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RNA: Function, Secondary Structure 

Prediction, Search, Discovery	


	





GENOME 541 Syllabus	



“… protein and DNA sequence analysis … to 
determine the "periodic table of biology," i.e., 
the list of proteins …, which can be regarded 
as the first stage in…”	


	



No mention of RNA…	





The Message	



Cells make lots of RNA	


	


Functionally important, functionally diverse	


	


Structurally complex	


	


New tools required	


	

alignment, discovery, search, scoring, etc.	
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noncoding RNA	





Rough Outline	



Today	


Noncoding RNA Examples	



RNA structure prediction	



Next Time	


RNA “motif” models	


Search	


Motif discovery	
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RNA	



DNA: DeoxyriboNucleic Acid	


RNA: RiboNucleic Acid	



Like DNA, except:	


Lacks OH on ribose (backbone sugar)	


Uracil (U) in place of thymine (T)	



A, G, C as before	
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uracil	

thymine	



CH3	



pairs 	
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RNA Secondary Structure: ���
RNA makes helices too	



19 

5´! 3´!

Usually single stranded	





20 http://en.wikipedia.org/wiki/File:A-DNA,_B-DNA_and_Z-DNA.png	
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Z      	


    (norm for RNA)	

 	

         (norm for DNA)	





Fig. 2. The arrows show the situation as it 
seemed in 1958. Solid arrows represent 
probable transfers, dotted arrows possible 
transfers. The absent arrows (compare Fig. 1) 
represent the impossible transfers postulated 
by the central dogma. They are the three 
possible arrows starting from protein.	





“Classical” RNAs	



rRNA - ribosomal RNA (~4 kinds, 120-5k nt)	



tRNA - transfer RNA (~61 kinds, ~ 75 nt)	



RNaseP - tRNA processing (~300 nt)	



snRNA - small nuclear RNA (splicing: U1, etc, 60-300nt)	



	



a handful of others	





Ribosomes	



25 Watson, Gilman, Witkowski, & Zoller, 1992 



Ribosomes	
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Atomic structure of the 50S Subunit from 
Haloarcula marismortui. Proteins are shown 
in blue and the two RNA strands in orange 
and yellow. The small patch of green in the 

center of the subunit is the active site.!
- Wikipedia!

1974 Nobel prize to Romanian biologist 
George Palade (1912-2008) for discovery 
in mid 50’s 	



50-80 proteins 	



3-4 RNAs (half the mass)	



Catalytic core is RNA	



Of course, mRNAs and tRNAs 
(messenger & transfer RNAs) are ���
critical too	





Transfer RNA	



The “adapter” coupling mRNA ���
to protein synthesis.	



Discovered in the mid-1950s by ���
Mahlon Hoagland (1921-2009,	


left), Mary Stephenson, and ���
Paul Zamecnik (1912-2009; ���
Lasker award winner, right).	





Bacteria	



Triumph of proteins	


80% of genome is coding DNA	


Functionally diverse	


	

receptors	


	

motors	


	

catalysts	


	

regulators  (Monod & Jakob, Nobel prize 1965)	


	

… 	



28 



Proteins Catalyze Biochemistry: ���
Met Pathways 	



…	





Alberts, et al, 3e.	



Proteins Regulate Biochemistry: ���
The MET Repressor	



SAM	



DNA	

Protein	

 31 
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Protein 
way 

Riboswitch  
alternative 

SAM	



Grundy & Henkin, Mol. Microbiol 1998 
Epshtein, et al., PNAS 2003 
Winkler et al., Nat. Struct. Biol. 2003 

Not the only way!	
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Protein 
way 

Riboswitch  
alternatives 

SAM-II	



SAM-I	



Grundy, Epshtein, Winkler  
et al., 1998, 2003 

Corbino et al.,  
Genome Biol. 2005 

Not the only way!	
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Corbino et al.,  
Genome Biol. 2005 

Protein 
way 

Riboswitch  
alternatives 

SAM-III	



SAM-II	

SAM-I	



Fuchs et al.,  
NSMB 2006 

Grundy, Epshtein, Winkler  
et al., 1998, 2003 

Not the only way!	
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Corbino et al.,  
Genome Biol. 2005 

Protein 
way 

Riboswitch  
alternatives 

Weinberg et al.,  
RNA 2008 

SAM-III	



SAM-II	

SAM-I	



Fuchs et al.,  
NSMB 2006 

Grundy, Epshtein, Winkler  
et al., 1998, 2003 

SAM-IV	



Not the only way!	
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Riboswitch  
alternatives 

Corbino et 
al.,  

Genome 
Biol. 2005 

Weinberg 
et al.,  

RNA 2008 

SAM-III	



SAM-II	

SAM-I	



Fuchs 
et al.,  
NSMB 
2006 

Grundy, Epshtein, 
Winkler  

et al., 1998, 2003 

SAM-IV	



Not the only way!	



Meyer,  etal., BMC  
Genomics 2009 



37 

And in other 
bacteria, a 
riboswitch 
senses SAH	



(SAH)	





Example: Glycine Regulation	



Glycine: 1 of 20 amino acids 	


	

EITHER used to make proteins	


	

OR used as an energy source���
	



Cells need to measure glycine levels and 
respond to changes by turning genes on/off	
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Example: Glycine Regulation	



How is glycine level regulated?	


Plausible answer:	



glycine cleavage enzyme gene 

g g 

TF 
g TF 

gce 
protein 

g 

g 

DNA 

transcription factors (proteins) bind to  
DNA to turn nearby genes on or off 
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The Glycine Riboswitch	



Actual answer (in many bacteria):  ���
	



glycine cleavage enzyme gene 

g g 

g g 

gce mRNA 

gce 
protein 

5ʹ′ 3ʹ′ 

DNA 

Mandal et al. Science 2004 40 



gcvT ORF	



5’	



3’	



(Mandal, Lee, Barrick, 
Weinberg, Emilsson, 

Ruzzo, Breaker, 
Science 2004)!

The Glycine Riboswitch���
	





Fig. 3. Cooperative binding of two glycine molecules by the VC I-II RNA. Plot depicts the fraction of VC 
II (open) and VC I-II (solid) bound to ligand versus the concentration of glycine. The constant, n, is the Hill 

coefficient for the lines as indicated that best fit the aggregate data from four different regions (fig. S3). 
Shaded boxes demark the dynamic range (DR) of glycine concentrations needed by the RNAs to 

progress from 10%- to 90%-bound states.	





Riboswitches	



~ 20 ligands known; multiple nonhomologous solutions for 
some	



dozens to hundreds of instances of each	


TPP known in archaea & eukaryotes	


one known in bacteriophage	


on/off; transcription/translation; splicing; combinatorial 

control	


In some bacteria, more riboregulators identified than protein 

TFs	


all found since ~2003	
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Antibiotics?	



Old drugs, new understanding:  	


TPP ~ pyrithiamine	



lysine ~ L-aminoethylcysteine, DL-4-oxalysine	


FMN ~roseoflavin	



	



Potential advantages - no (known) human 
riboswitches, but often multiple copies in bacteria 	





ncRNA Example: T-boxes	







ncRNA Example: 6S	



medium size (175nt)	


structured	


highly expressed in E. coli in certain growth 

conditions	


sequenced in 1971; function unknown for 30 

years	





6S mimics an ���
open promoter	



Barrick et al. RNA 2005 
Trotochaud et al. NSMB 2005 
Willkomm et al. NAR 2005 

E.coli 

Bacillus/���
Clostridium	



Actino-
bacteria	
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LETTERS

Exceptional structured noncoding RNAs revealed by
bacterial metagenome analysis
Zasha Weinberg1,2, Jonathan Perreault2, Michelle M. Meyer2 & Ronald R. Breaker1,2,3

Estimates of the total number of bacterial species1–3 indicate that
existing DNA sequence databases carry only a tiny fraction of the
total amount of DNA sequence space represented by this division of
life. Indeed, environmentalDNAsamples havebeen shown to encode
many previously unknown classes of proteins4 and RNAs5.
Bioinformatics searches6–10 of genomic DNA from bacteria com-
monly identify new noncoding RNAs (ncRNAs)10–12 such as ribo-
switches13,14. In rare instances, RNAs that exhibit more extensive
sequence and structural conservation across a wide range of bacteria
are encountered15,16. Given that large structured RNAs are known to
carry out complex biochemical functions such as protein synthesis
and RNA processing reactions, identifying more RNAs of great size
and intricate structure is likely to reveal additional biochemical func-
tions that can be achieved by RNA.We applied an updated computa-
tional pipeline17 to discover ncRNAs that rival the known large
ribozymes in size and structural complexity or that are among the
most abundant RNAs in bacteria that encode them. These RNAs
would have been difficult or impossible to detect without examining
environmentalDNAsequences, indicating thatnumerousRNAswith
extraordinary size, structural complexity, or other exceptional char-
acteristics remain to be discovered in unexplored sequence space.

Conserved secondary structures of RNAs can be identified by
phylogenetic comparative sequence analysis18,19, whereby nucleotides
and structures important for RNA function are revealed by iden-
tification of conserved sequences and nucleotide covariation (for
example, see Supplementary Fig. 1). We used this approach to
identify over 75 new structured RNAs from bacteria or archaea.
Among these are new riboswitch classes that sense tetrahydrofolate,
S-adenosylhomocysteine and S-adenosylmethionine, and c-di-GMP,
and other candidate cis-regulatory and ncRNAs (unpublished data).
On the basis of available sequence data, several of these RNAs are
present only in specific environments or in phyla with few available
genome sequences (Supplementary Table 1). Here we report a special
subset of new-found RNA structures that are exceptional, either
because they are extremely large and structurally complex or because
they are produced in unusually high amounts.

We identified two RNA structures (GOLLD and HEARO) that
are among the largest complex bacterial ncRNAs known (Fig. 1).
GOLLD (Giant, Ornate, Lake- and Lactobacillales-Derived) RNA is
particularly striking because it represents the third-largest highly
structured bacterial RNA discovered to date, ranking only behind
23S and 16S rRNAs. The structural complexity of GOLLD RNA
(Fig. 2a), as quantified by the number of multistem junctions and
pseudoknots, is similar to most self-splicing group II introns20.
Also, as observed in large ribozymes18–20, some regions of GOLLD
RNA can adopt a diversity of complex folds (Supplementary Fig. 2).

We identified GOLLD RNAs by searching environmental
sequences collected from Lake Gatún, Panama21, and representatives

were subsequently identified in eight cultivated organisms distribu-
ted among three bacterial phyla. GOLLDRNAs are frequently located
adjacent to tRNAs, and in three cases, a tRNA is predicted inside a
variable region in GOLLD RNA itself (Fig. 2a and Supplementary
Discussion).

In Lactobacillus brevis ATCC 367 and other organisms, GOLLD
RNA resides in an apparent prophage. We therefore monitored
GOLLD RNA transcription in L. brevis cultures grown with mitomy-
cin C, an antibiotic that commonly induces prophages to lyse their
hosts22. Increased GOLLD RNA expression correlates with bacterio-
phage particle production, and DNA corresponding to the GOLLD
RNA gene is packaged into phage particles (Fig. 2b). Furthermore,
most L. brevis GOLLD RNA transcripts made during bacteriophage
production closely bracket the entire span of conserved sequences
and structural elements as determined by mapping of the 59 and 39
termini (Supplementary Fig. 3). Thus, expression of the entire non-
coding RNA presumably is important for the bacteriophage lytic
process.

HEARO (HNH Endonuclease-Associated RNA and ORF) RNAs
(Fig. 3a) often carry an embedded ORF that usually is predicted to
code for an HNH endonuclease. This enzyme is commonly exploited
by a variety of mobile genetic elements to achieve DNA transposi-
tion23. Thus HEARO RNA and its associated ORF together might
constitute a mobile genetic element. The number of HEARO RNAs

1Howard Hughes Medical Institute, 2Department of Molecular, Cellular and Developmental Biology, 3Department of Molecular Biophysics and Biochemistry, Yale University, Box
208103, New Haven, Connecticut 06520-8103, USA.
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Figure 1 | Size and structural complexity of new-found RNAs compared to
the ten largest known bacterial ncRNAs with complex structures.
Structural complexity is represented by the number of multistem junctions
plus pseudoknots (see Methods for details). RNAs described in this report
are in bold type. HEARO and Group I ribozyme symbols overlap. Narrowly
distributed RNAs (present in only one bacterial class) are not included.
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RNAs of 
unusual size 
and 
complexity	



RNAs. Notably, metatranscriptome sequences collected near Station
ALOHA5,26 (Pacific Ocean) showed that all IMES RNAs are excep-
tionally abundant (Supplementary Table 2). IMES-1 and IMES-2
RNAs are over five- and over twofold more abundant than 5S
rRNA, respectively.

Moreover, we find that IMES-1 RNA is also highly expressed in
bacteria from another marine environment, in Block Island Sound
(Atlantic Ocean), though not as abundantly as found in Station
ALOHA samples (Supplementary Fig. 10). The high amounts of
IMES-1 and IMES-2 RNAs are extremely rare for bacterial
ncRNAs25, and only 6S RNA and total tRNAs are known to outnum-
ber 5S rRNAs27. Moreover, other than SprD28 and OxyS29 RNAs, all
RNAs whose abundance is comparable to even the lower IMES-1
levels at Block Island Sound were reported by the early 1970s25,27.

Although we have identified numerous other noncoding RNAs in
our searches (for example, see Supplementary Table 1 and
Supplementary Fig. 11), examples of ncRNAs with conserved
sequence and structural complexity comparable to GOLLD and
HEARO RNAs or with expression levels comparable to IMES

RNAs are exceedingly rare. With few exceptions, these highly com-
plex or abundant RNAs were discovered decades ago. One exception,
OLE RNA16, is a complex-folded RNA recently discovered by con-
ducting similar phylogenetic comparative sequence analysis using
DNA sequence data from cultured bacteria. This RNA is found in
bacteria that can live under anaerobic conditions and that are com-
monly extremophilic. Thus GOLLD, HEARO and OLE RNAs are
members of a select group of large and complex-folded RNAs
whose mysterious functions have an impact on specialized groups
of bacteria.

Only recently has sufficient DNA sequence data from cultured
organisms been made available such that GOLLD and HEARO
RNAs can be detected in a few disparate species, and IMES RNAs
are not found at all within genome sequences derived from known
bacteria. However, among the environmental sequences used to
identify GOLLD and IMES RNAs, perhaps as much as 10 to 30
percent of bacterial cells in the relevant environment use these
RNAs (Supplementary Table 3). Given that most bacterial species
are extremely uncommon1–3, more RNAs with extraordinary char-
acteristics likely remain undiscovered in rarer bacteria. Thus,
improvements in sequencing technologies, cultivation methods,
bioinformatics and experimental approaches are poised to yield a
far greater spectrum of biochemical functions for large ncRNAs from
bacterial, archaeal and phage genomes.

METHODS SUMMARY
RNA motifs were discovered using a computational pipeline based on an early
version of a method to cluster intergenic regions by sequence similarity17. The
amounts of RNA expression in metatranscriptome data were established by the
use of covariance model searches to identify IMES RNA and 5S RNA variants.
Additional details on the sequence search and alignment methods are provided
in the Methods.
Information on oligonucleotides, bacterial cultures and RNA analyses is

detailed in the Methods. GOLLD RNA expression was established by treating
L. brevis cultures with mitomycin C (0.5mgml21) to induce bacteriophage pro-
duction. GOLLD RNA was detected by northern analysis and transcripts
mapped by 59-RNA-ligase-mediated rapid amplification of cDNA ends (RLM-
RACE) and 39-RACE. Bacteriophages were detected from supernatant by PCR.
IMES-1 RNA detection and quantification was achieved using northern analysis
of RNA samples isolated from bacteria collected by filtering ocean water.
HEARO RNA was detected in vivo using RT–PCR of total RNAs isolated from
cultured E. sibiricum cells.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.

Received 20 July; accepted 15 October 2009.
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Figure 3 | HEARO RNAs. a, Consensus sequence and secondary structure
model for HEARO RNAs. Annotations are as described in the legend to
Fig. 2a. b, Typical sequence signature of HEARO genomic integration (see
also Supplementary Fig. 6). (Top)HEARO element and flanking sequence in
Anabaena variabilis ATCC 29413, plasmid C (NC_007412.1). Green text
designates DNA corresponding to the first five nucleotides of conserved
HEARO RNA. Blue text designates DNA corresponding to the conserved
RUGA motif at each integration site. (Bottom) Homologous genome
sequence lacking the HEARO element from Nostoc sp. PCC 7120, plasmid
pCC7120beta (NC_003240.1). Red nucleotides identify positions that vary
between the two genomes.
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encoded by bacterial genomes varies widely. A total of 42 HEARO
RNAs are predicted in Arthrospira maxima CS-328 (Supplementary
Data), and most of these RNAs seem to represent recent duplications
(Supplementary Fig. 4). When A.maxima HEARO sequences are
aligned, it is apparent that the elements are highly conserved in
sequence, whereas their flanking sequences show no conservation
(Supplementary Fig. 5).

In some instances, homologues of the sequences flanking the con-
sensus sequence can be identified in related bacterial species wherein
the HEARO element is absent. These observations allow us to map
putative integration events (Fig. 3b, Supplementary Fig. 6), which are
consistent with a requirement for integration immediately upstream
of the sequence ATGA or GTGA. Self-splicing group I and group II
introns frequently carry ORFs coding for endonucleases, and the
combined action of the protein enzyme and ribozyme components
permit transposition with a reduced chance for genetic disruption
at the integration site23,24. The similarity in gene association be-
tween these RNAs indicates that HEARO RNAs may also process
themselves. However, self-splicing could not be demonstrated using

protein-free assays (unpublished data), and therefore HEARO may
have a different function.

We observed expression of HEARO RNA from Exiguobacterium
sibiricum (Supplementary Fig. 7), although we have not yet deter-
mined whether these RNAs undergo unusual processing in vivo.
Structural probing experiments in vitro (Supplementary Fig. 8) show
that anA.maximaHEARORNA adopts most of the secondary struc-
ture features predicted from comparative sequence analysis data.
Therefore, these RNAs may not require protein factors to form the
folded state required for their biological function, just as some large
ribozymes can form their active states without the obligate participa-
tion of proteins.

Four unusually abundant RNA structures were identified in mar-
ine environmental sequences (IMES) and designated IMES-1
through IMES-4 (Supplementary Fig. 9). The first three correspond
to several noncoding RNA classes recently identified independently5,
though our findings support different structural models (Sup-
plementary Discussion). Expression of RNAs is often quantified
relative to 5S rRNA25, which is among the most abundant of bacterial
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GOLLD RNA. Experimental details are presented in the Methods.
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encoded by bacterial genomes varies widely. A total of 42 HEARO
RNAs are predicted in Arthrospira maxima CS-328 (Supplementary
Data), and most of these RNAs seem to represent recent duplications
(Supplementary Fig. 4). When A.maxima HEARO sequences are
aligned, it is apparent that the elements are highly conserved in
sequence, whereas their flanking sequences show no conservation
(Supplementary Fig. 5).

In some instances, homologues of the sequences flanking the con-
sensus sequence can be identified in related bacterial species wherein
the HEARO element is absent. These observations allow us to map
putative integration events (Fig. 3b, Supplementary Fig. 6), which are
consistent with a requirement for integration immediately upstream
of the sequence ATGA or GTGA. Self-splicing group I and group II
introns frequently carry ORFs coding for endonucleases, and the
combined action of the protein enzyme and ribozyme components
permit transposition with a reduced chance for genetic disruption
at the integration site23,24. The similarity in gene association be-
tween these RNAs indicates that HEARO RNAs may also process
themselves. However, self-splicing could not be demonstrated using

protein-free assays (unpublished data), and therefore HEARO may
have a different function.

We observed expression of HEARO RNA from Exiguobacterium
sibiricum (Supplementary Fig. 7), although we have not yet deter-
mined whether these RNAs undergo unusual processing in vivo.
Structural probing experiments in vitro (Supplementary Fig. 8) show
that anA.maximaHEARORNA adopts most of the secondary struc-
ture features predicted from comparative sequence analysis data.
Therefore, these RNAs may not require protein factors to form the
folded state required for their biological function, just as some large
ribozymes can form their active states without the obligate participa-
tion of proteins.

Four unusually abundant RNA structures were identified in mar-
ine environmental sequences (IMES) and designated IMES-1
through IMES-4 (Supplementary Fig. 9). The first three correspond
to several noncoding RNA classes recently identified independently5,
though our findings support different structural models (Sup-
plementary Discussion). Expression of RNAs is often quantified
relative to 5S rRNA25, which is among the most abundant of bacterial
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GOLLD RNA. Experimental details are presented in the Methods.
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RNAs of 
unusual 
abundance	


More abundant than 5S rRNA	



From unknown marine organisms	
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Summary: RNA in Bacteria	



Widespread, deeply conserved, structurally 
sophisticated,  functionally diverse, biologically 
important uses for ncRNA throughout 
prokaryotic world.	



Regulation of MANY genes involves RNA	


In some species, we know identities of more ribo-

regulators than protein regulators	



Dozens of classes & thousands of new examples in 
just last 5 years	


	





Vertebrates	



Bigger, more complex genomes	


<2% coding	


But >5% conserved in sequence?	


And 50-90% transcribed?	


And structural conservation, if any, invisible 

(without  proper alignments, etc.)	



What’s going on?	





RNA In Humans	



More RNA- than DNA-binding proteins?	


Much more conserved DNA than coding	


MUCH more transcribed DNA than coding	


Structural conservation (as opposed to 

sequence conservation) is only now 
beginning to be explored	


	





ncRNA Example: IRE	



Iron Response Element: a short conserved stem- ���
loop, bound by iron response proteins (IRPs). Found ���
in UTRs of various mRNAs whose products are involved in 
iron metabolism. E.g., the mRNA of ferritin (an iron storage 
protein) contains one IRE in its 5' UTR. When iron 
concentration is low, IRPs bind the ferritin mRNA IRE, 
repressing translation. Binding of multiple IREs in the 3' and 
5' UTRs of the transferrin receptor (involved in iron 
acquisition) leads to increased mRNA stability. These two 
activities form the basis of iron homeostasis in the 
vertebrate cell.	





IRE (partial seed alignment):	


 

Hom.sap.  GUUCCUGCUUCAACAGUGUUUGGAUGGAAC 
Hom.sap.  UUUCUUC.UUCAACAGUGUUUGGAUGGAAC 
Hom.sap.  UUUCCUGUUUCAACAGUGCUUGGA.GGAAC 
Hom.sap.  UUUAUC..AGUGACAGAGUUCACU.AUAAA 
Hom.sap.  UCUCUUGCUUCAACAGUGUUUGGAUGGAAC 
Hom.sap.  AUUAUC..GGGAACAGUGUUUCCC.AUAAU 

Hom.sap.  UCUUGC..UUCAACAGUGUUUGGACGGAAG 
Hom.sap.  UGUAUC..GGAGACAGUGAUCUCC.AUAUG 
Hom.sap.  AUUAUC..GGAAGCAGUGCCUUCC.AUAAU 
Cav.por.  UCUCCUGCUUCAACAGUGCUUGGACGGAGC 
Mus.mus.  UAUAUC..GGAGACAGUGAUCUCC.AUAUG 
Mus.mus.  UUUCCUGCUUCAACAGUGCUUGAACGGAAC 

Mus.mus.  GUACUUGCUUCAACAGUGUUUGAACGGAAC 
Rat.nor.  UAUAUC..GGAGACAGUGACCUCC.AUAUG 
Rat.nor.  UAUCUUGCUUCAACAGUGUUUGGACGGAAC 
SS_cons   <<<<<...<<<<<......>>>>>.>>>>> 

Iron Response Element	





ncRNA Example: Xist	



large (12kb?)	


largely unstructured RNA 	


required for X-inactivation in mammals	





Fastest���
Human ���
Gene?	





MicroRNA	



1st discovered 1992 in C. elegans	


2nd discovered 2000, also C. elegans	



and human, fly, everything between	


21-23 nucleotides	



literally fell off ends of gels	


Hundreds now known in human	



may regulate 1/3-1/2 of all genes	


development, stem cells, cancer, infectious 

diseases,…	
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siRNA	



“Short Interfering RNA”	


Also discovered in C. elegans	


Possibly an antiviral defense, shares 

machinery with miRNA pathways	


Allows artificial repression of most genes in 

most higher organisms	


Huge tool for biology & biotech	
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2006 Nobel Prize	


Fire & Mello	





Human Predictions	


Evofold	



S Pedersen, G Bejerano, A Siepel, K 
Rosenbloom, K Lindblad-Toh, ES 
Lander, J Kent, W Miller, D Haussler, 
"Identification and classification of 
conserved RNA secondary structures 
in the human genome." 
PLoS Comput. Biol., 2, #4 (2006) e33. 	



48,479 candidates (~70% FDR?)	



	



RNAz	


S Washietl, IL Hofacker, M Lukasser, A Hutenhofer, PF 
Stadler, "Mapping of conserved RNA secondary structures 
predicts thousands of functional noncoding RNAs in the 
human genome." Nat. Biotechnol., 23, #11 (2005) 1383-90.	


30,000 structured RNA elements 	


  1,000 conserved across all vertebrates. 	


~1/3 in introns of known genes, ~1/6 in UTRs 	


~1/2 located far from any known gene	



	



FOLDALIGN	


E Torarinsson, M Sawera, JH Havgaard, M 
Fredholm, J Gorodkin, "Thousands of 
corresponding human and mouse 
genomic regions unalignable in primary 
sequence contain common RNA 
structure." 
Genome Res., 16, #7 (2006) 885-9.	


1800 candidates from 36970 (of 
100,000) pairs	



CMfinder	


Torarinsson, Yao, Wiklund, Bramsen, Hansen, Kjems, 
Tommerup, Ruzzo and Gorodkin. Comparative genomics 
beyond sequence based alignments: RNA structures in 
the ENCODE regions. 
Genome Research, Feb 2008, 18(2):242-251 PMID: 
18096747	


6500 candidates in ENCODE alone (better FDR, but still 
high)	





Bottom line?	



A significant number of “one-off” examples 	


Extremely wise-spread ncRNA expression 	


At a minimum, a vast evolutionary substrate 	


New technology (e.g. RNAseq) exposing 

more	



How do you recognize an interesting one?	



Conserved secondary structure	





A!
G!
A!
C!
U!
G!

A!C!
G!

A!
U!C!A!

C!
G!
C!
A!
G!
U!
C!

A!A!C! A!U!

RNA Secondary Structure: can 
be fixed while sequence evolves	
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A!
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G!
G!
U!
U!
G!
G!
C!
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G-U	





Why is RNA hard to deal with?	
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A: Structure often more important than sequence 102 



The Glycine Riboswitch	



Actual answer (in many bacteria):  ���
	



glycine cleavage enzyme gene 

g g 

g g 

gce mRNA 

gce 
protein 

5ʹ′ 3ʹ′ 

DNA 

Mandal et al. Science 2004 104 



Wanted	



Good structure prediction tools	


Good motif descriptions/models	


Good, fast search tools  	



(“RNA BLAST”, etc.)	



Good, fast motif discovery tools 	


(“RNA MEME”, etc.)	



	


Importance of structure makes last 3 hard	
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���
Structure Prediction���
	





RNA Structure 	



Primary Structure: 	

Sequence	



	


Secondary Structure: 	

Pairing	



	


Tertiary Structure: 	

3D shape	
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RNA Pairing	



Watson-Crick Pairing	


C - G                         	

 	

~ 3 kcal/mole	



A - U                          	

 	

~ 2 kcal/mole	



“Wobble Pair” G - U      	

 	

~1 kcal/mole	



Non-canonical Pairs (esp. if modified)	





tRNA 3d Structure	





tRNA - Alt. Representations	



Anticodon loop	



Anticodon���
loop	



3’	


5’	
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a.a. !



tRNA - Alt. Representations	



Anticodon	


 loop	



Anticodon���
loop	



3’	


5’	

5’	



3’	
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Definitions	



Sequence  5’ r1 r2 r3 ... rn 
3’  in {A, C, G, T/U}	



A Secondary Structure is a set of pairs i•j s.t.	



 i < j-4, and 	

 	

 	

  no sharp turns	



 if i•j & i’•j’ are two different pairs with i ≤ i’, then	



 j < i’, or              	



 i < i’ < j’ < j 	



2nd pair follows 1st, or is 
nested within it;  ���
no “pseudoknots.”	





RNA Secondary Structure:  Examples	
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 A	

 C	





Nested	



Pseudoknot	



Precedes	





Approaches to Structure 
Prediction	



Maximum Pairing���
+ works on single sequences���
+ simple���
-  too inaccurate	



Minimum Energy���
+ works on single sequences���
-  ignores pseudoknots ���
-  only finds “optimal” fold	



Partition Function���
+ finds all folds���
-  ignores pseudoknots	





Nussinov: Max Pairing	



B(i,j) = # pairs in optimal pairing of ri ... rj	



B(i,j) = 0 for all i, j with i ≥ j-4; otherwise	



B(i,j) = max of:	



B(i,j-1)	



max { B(i,k-1)+1+B(k+1,j-1) | ���
i ≤ k < j-4 and rk-rj may pair}	



R Nussinov, AB Jacobson, "Fast algorithm for predicting the secondary structure of single-stranded RNA." PNAS 1980.!
	





“Optimal pairing of ri ... rj”���
 Two possibilities	



j Unpaired: ���
  Find best pairing of ri ... rj-1	



j Paired (with some k): ���
  Find best ri ... rk-1 + ���
  best rk+1 ... rj-1 plus 1	



Why is it slow? ���
Why do pseudoknots matter?	



j!

i!

j-1!

j!

k-1!

k!

i!

j-1! k+1!



Nussinov: ���
A Computation Order	


	


B(i,j) = # pairs in optimal pairing of ri ... rj	



B(i,j) = 0 for all i, j with i ≥ j-4; otherwise	


B(i,j) = max of:	



B(i,j-1)	



max { B(i,k-1)+1+B(k+1,j-1) | ���
i ≤ k < j-4 and rk-rj may pair}	

 Time: O(n3)	



K=2	



3	



4	



5	





Which Pairs?	



Usual dynamic programming “trace-back” 
tells you which base pairs are in the optimal 
solution, not just how many	





Approaches to Structure 
Prediction	



Maximum Pairing���
+ works on single sequences���
+ simple���
-  too inaccurate	



Minimum Energy���
+ works on single sequences���
-  ignores pseudoknots ���
-  only finds “optimal” fold	



Partition Function���
+ finds all folds���
-  ignores pseudoknots	





Pair-based Energy Minimization	



E(i,j) = energy of pairs in optimal pairing of ri ... rj	



E(i,j) = ∞ for all i, j with i ≥ j-4; otherwise	



E(i,j) = min of:	



E(i,j-1)	



min { E(i,k-1) + e(rk, rj) + E(k+1,j-1) | i ≤ k < j-4 }	



Time: O(n3)	



energy of k-j pair	





Loop-based Energy Minimization	



Detailed experiments show it’s ���
more accurate to model based ���
on loops, rather than just pairs	



Loop types	


1.  Hairpin loop	



2.  Stack	



3.  Bulge	



4.  Interior loop	



5.  Multiloop	



1 

2 

3 

4 

5 



Zuker: Loop-based Energy, I	



W(i,j) = energy of optimal pairing of ri ... rj	



V(i,j)  = as above, but forcing pair i•j	



W(i,j) = V(i,j) = ∞ for all i, j with i ≥ j-4	



W(i,j) = min( W(i,j-1), ���
             min { W(i,k-1)+V(k,j) | i ≤ k < j-4 }             
	

 	

  	

)	





Zuker: Loop-based Energy, II	



	


	



V(i,j)   = min(eh(i,j), es(i,j)+V(i+1,j-1), VBI(i,j), VM(i,j))	



VM(i,j) = min { W(i,k)+W(k+1,j) | i < k < j } 	



VBI(i,j) = min { ebi(i,j,i’,j’) + V(i’, j’) | ���

                         i < i’ < j’ < j & i’-i+j-j’ > 2 }	


	

Time: O(n4)     	



 O(n3) possible if ebi(.) is “nice”	



hairpin	

 stack	


bulge/	



interior	


multi-	


loop	



bulge/	


interior	





Energy Parameters	



Q. 	

Where do they come from?	


A1.  Experiments with carefully selected 

synthetic RNAs	


A2.  Learned algorithmically from trusted 

alignments/structures [Andronescu et al., 2007]	





Single Seq Prediction Accuracy	



Mfold, Vienna,... [Nussinov, Zuker, Hofacker, McCaskill]	



Latest estimates suggest ~50-75% of base 
pairs predicted correctly in sequences of up 
to ~300nt	



Definitely useful, but obviously imperfect	





Approaches to Structure 
Prediction	



Maximum Pairing���
	

+ works on single sequences���
	

+ simple���
	

-  too inaccurate	



Minimum Energy���
	

+ works on single sequences���
	

-  ignores pseudoknots ���
	

-  only finds “optimal” fold	



Partition Function���
	

+ finds all folds���
	

-  ignores pseudoknots	





Approaches, II	



Comparative sequence analysis���
	

+ handles all pairings (potentially incl. pseudoknots) ���
	

-  requires several (many?) aligned, ���
	

   appropriately diverged sequences	



Stochastic Context-free Grammars���
Roughly combines min energy & comparative, but 
no pseudoknots	



Physical experiments (x-ray crystalography, NMR)	
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Summary	



RNA has important roles beyond mRNA	


	

Many unexpected recent discoveries	



Structure is critical to function	


	

True of proteins, too, but they’re easier to find 
from sequence alone due, e.g., to codon 
structure, which RNAs lack	



RNA secondary structure can be predicted (to 
useful accuracy) by dynamic programming	



Next: RNA “motifs” (seq + 2-ary struct) well-
captured by “covariance models”	
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