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Central Dogma of Molecular Biology

b

F):RANCIS CRICK Thg central d.ogma of molecular biology deals with the detailed
MRC Laboratory residue-by-residue transfer of sequential information. It states
Hills Road that such information cannot be transferred from protein to either
Cambridge CB2 2QH protein or nucleic acid.

“The central dogma, enunciated by Crick in 1958 and the
keystone of molecular biology ever since, is likely to prove a
considerable over-simplification.”

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.




RNA Secondary Structure:
RNA makes helices too
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Gene Regulation: The MET Repressor
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Not the only way!

Protein Riboswitch
way alternative
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Not the only way!

«= Protein  Riboswitch
way alternatives
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Not the only way!

Protein  Riboswitch
way alternatives
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Not the only way!
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Riboswitch
alternatives
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Legend nt: nucleotides, R: A/G,Y: C/U
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coenzyme B12

on thiamine
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Detail of Translational Control
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The Glycine Riboswitch
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Cooperativity —
| Ox sharper switch
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Fig. 3. Cooperative binding of two glycine molecules by the VC I-Il RNA. Plot depicts the fraction of VC
Il (open) andVC 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 |0%- to 90%-bound states.



Riboswitches

UTR structure that directly senses/binds small molecules &
regulates mRNA

widespread in prokaryotes
some in eukaryotes & archaea

~ 20 ligands known; multiple nonhomologous solutions for
some (e.g. SAM)

dozens to hundreds of instances of each

on/off; transcription/translation; splicing; combinatorial
control

all found since ~2003; most via bioinformatics



Why is RNA hard to deal with!?
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RNA Secondary Structure: can
be fixed while sequence evolves
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Impact of RNA homology search

(Barrick, et al., 2004)

glycine
riboswitch operon
B. subtilis — -
L. innocua —i— -
A. tumefaciens ————- -
V. cholera — -
M. tuberculosis ———H -

(and 19 more species)



Impact of RNA homology search

(Barrick, et al., 2004) :

Using our techniques,

glycine we found...
riboswitch | [OP€ron|
B. subtilis - 0 O -mEm
L. innocua —a— ——
A. tumefaciens ——EB-{TTTT} —a- -
V. cholera —m— - -
M. tuberculosis ——EMIN- | —EHEIDN-

(and 19 more species) (and 42 more species)
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Covariation is strong evidence for base pairing
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Alignment Matters

Structural conservation # Sequence conservation

Alignment without structure information is unreliable

CLUSTALW alignment of SECIS elements with flanking regions

--------------------------------------- CCCCCCCCAGECTCCTCRTHE0EG - - ATCATCACBARCTESENE- GAA - A- - - - CCTACCCTGTCCGRAREE - ATGHECEA - CCCORIGERATT
GOGATCATTGCAAGAGCAGCGTE- - AGTGACATTA- - - TGAAGGCQTGTACIGAAGACAGCAR - - GCTGTTRGTACAGARE - - - AGATG- - - - CTTTCTTGGEAGGETCGTTGTACCTCTTGGARAACCTCART

AGGITTGCATTAATEAGGATTACRCRGA AAACCTTT - GTTAAGGCTINGIGTCBATGIGETAA - - TTGRCARNT TTTTATTTTTAAAAT - - - ATTCTTACAGAAGAGTTCCATTTAAGAATGTTCGTGTATAGG
AGTGETGCGCATCATRACTACTGACCAAAGAGT CATCGACTCARTTAGTEGTTGGATCTAGTOACATTAGTTTGCCTCTCCCCATCTTTG - - - - TCTCCCTGGCAAGGAGAATATGCGGGACATGATGCTAAGAG
TGGACTGATAGGTA-GCCATGGC - - TTCATCTGTC - - -ATG - - TCTGCTTCTTTTTATATTEG - - TGTATGATGGTCACAGTGTAAA - G- - - - TTCCCACAGETETEACT TGATT TTTAA - AARTGTCGGAAGA
TAAACTCGAACTCGAGCREGERATTGETGATTACGA - TTAACCACTGATTCCTGGGTCGCTGE - - TTCGTGGCCGTCGTCAGTTCCA- - - - - - - TTTATCAACTATTAGCTCCAATACATAGCTACAGGTTTTT
AAATTETCGETATATGACEATGECARTET CAARTGT - TCATTRETIGOCATETGATGAAAT CAGT TTTRIGTGCACCTGATTGCAGAATTT TGTTTACCTTGCTCATTT TTTTCAT TGAA - ACCACTTCTCAGA
GGGGCGGGAGTACAAGGTGCGTGTGACTGGAGCCA- - - CCCACTCCGACTCTGCAGETETTTG - - CAAATGACERCCCATTIGAAATG - - - - GTCTCACGECCAAANECTCCTEIECGACATCARCCECCTTC
TTCTCCAGNHG%CAWGATGA_-.ATAAACTATGACC‘IAGG_— --GGATAG CTCETAATTAAGAACGGAGAARGRACAACARAGACATATTTTCCAGTTT TTTTTCTTTAC
CARACTGATGGATA-GCCATTGGTATTCATCTATT - - - TTAACTCTGTGTCTTTACATATTTG - - TTTATGATEGCEACAGEETAAA -G - - - - TACACACGECTETGACT TGATT CARRA - GAAA - - - - - - - - -
TGAGCAACTTGTCT - GATGACTGGGAARGGAGGAC - - - CTGCAACCATCTGACTTGGTETCTE - - TTAABGACBECICTCEETCTAA- A - - - - CCC- CATTAAGGACTEGEAGAGEEAGA - BCAAGCCTCAGAG
GATTACTGGCTGCACTCTGGGGGGCGRTTCTTCCA- - - TGATERTETTTECTC TAAATTTGCA - - CGRAGARACACETGATTTCCAGGAAN - BICCCCTCAGATGGECGCTGGTCCCATCCATTCCCGATGCCT
AGACCAGGCAAGACAACTGTGAGC - GCGATGGCCG- - - TGTACCCCAGGTCAGGGGTGETETE- - TCTATGANGRABBERERRCAAG- - - - - CCCTTCTEEGCHEEEETECECTGARCCCGTCTRTEETGCCAG
CACTTCAGAAGGCT - TCTGAATGGAACCATCTCTT - - - GACA-TTTGTTTCTATA - ATATING - - T- CA'NACA_ATAAA-G- -- -CGCAGAC-CNATTTTAGA-MTTI‘TIAGA

same-colored boxes should be aligned
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How to model an RNA “Motif”’?

Conceptually, start with a profile HMM:

from a multiple alignment, estimate nucleotide/ insert/delete
preferences for each position

given a new seq, estimate likelihood that it could be generated by
the model, & align it to the model

AAUANCUUuauga

mostly G del ins all G

26



How to model an RNA “Motif”’?

Add “column pairs” and pair emission probabilities
for base-paired regions

paired columns

27



Covariance Models
(specialized stochastic CFGs)

Sequences CAG or AAU -EF -w—
\/ A4

CM S, 2 €S,g l aS,u
S, 2 a
Example S, =2 €S,g =2 cag

parse of CAG

29



Stochastic context-free grammar

| P=0.25 | [P=0.75 |

CM S, 2 ¢S,glaS,u
S, 2 a
e |
Example
> ¢S,g >
parse of CAG S1 5,9 2 cag
1025 x 1 = 0.25]|

Classification Is Pr(parse of CAG) = threshold
(e.g., vs Pr(CAG in null model)

30



Application:

cis-regulatory ncRNA discovery in prokaryotes

Key issue is
exploiting prior knowledge
to focus on promising data



CMFinder

Simultaneous alighment, folding & motif description
Yao, Weinberg & Ruzzo, Bioinformatics, 2006

FOIdmg Combines folding & mutual information in
predictions a principled way.

smart__4 Spndeae o

heuristics 9 )

ML Realign

Information J
— _
-

EM 32



Accuracy

1.0

00 02 04 06 08

CMfinder Accuracy

(on Rfam families with flanking sequence)

—e— (CMfinder

014/CW

Pfold/cw
RNAalif
CARNAC
FOLDALIGI

—T T T T T T T T T T T T T T T T T
14 19 16 4 15 10 12 8 9 2 3 7 11 17 13 5 6 18 1

Families
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Use the Right Data;
Do Genome Scale Search

Dataset

y

collection

Right Data:
* 5-10 examples amidst 20
extraneous ones OK;
(but not 5 in 200 or 2000)
* length Ik (not 100k)
How:
* Regulators near regulatees
* Get UTRs of homologs

Ravenna
Search

CMfinder

A

Genome Scale Search:

* Many riboswitches are present in ~5
copies per genome

* More examples = better model +
clues to function
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PI‘OCGSSi ng |dentify CDD group members < 10 CPU days

T, l 2946 CDD groups
Retrieve upstream sequences

Input from ~70 complete Firmicute =~ =777 TTTTTTTTTTTTTTTITIIIIO T T T mmmmmmmmeeee

genomes available in late 2005-early l

2006, totaling ~200 megabases

< 10 CPU days

Footprinter ranking

A 4

CMﬁnder | ~2 CPU months

l 35975 motifs

RaveNnA |0 CPU months

A 4

CMfinder refinement

< | CPU month
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Legend nt: nuckotides, R AG, Y: U
. For geay-shaded nudeotices,
GEMM. a . mini ykkc SD.JQ'im Daigama, Start stan codion
G A . AC GA nucleotide  base pair
. Y-R C-G G-C start U identity Annotations
CYCI'C :': Y=R G-C CcG a N 97% = has covarying mutations
. 44 g\cfé — - - e 39m N 9% “ ' has compatible mutations
CII-GMP Y-G — - C-cC N 75% “ no mutations obsenved
C-G Y-R e-0 G-C i mucleotice . -
A6 eyl8 = - — sof e (= vatisble hairpin
Ay 6C (C',$ 5 9-Q o-Q i e 7% )
H— ! 740 m 2-181 nt e C wrisvleioon
5 e i AA GCCRRA lggggg-}) ® 7%
K ) P2 j ; o 0 [j modular structure
4
®RGCRGAYy - — so st
OYCGYCU,® UV u— utfgy GG A RQm— i UG
U«A U P 15 n
- | £©
. cyeseecs o b g .
:: GROGOOG A Sg RA
- . Y A
= G-C A :
e SAH . purD §’§ ; MAEB S:.¢
Ae-9 : ®-3 o C-G
o o LA,sx.:rt G. Cc Y G-C
CG+C - U U U A-Y
o -0 Iﬂ;‘” S o ¢ VA
C-G = uu YA
= — - Sovae® Gt ¢ 8.
» . - - > <Y
R, UgGReecso ¢ fsp -3 u-A U A-y
V=R - Y e
GAGCYeoYCe . A G Ry - Y P
S-ad | €5 |47 oo G- A ¥ 2oy
- G-C x = J - .
adenosy ) Y-G e . AsU, - C . G-C
. Y C Sm—GU" CU —rp vy CGG F==GCAUGG GAC
homocystein
415t r N
AAGGAUG
U-A start
Ulet
SucA A COG4708 F ¢ ghso
. [ &
UGJ( G-C R‘. 33 v U-A
$6888 TGCOGAAT-Conyy" oYUy eed ¢ U=
vUGGE, CGCCY  8UGG, ORRAes ot ~yece
®, .Y oC-Gy Cegfl ) UsA obExs...
G-C S Y- B.% RRCG
" e ' = =
350t stant U= U=A UL [aeareu
_J U. - LRI )
. . U Ueluea
OG CCC GAYAU o

[ S AUGYUAUACUORRUAA

boxed =
confirmed
riboswitch

(+2 more:
* S-adenosyl
methionine
* molybdenum

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

\_ cofactor) )

37



Riboswitch Summary

RNA elements that control (“switch”) gene

expression, without involvement of (transcription
factor) proteins

Varied mechanism: Transcriptional, translational, on,
off, combinatorial... Aptamer/expression platform.

Large diversity: Dozens of ligands, multiple aptamers
for some, many operons, hundreds of species

Computationally challenging search/discovery
Many open problems!
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