode the full-length protein. Truncation of TFIIIA protein before the third zinc finger is
expected to eliminate 5S gene transcription initiation and 5S rRNA binding activities28.

We measured the effect of fusing the 5’ region of the different AtTFIIIA splice products on
the activity of enhanced green fluorescent protein (EGFP) (Fig. 2c). The SP-I fusion (I-
EGFP) results in robust fluorescence of the EGFP reporter. In contrast, the SP-11 fusion (l1-
EGFP) shows very low activity even though the transcript is present (Fig. 2d), which is
consistent with translational termination prior to the EGFP open reading frame.

Furthermore, analysis of an A. thaliana UPF1 mutant had identified SP-11 as a target of
nonsense-mediated decay?29. Protein expression was analyzed for all reporter constructs
modified with a Flag tag upstream of the premature termination codon. Western blot
analysis with Flag and GFP antibodies to detect N- and C-terminal products, respectively,
show expressed protein for Flag-I1-EGFP but not Flag-11-EGFP (Fig. 2e). This result is
consistent with the latter transcript being subject to nonsense-mediated decay, as no
truncated N-terminal product was detected. The absence of C-terminal product for Flag-11-
EGFP indicates that there is no alteration of start codon use. Full-length protein is detected
by both antibodies for Flag-1-EGFP and Flag-Pre-EGFP constructs, as some of the latter is
spliced to Flag-1-EGFP (Fig. 2d, inset).

Thus, SP-I gives expression of full-length protein, while SP-11 gives no expression as
premature translation termination targets the transcript for nonsense-mediated decay.
Furthermore, in both A. thaliana and O. sativa, analogous changes in native TFIIA splice
product ratios were observed related to plant developmental stage (Fig. 2b), which suggests
specific regulation of cassette splicing. The reporter data support the cassette exon as the
major determinant of gene expression, and the conserved presence of PSSM within this exon
implicates the RNA element as playing a key role in regulation.

L5 promotes skipping of the P5SM-containing cassette exon

Given its gene context and structure, we hypothesized that P5SSM may exploit its structural
mimicry of 5S rRNA to recruit a natural 5S rRNA binding partner to TFIHIA pre-mRNAs,
and that this RNA-protein interaction influences cassette exon splicing. In eukaryotes,
several proteins or protein complexes have been found in association with 5S rRNA that
play roles in its maturation, transport, and storage outside the context of the ribosome30. In
particular, mature 5S rRNA is known to associate with TFIIIA or ribosomal protein L5 to
form 1:1 RNP complexes, and possible rationales exist for the coupling of TFIIIA
expression to the levels of either protein.

To monitor effects on cassette exon splicing and protein expression, a reporter was
constructed with the 5" region of unspliced TFIIIA precursor fused to EGFP (Pre-EGFP; Fig.
2¢). This reporter construct enables mutational analysis to be performed on the RNA, but
importantly maintains P5SM in its native context from the 5 UTR through to the
constitutive exon immediately following. The reporter transcript is expressed under a strong
constitutive promoter (CaMV) to exclude promoter effects and fused in-frame to the EGFP
coding region to allow facile quantitation of protein expression. Pre-EGFP is properly
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spliced in the in vivo plant model system, yielding transcripts that correspond to SP-1 and
SP-I1, and expresses protein accordingly (Fig. 2d,e). These transcripts are identical in
sequence to reporter constructs I-EGFP and 1I-EGFP but are products of splicing of the Pre-
EGFP construct, and so will be referred to as SP-1E and SP-IIE.

We tested whether expression of A. thaliana L5 or TFIIIA protein (AtL5 or AtTFIIIA)
affects splicing of the cassette exon. RT-PCR analysis shows increased splicing to SP-IE
with AtL5 expression, relative to the transcript splice ratio observed for the same leaf with
expression of an unrelated protein, luciferase (LUC) (Fig. 3a). Quantitative RT-PCR (qRT-
PCR) measurement of many independent leaf samples shows an average 1.7-fold increase of
SP-IE levels upon AtL5 expression (Fig. 3b). In contrast, expression of AtTFIIIA does not
change the transcript splice ratio, nor does expression of another ribosomal protein that
associates with 5S rRNA in the ribosome31, A. thaliana L7 (AtL7) (Fig. 3a). Similar
expression levels for N-terminal Flag-tagged versions of L5, TFIIIA, and L7 proteins have
been confirmed by western blot detection (Supplementary Fig. 5).

The expected functional consequence of a change in TFIIA exon splicing is a change in
protein expression. Fluorescence from the Pre-EGFP reporter was measured upon
expression of AtL5, AtTFIIIA, or AtL7, compared under each condition to the value
measured upon expression of LUC. Consistent with the observed increase in SP-I1E
transcript, which encodes full-length reporter protein, AtL5 expression results in an
approximately three-fold increase of Pre-EGFP reporter activity, whereas AtTFIIIA or AtL7
expression do not change reporter activity (Fig. 3a,c).

ALL5 expression does not affect I-EGFP or II-EGFP reporter constructs, which simulate the
splice products (Fig. 3d). Thus, the change in SP-1E abundance is unlikely to be due to an
effect on its stability. Rather, the increase of SP-IE is consistent with its enhanced
production from altered splicing of the pre-mRNA in response to AtL5.

Assuming that splicing of TFIHIA pre-mRNA involves a choice between SP-1 or SP-I1,
production of more SP-I should come at the expense of generating SP-11. Although we
observe an increase in SP-IE levels when AtL5 is constitutively expressed, there is no
corresponding decrease in SP-IIE levels (Fig. 3b). The levels of native TFIIIA SP-II
transcript are increased 17-fold in an A. thaliana mutant deficient in the nonsense-mediated
decay pathway29. Thus, the stability and steady state levels of SP-I1 type transcripts appear
to be dominated by nonsense-mediated decay, which could obscure modest effects achieved
by L5 expression. A small but sustained conversion in pre-mRNA splicing from SP-I1 to SP-
I would lead to an accumulation of the more stable TFII1A-encoding transcript that is
disproportionate to the decrease in SP-11 transcript. Overall, the in vivo reporter assays and
RT-PCR analyses indicate that splicing of TFIIIA pre-mRNA is selectively influenced by
L5 toward the exon-skipped product.

L5 via structural mimicry of 5S rRNA helix lll

To determine whether splicing control involves a direct interaction between P5SM and L5,
the binding of P5SM to the ribosomal protein was assessed in vitro. Recombinant AtL5 was
expressed as a C-terminal fusion to glutathione-S-transferase (GST), similar to the protein
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construct previously demonstrated to bind 5S rRNA invitro27. A 5’-radiolabeled RNA was
transcribed in vitro corresponding to the region of AtTFIIIA pre-mRNA that contains PSSM
and proximal splice sites (termed P5SM RNA). In a non-denaturing gel shift assay, GST-
AtL5 binds P5SM RNA in vitro with an apparent dissociation constant (Kp) of ~75 nM,
whereas the purification tag alone (GST) exhibits no appreciable binding at concentrations
up to 1 pM (Fig. 4a,b). The Kp for the A. thaliana 5S-L5 interaction is ~10 nM
(Supplementary Fig. 6), which is similar to that previously measured for the Xenopus laevis
5S-L5 interaction (2 nM)32.

A similar binding mode for both RNAs was first supported by the observation that unlabeled
5S rRNA competes with radiolabeled P5SM for binding to L5 (Fig. 4c), indicating the
RNAs form mutually exclusive complexes with the ribosomal protein. Furthermore, PSSM
has two domains that are highly homologous to regions of 5S rRNA. Two deletion
constructs (Fig. 5a) were made to test the individual contribution of each 5S-like domain to
L5 binding. Removal of the P2/L2 hairpin (P5SM mutant M1) eliminates most binding by
GST-ALL5, whereas deleting half of the P3/L3 hairpin (M2) only has a modest effect on
protein binding (Fig. 5b). Structural evaluation of M1 and M2 constructs by in-line probing
confirmed that the effects of deleting these regions are localized (Supplementary Fig. 7).

The P2/L2 hairpin of PSSM, which corresponds to helix I11/loop C of 5S rRNA, appears to
be a major contributor to L5 binding. Accordingly, more subtle mutations to the P2 stem
were analyzed (Fig. 5¢). Substitutions of two or four nucleotides that disrupt the P2 stem
(M4, M5) are almost as detrimental to protein binding as removal of the entire hairpin, and a
similar loss of binding is observed upon deletion of the conserved dinucleotide bulge (M3).
Compensatory mutations which restore base pairing interactions but have different
nucleotide identities in the stem are able to partially (M6) or fully (M7) rescue binding. The
in-line probing patterns for these mutant constructs also are consistent with the predicted
structural effects on the P2 stem (Supplementary Fig. 7).

The combined in vitro binding and structural probing data for the mutant RNAs provide
additional validation of our structural model of P5SM and support a binding mode in which
the P2 stem interacts with L5. These results parallel binding data for helix 111 in the X. laevis
5S-L5 interaction32, which is also consistent with the archaeal large ribosomal subunit
structure31 (Supplementary Fig. 8). Thus, binding of P5SSM to L5 appears to mimic the 5S-
L5 interaction.

P5SM recruitment of L5 is responsible for splicing control

With direct binding between P5SM and L5 established, we sought to determine whether
splicing control in vivo requires this interaction. Mutations corresponding to M1 through
M5, which disrupt the RNA structure, were introduced to the PSSM element within the Pre-
EGFP reporter construct. The wild-type Pre-EGFP reporter (WT) responds to expression of
AtL5 protein by increased splicing to generate SP-1E, which leads to higher reporter protein
expression. In contrast, reporter constructs M1 through M5 are unaffected by AtL5
expression (Fig. 5d). Full deletion of either of the two 5S-like domains (M1, M2) leads to
deregulation, consistent with their strong conservation in PSSM. More revealing is that
subtle mutations of a few nucleotides distal to splice sites but within PSSM (M3 through
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M5) are able to completely abolish splicing regulation by AtL5 in parallel to their effect of
disrupting L5 binding in vitro. Furthermore, the restoration of base pairing in the P2 stem
through compensatory mutations M6 and M7 rescues splicing regulation by AtL5 (Fig. 5d)
in parallel to their effect of rescuing L5 binding in vitro. Overall, the results of these in vivo
reporter assays are consistent with splicing regulation involving the recruitment of L5 to
TFIIA pre-mRNA by P5SM.

Also, reporter splicing for the PSSM mutants was compared to WT by RT-PCR analyses and
reporter fluorescence (Fig. 6a, Supplementary Fig. 9). To minimize effects from varying
endogenous L5 levels between individual samples, these experiments were performed with
constitutive co-expression of AtL5. Whereas splicing to SP-IE is promoted by L5 binding
for WT P5SM, both P2 stem pairing mutations (M4, M5) result in constitutive splicing to
SP-I1E and low fluorescence activity relative to WT, as expected for loss of L5 binding.
However, the bulge deletion (M3) unexpectedly favors constitutive splicing to SP-IE and
gives high fluorescence activity. This result reveals that the bulge deletion may affect
another aspect of P5SM function in addition to disrupting L5 binding. The more extensive
deletion in M1 includes the bulge deletion and yields the same splicing outcome as M3,
which suggests that both of these deletions are disrupting exon definition. This effect
apparently dominates over the simple loss of L5 binding.

Importantly, all disruptive mutants including M1 and M3 are unresponsive to AtL5 (Fig. 5d),
so these findings are consistent with loss of L5 binding causing splicing deregulation. Both
compensatory mutations (M6, M7) display behavior similar to WT in splice product ratios
and reporter activity (Fig. 6a), which suggests that normal regulation is restored. The
character of the deletion mutant M2 indicates that additional aspects of P5SM function
remain to be deciphered. However, the cumulative mutagenesis data reveal that PSSM may
contribute to both definition and skipping of the exon in which it resides, and provide
evidence for a regulatory model of TFIIA splicing controlled by the RNA element.

DISCUSSION

In bacteria, ribosomal protein expression is commonly controlled by negative feedback from
binding of ribosomal proteins to their own transcripts, resulting in inhibition of transcription
or translation33. Structural studies have confirmed rRNA mimicry for some ribosomal
protein mMRNASs7,8 although it is not as general as originally proposed34. In eukaryotes, a
few ribosomal proteins have been shown to auto-inhibit splicing and/or translation of their
own transcripts35. Direct correspondence of eukaryotic rRNA mimics to rRNA binding sites
has only been established for the yeast L30 pre-mRNAS9.

The plant 5S rRNA mimic does not autoregulate ribosomal protein synthesis, but instead
regulates the synthesis of 5S rRNA via control of TFIIIA expression. Also, while other
rRNA mimics are similar to only the region of the rRNA that binds the ribosomal protein,
P5SM exhibits much more extensive similarity in both sequence and structure to 5S rRNA.
The resemblance between the two RNAs is even more striking in the lineage of non-vascular
plants, as represented by the P. patens P5SSM, which shares 75% nucleotide identity with an
entire moss 5S rRNA (Supplementary Fig. 2).
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One intriguing rationale for this apparent homology is that PSSM may have evolved from a
5S pseudogene. Its preservation within both vascular and non-vascular plants suggests that
the element was acquired within the TFII1A gene before the divergence of these two
lineages. RNA polymerase Il transcribed RNAs are prevalent originators of retrotransposed
pseudogenes, and abundant retrotransposons derived from 5S rRNA have been described
recently in both plants and animals17-19.

It has been proposed that conserved 5S-related retrotransposon sequences in mammals are
functional17. Sequences derived from the Alu element in humans36 and a tRNA-related
retrotransposon in animals37 also have been implicated in alternative splicing. P5SM
illustrates how an ancient 5S pseudogene in plants has been adapted to serve this cis-
regulatory function at the RNA level.

Our data reveal that P5SM exploits the homology of its P2 stem to helix 111 of 5S rRNA to
bind ribosomal protein L5 (Fig. 5). In contrast, deletion of the conserved portion of the P3
stem in P5SM does not substantively affect L5 binding in vitro. These data are consistent
with the 5S-L5 interaction in the archaea large ribosomal subunit structure. The function of
the P3 domain in P5SM remains to be determined. Additional experiments are required to
explain why the deletion mutant M2 disrupts splicing regulation and gives constitutive
splicing to an SP-11 type product. Initial results show that cassette exon splicing and reporter
expression are unaffected by L7, the ribosomal protein that contacts loop E of 5S rRNA in
the ribosome (Supplementary Fig. 8).

Unlike a plant retrotransposon that utilizes the embedded 5S gene as an internal RNA
polymerase 111 promoter19, the PSSM-encoding sequences of TFI1IA genes have lost or
mutated the A-box promoter element, which also corresponds to part of loop B in 5S
rRNA38. In addition, P5SM lacks regions critical for TFIIIA protein binding to 5S rRNA,
comprising the core of the rRNA that is not mimicked (loop A/helix 11/loop B)39. The P.
patens P5SM does have homology extending to helix 11, but deviates from 5S rRNA in the
relevant parts of loops A and B. Thus, P5SM appears to be an ancient copy of 5S rRNA
whose structure was adapted for specific regulation of TFIIIA splicing in plants.

Our data support a model whereby alternative splicing of TFITIA pre-mRNA is controlled by
the binding of ribosomal protein L5 to P5SM (Fig. 6b). When L5 is depleted due to low
production or complex formation with 5S rRNA, splicing of TFIIIA pre-mRNA retains the
cassette exon. This splicing pathway generates SP-11, which is a transcript that is subject to
nonsense-mediated decay because it carries a premature termination codon. In reporter
assays, WT Pre-EGFP is not exclusively spliced to SP-11E in the absence of AtL5 co-
expression, most likely due to the presence of some endogenous L5. However, constructs
M4 and M5 that carry mutations disrupting L5 binding exclusively yield SP-IIE (Fig. 6a),
which implies that splicing defaults to SP-11 when free L5 concentrations are low.

Alternatively, if P5SM is bound by L5, such as when there is an insufficient amount of 5S
rRNA to occupy the ribosomal protein, the splicing pathway switches to favor generation of
SP-I1. This transcript type encodes TFIIIA protein, which in turn should activate synthesis of

Nat Struct Mol Biol. Author manuscript; available in PMC 2009 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hammond et al.

Page 9

5S rRNA. The regulatory logic in this system is converse to that of autoregulatory circuits,
in which protein binding results in splicing to nonsense-mediated decay targets40,41.

Raising the level of AtL5 in vivo by constitutive over-expression results in an approximately
two-fold increase in SP-IE levels (Fig. 3b). This change may not reflect the true dynamic
range of the splicing switch, as changes to endogenous L5 levels under native conditions
may be different than those tested. Comparison between P5SM mutants that are
constitutively spliced to SP-IE or SP-11E does reveal that the full dynamic range for change
in protein expression as regulated by P5SM cassette splicing is up to ~40 fold
(Supplementary Fig. 9).

Increase of TFIIIA mRNA or TFIIIA protein has been shown to promote 5S rRNA
transcription23,27. The expected consequence of P5SM-mediated regulation is that
ribosomal protein L5 promotes the synthesis of its partner, 5S rRNA. In eukaryotes, 5S
rRNA must be bound by L5 prior to incorporation into the large ribosomal subunit 30. Thus
there is a strong rationale for the cell to balance synthesis of these two essential ribosomal
components. Previous work in X. laevis oocytes demonstrated that a network of
ribonucleoprotein complexes connecting L5 to TFIIA could be responsible for homeostatic
maintenance of 5S rRNA relative to L542. In plants, P5SM apparently functions to
coordinate the transcription of 5S rRNA by RNA polymerase 111 directly to the level of free
ribosomal protein L5, which is a translated product of RNA polymerase II.

Unlike other structured RNA elements that influence splicing, such as the yeast L30 mRNA
element43 and eukaryotic TPP riboswitches11,12,16, P5SM does not directly overlap or
have clear nucleotide complementarity with regulated splice sites. However, our data
indicate that P5SM plays opposing roles in both exon definition and skipping, suggesting a
possible mechanism for regulation. L5 binding to P5SM may displace an exonic splice
factor from the pre-mRNA, resulting in regulated exon skipping (Fig. 6b). Competitive
displacement of splice factors in other systems is precedented44. The displacement
mechanism implies that mutations to the RNA may directly perturb splice factor binding and
exon definition without need of L5. The M1 and M3 mutations to P5SM cause constitutive
exon skipping even though binding to L5 is disrupted (Fig. 6a). These observations suggest
that another factor may be required for exon definition.

Purine-rich motifs in A. thaliana have been shown to enhance recognition of surrounding
sequences as exonic45, and these exonic splicing enhancers (ESE) are often recognized by
splice factors46. Thus, the variable purine-rich insertions in L2 of angiosperm P5SMs
(Supplementary Fig. 1) are attractive as potential ESEs that may place a splice factor in
proximity to the P2 stem and within the influence of L5 binding. Replacement of the five
purine nucleotides in L2 of P5SM with the UC sequence from Loop C of 5S rRNA (M8)
does not affect L5 binding in vitro (Supplementary Fig. 10). But unlike other PSSM reporter
constructs that bind L5, M8 is insensitive to L5 and constitutively splices to the exon-
skipped product. This result is consistent with disruption of its proposed role as an ESE and
is similar to the observations for M1 and M3. The data for these P5SM mutants reveal that
some sequences in L2 contribute to exon definition, potentially through recruitment of an
exonic splice factor. Further experiments will be needed to fully test this hypothesis, and to
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analyze the contribution of the complete P5SM structure to splicing regulation.
Nevertheless, the discovery of P5SM and detailed analysis of its interaction with ribosomal
protein L5 has led to a model for the molecular logic behind splicing regulation of TFHIA
pre-mRNAs.

Intriguingly, in several grasses, we have identified two separate expressed TFIIIA genes
which are distinguished by the presence of a single copy or tandem arrangement of P5SM
cassette exons. Conservation of the single and tandem P5SM arrangements suggests
distinctive regulation of the two TFIIIA genes in response to L5 levels in these plants.
Preliminary experiments on rice TFIIIA containing tandem P5SM cassettes have identified
transcripts retaining none, one, or both cassette exons (Supplementary Fig. 11). The tandem
P5SM architecture may function like some metabolite-binding riboswitches that use tandem
arrangements to increase responsiveness to changing ligand concentrations47. P5SM
elements, either in their single or tandem configurations, show that the original protein-
binding function of the universally conserved 5S rRNA has been co-opted to serve in cis-
regulation.

METHODS

Bioinformatics

We identified the plant 5S rRNA mimic by comparative analysis of non-coding sequences
from annotated genes in the genomes of A. thaliana and O. sativa (M.C.H. and R.R.B.,
unpublished data). Additional candidate sequences were detected in available genomic and
EST databases either by sequence similarity or by contextual searching via similarity to
flanking translated regions. We used the CMfinder program24 to computationally predict
the RNA secondary structure from the unaligned sequences.

Oligonucleotides and DNA constructs

Sequences of synthetic primers used and details of plasmid construct cloning are described
in Supplemental Table 1 [AU: Correct?]. We isolated genomic DNA using the Plant
DNAZzol reagent standard protocol (Gibco BRL). DNA constructs were generated by PCR
from cDNA or genomic templates, and confirmed by sequencing after cloning. We
introduced nucleotide changes to DNA templates for RNA transcription by two-piece PCR
ligation using overlapping primers that contain the desired mutation. Reporter constructs are
based on the pBinAR plasmid48 modified by the addition of different fluorescent protein
coding sequences as previously described12. We introduced nucleotide changes to reporter
constructs by Quikchange (Stratagene) using complementary primers that contain the
desired mutation.

In-line probing

RNAs were transcribed in vitro using T7 RNA polymerase from DNA templates,
dephosphorylated, and radiolabeled with y-32P ATP, then in-line probing of the 5’ 32P-
labeled RNA was performed as previously described47.
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RNA isolation and RT-PCR analyses

Total RNA was isolated, and RT-PCR and gRT-PCR were performed as previously
described12. For the developmental study, we collected tissue from A. thaliana seedlings
(14 days old) and rosette plants (6-8 weeks old), and from O. sativa seedlings (20 days old)
and mature plants (2 months old). For reporter RT-PCR studies, we collected leaf tissue
from N. benthamiana plants (3-5 weeks old) 48 h after infiltration with constitutively
expressed reporter and tested protein constructs. cDNAS were generated using either poly-T
or random hexamer primers and used as PCR templates for detection of TFIIIA transcripts
or TFIIIA-derived reporter transcripts. gRT-PCR analysis was performed using the ABI
7500 Real-time PCR system (Applied Biosystems).

Protein expression

The C-terminal fusion of AtL5 protein to a GST tag was constructed in the pGEX-4T-2
expression vector in a similar manner to that previously described27. We expressed the
recombinant protein in E. coliBL21-CodonPlus(DE3)-RIPL with 1 mM IPTG induction for
3 hat 28°C. Protein purification was performed as previously described27. Protein
concentration was quantitated using the Quick Start Bradford Protein Assay (Bio-Rad).

Non-denaturing gel shift assays

To perform the gel shift assay, we incubated in vitro transcribed 5’ 32P-labeled RNA for 3
min at 55°C in renaturation buffer (50 mM Tris-HCI [pH 8.0 at 25°C], 50 mM KCI, 5 mM
MgCl,), then allowed it to cool at 25°C. RNA (~0.2-2 nM) was added to binding buffer (20
mM Tris-HCI [pH 7.5 at 25°C], 50 mM KCI, 5 mM MgCl,, 1 mM DTT, 10% (v/v) glycerol,
100 ug mI~1 BSA, 3.75 pg mi~1 tRNA) and incubated for 10 min at 25°C in the absence or
presence of different concentrations of protein (GST or GST-AtL5), which had been pre-
incubated with RNase inhibitor (SUPERasin, Ambion). The reaction was quenched with
addition of 50% glycerol and placed on ice. Samples were run in a 10% polyacrylamide gel
(25 mM Tris-HCI [pH 7.5 at 25°C], 200 mM glycine, 5% (v/v) glycerol) at 4°C for 3 h at
300 V.

In vivo reporter fluorescence assays

We performed in vivo reporter studies using the Agrobacterium-mediated leaf infiltration
assay in N. benthamiana as described previously12. All reporters and tested proteins were
constitutively expressed under the cauliflower mosaic virus 35S promoter, and expression
was analyzed 72 h after infiltration. The fluorescent proteins EGFP and DSRED?2 served as
reporter proteins and their fluorescence was measured in vivo with the Typhoon laser-based
scanning system (Molecular Dynamics). Alternatively, we extracted 100 mg of tissue per
sample with 300 pL buffer (50 mM Tris-HCI [pH 7.5 at 25°C], 150 mM NacCl, 0.1% (v/v)
Tween 20, 0.1% (v/v) beta-mercaptoethanol). After centrifugation, fluorescence activity of
the supernatant was measured in a 96-well plate fluorometer. EGFP was excited at 480 nm
(10 nm bandpass) and detected at 510 nm (10 nm bandpass). Constitutive DSRED2
expression was monitored to normalize for transformational efficiency and to verify protein
expression. DSRED2 was excited at 544 nm and detected at 590 nm (10 nm bandpass).
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Immunoblots

We introduced Flag-tagged reporter constructs along with untagged EGFP, DSRED2, and
p19 (RNAI suppressor) by leaf infiltration as described previously12, and crude protein was
extracted from plant tissue as described above. SDS-PAGE and western blots were
performed according to standard procedures. Anti-Flag from mouse (Sigma-Aldrich, F3165)
or anti-GFP from rabbit (Invitrogen, 460092) were used as primary antibodies and detected
by chemiluminescence detection (Super Signal West Dura, Pierce) of secondary antibodies
conjugated to horse radish peroxidase.

Statistical analysis

For experiments in which 8 or more independent biological replicates (n) were analyzed,
standard error of the mean (SEM) is calculated to show the variability of the mean.
Otherwise, standard deviation (SD) is calculated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A conserved structured RNA element in plants resembles 5S rRNA. (a) Consensus sequence

and secondary structure model for the angiosperm representatives of an RNA element

identified by comparative bioinformatics. Sequences of all representatives are shown in
Supplementary Fig. 1. Calculations for nucleotide conservation and base pair annotations
were performed as previously described49. (b) In-line probing analysis of the 5" 32P-labeled
RNA shown in ¢, which encompasses the A. thaliana representative of the RNA element
(nucleotides 649-793 of AtTFIIIA gene, NCBI gi 42592260). NR, T1, and "OH designate
lanes containing nonreacted RNA, or RNA subjected to partial digest with RNase T1 (G-
specific) or alkali, respectively. Rxn identifies RNA subjected to in-line probing. Labeled

bars identify regions corresponding to pairing elements shown in c. (c) Sequence and
secondary structure model for the A. thaliana plant 5S rRNA mimic. Positions with

substantial backbone cleavage 3’ to the nucleotide upon in-line probing are circled. Shaded

regions have sequence and structural similarity to corresponding shaded regions in A.

thaliana 5S rRNA shown in d, with identical nucleotides in bold. Numbered nucleotides
match labeled G nucleotides in b. (d) Sequence and secondary structure for the A. thaliana
representative of 5S rRNA. Structural elements (helices and loops) are labeled using the 5S

rRNA naming convention30. Shaded regions and bolded nucleotides are defined in c.
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Figure2.
The cassette exon containing the plant 5S rRNA mimic exhibits regulated alternative

splicing and yields two splice products giving different gene expression. () Splicing model
for TFIHIA pre-mRNAs from A. thaliana. Exon/intron organization (exons are rectangles,
introns are lines) and exon features (untranslated regions are white, coding regions are
black) are shown. Splicing reactions that lead to splice product I (SP-I, green lines) and
splice product Il (SP-11, blue lines) are shown. The cassette exon contains PSSM and its
retention introduces a premature termination codon in SP-I1 (red triangle). Arrows indicate
annealing sites of PCR primers used in b. (b) RT-PCR detection of two splice types for A.
thaliana and O. sativa TFII1A. cDNA templates were generated by reverse transcription
reactions performed using poly-T primers (RT1) or random hexamers (RT2), then TFIIIA
transcripts were detected by PCR. To assess qualitative developmental stage effects, the
ratio of PCR products corresponding to SP-1 and SP-11 were analyzed in mature plant leaves
(L) versus seedlings (S). Also shown are PCR reactions with genomic DNA, yielding a
product the size of unspliced precursor (Pre), and with RNA as a control (no reverse
transcription). DNA markers (M) are in increments of 100 base pairs (bps) from 200 to 1000
(top gel) or 200 bps from 400 to 1000 (bottom gel). Sequences of precursor and spliced
mMRNAS detected for A. thaliana and O. sativa TFII1As are shown in Supplementary Fig. 4.
(c) Reporter constructs used in transient gene expression assays in Nicotiana benthamiana,
depicted as described in a. The 5’ region of A. thaliana TFII1A mRNAs (SP-1, SP-Il, or
precursor) that extends to the coding region for zinc finger 4 was fused in-frame to the
EGFP reporter gene (grey). The resulting constructs are under control of the constitutive
CaMV promoter. Arrows indicate annealing sites of PCR primers used in d. Asterisks
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indicate location of Flag peptide sequence introduced to constructs used for immunaoblotting
in e. (d) In vivo expression analysis for TFIIIA reporter constructs. Fluorescence was
measured by laser-scanning of leaves. EGFP fluorescence was normalized to the value
measured for I-EGFP. Numbers of independent leaf samples (n) measured are indicated.
Error bars represent standard deviation (SD). Inset shows the corresponding RT-PCR data
for the reporter constructs. (€) Western blot analysis of protein expressed in N. benthamiana
from Flag-tagged versions of Pre-EGFP, I-EGFP, and II-EGFP reporters. A Flag peptide
sequence was inserted into the coding region prior to the premature termination codon
(asterisk, ¢) and does not affect fluorescence activity of the constructs (data not shown). The
same immunoblot was probed with anti-Flag to detect N-terminal product and anti-GFP to
detect C-terminal product following a wash step to allow reprobing with a second primary
antibody. A green arrowhead labels the protein band detected for the reporter. Because I-
EGFP gives very high protein expression (see d), this construct was transformed at one-
tenth of the concentration of Pre-EGFP or II-EGFP constructs to enable parallel detection of
weaker product signals. However, for each sample, the same concentration of an EGFP-only
construct was transformed as an internal standard and detected with anti-GFP (open
arrowhead) to normalize for transformation efficiency and equal sample loading.
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Figure 3.
Ribosomal protein L5 specifically increases TFIIIA gene expression by promoting splice

product I formation. (a) RT-PCR analysis of transcript types SP-1E and SP-1IE resulting
from splicing of a reporter containing the 5’ region of A. thaliana TFII1A precursor mMRNA
fused to EGFP (Pre-EGFP, Fig. 2c) upon co-expression of luciferase (LUC), AtL5,
AtTFIIIA, or AtL7 proteins in N. benthamiana. The splice products were detected using
primers a and e. The key for tested proteins applies to all panels of this figure. Each RNA
sample was extracted from the corresponding quadrant of a single leaf (cartoon), in which
DNA constructs were introduced that express the Pre-EGFP reporter, the DSRED2
fluorescent protein as a normalization standard, a viral suppressor of RNA interference
(p19), and the indicated test protein. Laser-scanned fluorescence of a representative leaf
shows the delineation of protein expression by quadrants and the effect of AtL5 co-
expression on Pre-EGFP fluorescence. (b) Quantitative RT-PCR analysis of relative amount
of transcript types SP-IE and SP-IIE resulting from splicing of the Pre-EGFP reporter upon
expression of AtL5 versus LUC. Numbers of independent RNA samples (n) analyzed are
indicated. Error bars represent SEM. (c) In vivo expression analysis of the Pre-EGFP
reporter upon co-expression of AtL5, AtTFIIA, or AtL7 proteins in N. benthamiana. For all
constructs and conditions, EGFP fluorescence was normalized to the value measured with
expression of LUC, which was set to a value of 1. Fluorescence was measured by protein
extraction. Numbers of independent leaf samples (n) measured are indicated. Error bars
represent standard error of the mean (SEM). (d) Reporter fusion constructs corresponding to
spliced products (I-EGFP, II-EGFP) also were analyzed with expression of AtL5, similar to
as described in c.
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Figure 4.

GgT-AtLB fusion protein binds to P5SM RNA in vitro. (&) In vitro binding analysis for the
P5SM RNA (transcribed from nucleotides 603-810 of the AtTFIIIA gene, NCBI gi
42592260) with either GST or GST-AtL5. Radiolabeled RNA was incubated at 25°C in
binding buffer in the absence or presence of protein (0-1 uM). RNA-protein complex
formation was analyzed by non-denaturing PAGE. Unbound RNA (filled arrowhead) and
RNA-protein complex (open arrowhead) are indicated. (b) Representative plot used to
determine the apparent Kp for the interaction between P5SM RNA and GST-AtL5 protein.
Maximal binding observed at 1.25 pM protein was normalized to 1. Graphed line
corresponds to the best-fit curve for a two-state binding model with 1:1 stoichiometry and
Kp of 75 nM. (c) In vitro competition binding analysis. Radiolabeled P5SM RNA mixed
with buffer alone or unlabeled RNA (5S rRNA or P55M, 50-200 nM) was incubated with
GST-ALL5 protein (0.6 uM) at 25°C and analyzed by non-denaturing PAGE. The percent
bound for each lane is shown below the gel. Other details are as described in a.
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Figurebs.
The P2 stem of P5SM RNA is critical for binding to GST-AtL5 in vitro and disruption of

AtL5 binding abolishes regulation of splicing in vivo. (a) Sequences of wild type (WT),
deletion mutants, and P2 stem mutants of P5SM RNA used to assess domain contributions
to protein binding. Shaded regions have sequence and structural similarity to corresponding
shaded regions in 5S rRNA (Fig. 1d). Dashed boxes indicate nucleotides removed in
deletion constructs (M1 through M3). The solid boxed region in the P2 stem was subjected
to the disruptive (M4, M5) and compensatory (M6, M7) mutations shown. (b, )
Representative graphs of in vitro binding analyses for WT and mutant PSSM RNAs with
different concentrations (0-0.625 uM) of GST-ALLS5 protein. In ¢, the same symbol
designates a disrupted mutant (open symbols) and its corresponding compensation mutant
(filled symbols). The data lines for M3 and M5 are overlapping. (d) In vivo expression
analysis for Pre-EGFP reporter constructs with co-expression of AtL5 in N. benthamiana.
Pre-EGFP variants incorporate mutations M1 through M7 in the P5SM element. Data for the
Pre-EGFP WT construct from Fig. 3c is shown for reference. For each construct, the EGFP
fluorescence measured with expression of luciferase (LUC) was set to a value of 1 to enable
comparison of relative change in response to AtL5 overexpression. This normalization
procedure does not allow comparison of relative expression levels between the PSSM
constructs, which instead were measured as shown in Supplementary Fig 9. Numbers of
independent leaf samples (n) measured are shown. Error bars represent SEM.
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Figure®6.

The constitutive splicing patterns of deregulated mutants reveal that PSSM is involved in
both exon definition and skipping, leading to a proposed model for regulation of TFIIIA pre-
MRNA splicing. (2) RT-PCR detection of splice products arising from splicing of WT
versus mutant Pre-EGFP reporter constructs. Each set consists of WT and one mutant
reporter construct transformed on half of the same leaf to ensure near identical conditions
for comparison. Effects from varying endogenous L5 levels were minimized by analyzing
splice ratios upon constitutive AtL5 expression. Reporter fluorescence for these constructs
measured under the same conditions for many individual leaves are shown in Supplementary
Fig. 9. Total RNA was isolated from the same tissue amount for each leaf half, and roughly
1 ug was used in the RT reactions. Bars define disruptive (dis) and compensatory (comp)
mutant pairs or deletion (del) mutants. Also shown are PCR products corresponding to
unspliced precursor, SP-1E, and SP-I1E derived from DNA templates. The major splice
product for the M2 mutant (labeled with an asterisk) is an SP-11 type product which is
shorter than the normal SP-I1 because of deleted sequence in the construct. DNA markers
(M) from 400 to 1000 are in 200 bps increments. (b) The PSSM-L5 complex activates exon
skipping, leading to the splice product (SP-1) that encodes full-length TFIIIA, whereas the
default splice product (SP-11) is a nonsense-mediated decay substrate. Evidence suggests
that P5SM is important in both exon recognition and skipping events. In the proposed
mechanism, L5 displaces a putative exon-defining splice factor (SF) from P5SM. Thus, the
discovery and analysis of this structured RNA element has elucidated a role for ribosomal
protein L5 in the regulation of 5S rRNA synthesis in plants.
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