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Lecture 20a:	



RNA ���
Function, Search, Discovery	





The Message	



Cells make lots of RNA	



	

Functionally important, functionally diverse, structurally 
complex	



Computational tools needed	


	

Algorithms for alignment, discovery, search, scoring, etc.	



	

Blended with knowledge of the biology	



noncoding RNA 



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



5´! 3´!

Usually single stranded 



Central Dogma & 
Conventional 

Wisdom: Proteins 
catalyze & regulate 

biochemistry	



The Met Repressor 

SAM 

SAM 
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NSMB 2006 
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et al., 1998, 2003 

SAM-IV 



Riboswitche
s in B. subtilis	





RNAs of 
unusual 
abundance	


Still being doscovered.	



More abundant than 5S rRNA	


From unknown marine organisms	
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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protein-free assays (unpublished data), and therefore HEARO may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

b

a

GOLLD

U

Y
A A A

Y
C U

R

Y

G C
A
R

R

Y

R

R
G

GC
A

U
Y

R
AAG

R
G

RAGU
A

R

Pseudoknot

E-loop

R R R G G Y

R
G
YA

U Y

U

Y
U

C
A A A

A
G
R

R

R
R
C

R

Y
RRR

C
RCCYYY

A A G A A A A G U Y Y Y R

G

Y

R

YGA
A

G

C
U

A
U R

Y
Y R

G
Y

Y

R R
R

Y
C C

A
AG

Y
Y

R

G
A

G
UAR

Y

Y
R

Y

A R A R U
G
R
U

R
Y

U A
A

R
A
Y
C
G

0–129 nt
(can contain tRNA)

RYRRR

Y Y Y R

G

C

C

G

U

R E-loop

0–2 nt

0–22
nt

0–7 nt
G R R U

A
C

G
U
G G A

A

R

R
R
R
G A

A

AU
A
A
U

Y
Y

YAA
A

G
YYYR

U
G
U
A

UC
U
C
A

R

U3′

0–3 nt0–2 nt

A
R
Y

G
R

U
A

Y
RY

Y

AG

YYRA
G
GGY

R
A C

CU R
R
GG R R R

R R R R U
AYY

G
R

Y
G
Y

R G
R

Y
Y

R RU
UG A G

R
U

G
R R

A

A
Y
CAA

U
A
R
G
A

A
ARY

Y

R

5′

0–2 nt

3 nt

7 or 8 nt

G G C
G
Y
Y
U
A

GU
C

Y
A
R
A
U
A

A RC
Y

G A
A

R
G R R U A A

A
G

G

UGC
G

Y Y R

RA
RR

C
R

U
A
R
R
C

A
G

R
R

G
G

R

Y
Y

C
A

G G C

GUC

Pseudoknot

G
AU

C

1–2 nt

A
G

R
R

Y
UGY RA

R
A A RU R

GR Y
Y A U

C
CRRYY

YAY
AUUGCG

U
Y

C A A U
R
Y

A
R
A
G

R

C
U
UA

A
A
ACCG

AA G G U
A

G

Y
GU A
C
R
G

G
U

G G
U
G

C
U
G
U
U
R
Y
U

C CU
U
R Y

Y
Y C U A C

CARGGU

UGA
A
G

R

C
U
U G

A
AR

U
A

U G

Pseudoknot

Pseudoknot
Pseudoknot

GOLLD phage genomic DNAGOLLD phage genomic DNA

1

0

0.5

Bacterial cell density
GOLLD RNA

Mitomycin CNo treatment

0 2 4 6 8 10 12 14 22 2 4 6 8 10 12 14 22Hours

Fr
ac

tio
n 

of
 m

ax
im

um

Variable-length hairpin

Variable-length loop

Zero-length connector
Variable-length region

90%
97% 75%

50%

Nucleotide
identity

Nucleotide present

75%N

N 97%
N 90%

Covarying mutations
Base pair annotations

R: A or G, Y: C or U.
nt: nucleotides

Compatible mutations
No mutations observed

Modular sub-structure

Figure 2 | GOLLD RNAs. a, Simplified consensus sequence and secondary
structure model for the most common architecture of GOLLD RNAs.
Annotated 59 and 39 ends reflect L. brevis transcripts observed by RACE

experiments (Supplementary Fig. 3). b, Phage induction and expression of
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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structure model for the most common architecture of GOLLD RNAs.
Annotated 59 and 39 ends reflect L. brevis transcripts observed by RACE

experiments (Supplementary Fig. 3). b, Phage induction and expression of
GOLLD RNA. Experimental details are presented in the Methods.
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RNAs of unusual 
complexity  
still being discovered Weinberg et al., Nature, Dec 2009 



Weinberg, et al. Nucl. Acids Res., July 2007 35: 4809-4819.!

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



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

Similar structures, 
but only 29% seq id  



Impact of RNA homology search	



B. subtilis!

L. innocua!

A. tumefaciens!

V. cholera!

M. tuberculosis!
(and 19 more species)!

operon!
glycine 
riboswitch!

(Barrick, et al., 2004)!



Impact of RNA homology search	



B. subtilis!

L. innocua!

A. tumefaciens!

V. cholera!

M. tuberculosis!

(Barrick, et al., 2004)!

(and 19 more species)!

operon!
glycine 
riboswitch!

(and 42 more species)!

(Mandal, et al., 2004)!

BLAST-based                  CM-based 



Motif Description & Inference	





Covariation is strong evidence for base pairing 



mRNA leader                

mRNA leader switch?              



Mutual Information	



Max when no seq conservation but perfect pairing;	



Expected score gain from modeling i & j as paired.	



Given columns, finding optimal pairing without 
pseudoknots can be done by dynamic programming	



€ 

Mij = fi, ji, j
∑ log2

fi, j
f i f j

; 0 ≤ Mij ≤ 2





RNA Motif Models	



“Covariance Models” (Eddy & Durbin 1994)	


aka profile stochastic context-free grammars	


aka hidden Markov models on steroids	



Model position-specific nucleotide 
preferences and base-pair preferences	



Pro: accurate	


Con: model building hard, search sloooow	





Mj: 	

Match states (20 emission probabilities)	


Ij: 	

Insert states (Background emission probabilities)	


Dj: 	

Delete states (silent - no emission)	



Profile Hmm Structure	





CM Structure	



A: Sequence + structure	



B: the CM “guide tree”	



C: probabilities of 
letters/ pairs & of indels	



Think of each branch 
being an HMM emitting 
both sides of a helix (but 
3’ side emitted in 
reverse order)	





CM Viterbi Alignment���
(the “inside” algorithm)	



€ 

€ 

Sij
y =maxπ logP(xij generated starting in state y via path π )

Sij
y =

maxz[Si+1, j−1
z + logTyz + logExi ,x j

y ] match pair
maxz[Si+1, j

z + logTyz + logExi
y ] match/insert left

maxz[Si, j−1
z + logTyz + logEx j

y ] match/insert right
maxz[Si, j

z + logTyz] delete
maxi<k≤ j[Si,k

yleft + Sk+1, j
yright ] bifurcation

⎧ 

⎨ 

⎪ 
⎪ ⎪ 

⎩ 

⎪ 
⎪ 
⎪ 

Time O(qn3), q states, seq len n Time O(qn3), q states, seq len n 
compare: O(qn) for profile HMM, or pairwise alignment 



Example: searching 
for tRNAs���



Fast Motif Search	



Faster Genome Annotation ���
of Non-coding RNAs ���

Without Loss of Accuracy	


Weinberg & Ruzzo	



Recomb ‘04, ISMB ‘04, Bioinformatics ‘06	





CM’s are good, but slow ���

EMBL 

CM 

hits 
junk 

Rfam Goal 

10 years, 
1000 computers 

1 month, 
1000 computers 

Our Work 

~2 months, 
1000 computers 

EMBL 

CM 

hits 

Ravenna 

Rfam Reality 

EMBL 

hits junk 

BLAST 

CM 



Results: New ncRNA’s?	



Name	


# found	



BLAST ���
+ CM	



# found 
rigorous filter 
+ CM	



# new	



Pyrococcus snoRNA	

 57	

 180	

 123	



Iron response element	

 201	

 322	

 121	



Histone 3’ element	

 1004	

 1106	

 102	



Purine riboswitch	

 69	

 123	

 54	


Retron msr	

 11	

 59	

 48	



Hammerhead I	

 167	

 193	

 26	



Hammerhead III	

 251	

 264	

 13	



U4 snRNA	

 283	

 290	

 7	



S-box	

 128	

 131	

 3	



U6 snRNA	

 1462	

 1464	

 2	



U5 snRNA	

 199	

 200	

 1	



U7 snRNA	

 312	

 313	

 1	





Motif Discovery In Prokaryotes���

(Vertebrates too, but no time today…���
see, e.g., Torarinsson, et al. ���

Genome Research, Jan 2008)	





A pipeline for RNA motif genome scans	



CMfinder 
Search 

Genome  
database 

CDD  
Ortholgous 

genes 

Upstream  
sequences 

Motifs 

Homologs 

Yao, Barrick, Weinberg, Neph, Breaker, Tompa and Ruzzo. A Computational Pipeline for High 
Throughput Discovery of cis-Regulatory Noncoding RNA in Prokaryotes. PLoS Computational 
Biology. 3(7): e126, July 6, 2007.!



Analysis Pipeline and 
Processing Times	



Input from ~70 complete Firmicute 
genomes available in late 2005-early 
2006, totaling ~200 megabases	



2946 CDD groups 

35975  motifs 

1740 motifs 

1466 motifs 

Retrieve upstream sequences 

Motif postprocessing 

Identify CDD group members < 10 CPU days 

Motif postprocessing 

Footprinter ranking < 10 CPU days 

 1 ~ 2 CPU months CMfinder 

RaveNnA  10 CPU months 

CMfinder refinement   < 1 CPU month 



Weinberg, et al. Nucl. Acids Res., July 2007 35: 4809-4819.!

boxed = 
confirmed 
riboswitch 
(+2 more) 



New Riboswitches���
(all lab-verified)	



SAM – IV 	

(S-adenosyl methionine)	


SAH 	

(S-adenosyl homocystein)	


MOCO 	

(Molybdenum Cofactor)	



PreQ1 – II 	

(queuosine precursor)	


GEMM 	

(cyclic di-GMP)	





Summary	



ncRNA - apparently widespread, much interest	



Covariance Models - powerful but expensive	



RaveNnA filtering - search ~100x faster with no/little loss	



CMfinder - CM-based motif discovery in unaligned sequences	



Pipelines integrating comp and bio for ncRNA discovery	


Many vertebrate ncRNAs? structural, not seq conservation; 

functional significance unclear	


BIG CPU demands…	


Still need for further methods development & application	







Final Exam	



Thursday 3/18, 4:30-6:20, this lab	


2 parts:	


A.  60-80%: pencil + paper, computers off, ���

closed book, but one 8.5x11 sheet of notes ���
covers theory and Python both	



B.  40-20%: computers on, ���
2-3 small programming problems	





Course Wrap Up	



Modern biology is suddenly very data-rich	



Mathematical & computational tools needed	


We showed: sequence modeling, alignment & 

search, phylogeny, linkage mapping, some data 
bases	



Python is a good tool for doing much of this	



There’s lots more!	


	

Check out, e.g., GENOME 540/1, CSE 527…	





We hope you enjoyed it. ���

Thanks!	




