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Secondary Structure: small subunit ribosomal RNA

Arthrobacter globiformis

Domain: Bacteria
Kingdom: Gram-positive
Order:  High G+C

March 1994
(M23411)

Typicd transfer RNA structure

Anticodon loop

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Trailer No. 2

kN W boa

isthe highest point on the lowest route

RNA as aDisordered System

Measure Barriers Between Groundstates
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Therelevant barrier height controlling kinetics at low temperature
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cesoloceal coceleceel cooeloceal conaloceal sovaloneel voveloceal socelecaal
5 15 25 35 45 55 65
BAT CATTARGAAG CTATCTTAGC GCTAACCTTT TAAGTTAGAG ATTGGGRATA TARGCTTCCC CTTAATG
DOG CATTARGAAG CTATAAAGCA TTAACCTTTT ARGTTAAAGA CTGGGAGTTT TARCCTCTCC TTAATG
GUINEA PIG CATTACGAAG CTAATTGCAG CGTTAACCTT TTARGTTAAR GACCGGGGCC CAAATCCCCC GTAATG
ARMADILLO  CCTTGAGATG CTATAATAGC ATTAACCTTT TAAGTTAAAG ACTGAGAGTG CARCAAATCT CTCCTCAATG
HEDGEHOG CACTARGAAG CTAGTAGCAT TAACCTTTTA AGTTAAAGAA AGGAAGTTCC AATTTCCCTT AGTGC
“Typical” sequence and structure “Consensus* seauence and structure
AT o
Lys | B=6 =
A-T o-H
eoeele
5
tRNA-LYS COOOOO==C ((= == 1)) =(((((= =xxx==)))) )
BAT CATTAAGAAG CTA-——TCTT AGCGCTAACC TTTTAAGTTA GAGATTGGGA ATATAAGC-- ~TTCCCCTT.
DOG CATTAAGAAG CTA-———TAR AGCATTAACC TTTTAAGTT -CTCTCCTT
GUINEA PIG CATTACGAAG CTA--ATTGC AGCGTTAACC TTTTAGTT ~TCCCCCGT
ARMADILLO  CCTTGAGATG CTA-——TAAT AGCATTAACC TTTTAAGTT TCTCTCCTC:
HEDGEHOG CACTAAGAAG CTA-———-—-GT AGCATTAACC TTTTAAGTT ~TTTCCCTT

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Compensatory Substitutions
Two sides of the acceptor stem from atRNA are shown.

Dueto structure conservation alignment is posshlein widely
different spedes.

1234567 7654321
CCCCCCe3339)))

Bacillus subtilis GCCUCGS  CCGAGCC
Escherichia coli GCCCCGA  UCCEEEC
Saccharonyces cerevisi ae GCGGAU AUUCGC
Dr osophi | a nel anogast er GCCGAAA  UUUCGEC
Hono sapi ens GCCGAAA UUUCGEC

Two possible medhanisms of compensatory substitutions

| GC GU AU
Frequency in GC AU
population
GU
time time
Two single Onedouble
substitutions substitution

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Population genetics model

Semnd site
A CGU Seledion
A Watson Crick Pairs
First Fitness1
Site c Mismatches
G Fitness1-s
U GU and UG pairs
Population szeN Mutation rateu
Solve diffusion equation.

Higgs (1998 Genetica

Probability F(x) of observing afradion x of AU sequences
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F(x) is controlled by a parameter o = 8Nu?/s

a>>1 all 4 WC pairs present smultaneously (curve a)

a<<l1 population is monomorphic but switches between the

4 WC dates (curve g

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Analysis of RNA sequence databases

tRNA tRNA tRNA Rnase P s
mitoch. | general | archaea rRNA

G+C average 0.339 0.532 0.636 0.5%4 0.545
G+C helical regions 0.448 0.681 0.829 0.730 0.674
Frequencies GC| 0.266 0.372 0.473 0.385 0.352
CG| 0121 0.260 0.320 0.296 0.298

AU | 0.257 0.128 0.057 0.117 0.122
UA| 0.233 0.142 0.077 0.104 0.173
GU| 0.046 0.043 0.031 0.050 0.020
UG| 0.030 0.025 0.020 0.022 0.021
MM | 0.046 0.030 0.022 0.026 0.014

Number of sequences| 884 754 64 84 455
Number of pairs 21 21 21 80 296

Seledion for thermodynamically stable structures
Higgs (2000 Quart. Rev. Biophysics

P;;(t) = probability of being in statej at time't

given that ancestor was in statei at time 0.

= v Rkry

Stateslabel pairs (AU, GC etc.) not single bases.

A Substitution Rate Model for RNA Stems
for use with Moleaular Phylogenetics

O ]

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Model 7A isaGeneral Reversible 7-state Model

7 frequencies 11 + 21 rate parameters a;

- 2 constraints = 26 freeparameters

1 2 3 4 5 6 7
AU GU GC UA uG CG MM
l AU * n2012 n3013 n4alll n5015 n6016 n7al7
2 GU n1012 * nSGZS 7T4024 n5025 n6026 7T7az7
3 GC n1013 n2023 * 7T4034 n5035 n6036 n7037
4 UA nlalll nzazz: 7T3034 * n5045 n6046 7T70{47
5 UG n1015 n2025 nSGSS 7T40{45 * n6056 n7057
6 CG nlalli n2026 nSGSG n4a46 n5056 * n7067
7 MM nlal7 nzaz7 7T3037 7T40{47 7T5057 n6067 *
Probability of remaining in same state P;;
SSU rRNA sequences from Eubacteria
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Probability P;; of changes from CG to other pairs
SSU rRNA from Eubacteria
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What is going on?
AU UA
GU fast fast UG
slow /
GC CG

Seledion against GU and UG isweaker than against mismatches.
Double transitions are faster than double transversions.

Double trangtions are faster than singletransitionsto GU and UG states.
Thisisexplained by the theory of compensatory substitutions.

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Analysis of RNA Substitution Rates

Transitionsto GU or UG

tRNA tRNA tRNA Rnase P S
mitoch. | genera | archaea rRNA
Mutabilities GC| 0.67 0.49 0.45 0.65 0.55
CG| 084 0.83 0.89 0.60 0.66
AU 0.86 1.46 4.01 1.46 1.40
UA 0.77 1.24 1.78 1.09 0.93
GU 2.44 1.96 1.85 1.72 3.92
UG| 3.32 5.01 3.00 2.84 4.36
MM 2.32 0.99 0.86 5.24 7.84
Double transitions/ 47 1.7 2.3 31 21
Double transversions
Double transitions/ 16 2.0 8.9 3.6 2.8

Thermodynamic properties influence Evolutionary properties

e Muse
* Rzhetsky

 Tillier & Collins

Model Seledion

How many parameters are justified?

e Schoniger & von Haeseler

Many other rate models have been proposed:

Savill, Hoyle & Higgs (2001) Genetics

How complex must a model be to explain the data?

Use likelihood-based statistical teststo
distinguish between models.

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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™~ B

* GC CG

1 2 3 4 5 6 7
AU GU GC UA UG CG MM
M Odd D 1 AU *omag My mB MR MgB Ty
2 GU mag * mag mPB B MBIy
Also called OTRNA by 3 GC may mag * mB mB mB My
- . 4 UA - mB mB mB  *  Tas Ty Ty
Tillier & Callins (1998) 5 UG mB mB mB mag * mag My
6 CG mB mB mB may s * oy
7 MM my My My my Ty TGy *
Model 16D and related models
Proposed by Muse (1995)
Considersdl 16 states.
Only single substitutions al owed. Distinguishes between paired and
mismatch states.

AU GU GC UA uG cG M AC  AG CA CC CU GA GG UC W
AUt ampla O 0 0 0 BmalA am/) Brs/A O 0 pmir 0 0 0 pwia
GU amml¢ *  amAlg 0 0 0 0 0 0 0 0 pwclp Bnale pmle O pule
GC 0  amglA * 0 0 0 0 aml/r 0 0 Br/A O  BualA BrolA pmlr O
UA 0 0 0 *  amplA O pmalA 0 0 amir O 0 Bm/A O B/ BmlA
uG 0 0 0  amml¢ *  amrlp O 0 pmlg O 0 0 0 pmle prcle pmle
G o 0 0 0 amgld * 0 0  BmAlA amalA Bre/A Bmid O Bml/A 0 0
AL BruA 0 0 BruA 0 0 * pc  ams B 0 0 am 0 0 0
AC  am) 0 amch 0 0 0 pra o+ pre 0 pre 0 0 0 pre 0
AG  puA 0 0 0 Bue P am B i 0 0 0 0 am 0 0
CA 0 0 0 amA 0 amsA Bria 0 0 * Brc Bru B 0 0 0
cc 0 0 BreA 0 0 BreA 0 Bria 0 Bria * am 0 0 amy 0
CU  Bnm Prcg 0 0 0 BreA 0 0 0 prna  amc i 0 0 0 aw
GA 0 Bug BrcA BruA 0 0 ana 0 0 prc 0 0 * amc 0 0
GG 0 Bue BrcA 0 Bue BrcA 0 0 ana 0 0 0 ana * 0 0
uc o 0 BreA  pim Brog 0 0 pm 0 0 am 0 0 0 * am

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Families of Nested Models

-6A / l \
| =1 [
= S N\
l
l 16A | === == = = » | 16D

Test models using “known” phylogeny of five baderia.

Small sub-unit ribosomal RNA sequences.

T, Pseudomonas aeruginosa |

T,

TS \| Escherichia coli |

Bacill us subtili s T
\5<‘ Rhodomi crobium vannielii |
T3

T, \I Sphingomonas capsul ata |

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Dr. P. Higgs, U.

Likelihood Ratio Test showsthat rates of
double substitutions are non-zero.
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Likelihood Ratio Test shows General
Reversible Model 7A is preferable to 7D.
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Murphy et al.
Nature (200])

Megaptera *
Tursiops
Hippopotamus *
Tragelaphus
Okapia

Condylura *

Cavia®
Hydrochaerus

Macaca®  [anth

Cynocephalus */ **

Tarsius* Ta
Tupaia *

Trichechus *
Loxodonta *
Procavia*
Echinops *
Orycteropus *
Macroscelides
Elephantulus *
— Didelphis *

L— Macropus *

Cetacea

| Mesachirptra

Cetartiodactyla

Perissodactyla

Carnivora

Pholidota

Chiroptera

Eulipotyphla’

Hystrico-
gnathi

Rodentia

Lagomorpha

ropoidea | Primates

Dermoptera **

Lemuriformes

Primates
iformes

Scandentia

Sirenia
Proboscidea
Hyracoidea
Tenrecidae
Tubulide ntata

|ML\CYU>C&!\M&!L\

|Marsup\aha

=

[P ——

Afrotheria/ Laurasatheria

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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cessloceel soeelosoal coveloceal covalocecl socelocoel sovelocoal cosaloceel o
5 15 25 35 45 55 65
BAT CATTARGARG CTATCTTAGC GCTAACCTTT TAAGTTAGAG ATTGGGAATA TAAGCTTCCC CTTAATG
DOG CATTAAGAAG CTAT! GCA TTAACCTTTT GTT! GA CTGGGAGTTT TAARCCTCTCC TTAATG!
GUINEA PIG CATTACGARG CTAATTGCAG CGTTAACCTT TTAAGTT GACCGGGGCC C TCCCCC GTAATG!
ARMADILLO CCTTGAGATG CTATAATAGC ATTAACCTTT TAAGTT! G ACTGAGAGTG CRAC TCT CTCCTCAATG
HEDGEHOG CACTAAGAAG CTAGTAGCAT TAACCTTTT GTT! G/ GGAAGTTCC TTTCCCTT AGTGC
“Typical” sequence and structure “Consensus" sequence and structure
AT3 o7
Lys -4 158
A-T o-i
T=A Y =R
T—A ©=0
A=T A=y
= o-o
= SN =
13 ° SIHTS 70) o YNRYS )
(D AmE anaac ) ( 3 AR 410
(8 raun . 1 T {13 rias oo
TAGC T 53 CR B 53
2 . O o—p B 45
T-a Y=R
A=T A=T
A-T A=Y
Cc—-G Cc=G
[ c A
T T E4
TrT TeT
35 35
ceeeleceel coveleceel coceloceel coeeleceel ceveleceel coveloceal coeelecesl |
5 15 25 35 45 55 65 75
tRNA-LYS CCCOCC==( ((mmmmmmmm 1) =(((((= =xxx==)))) )=-=—-— (((( (=m=m=m=====))))))))) D))=
BAT CATTAAGAAG CTA=--TCTT AGCGCTAACC TTTTAAGTITA GAGATTGGG TATARGC== =TTCCCCTT TG
DOG CATTAAGAAG CTA----T GCATTAACC TTTTAAGTT! GACTGGGA GTTTTAAC-- —CTCTCCTT. TG
GUINEA PIG CATTACGAAG CTA==ATTGC AGCGTTAACC TTTTAAGTT GACCGGGG CCChAA==== =TCCCCCGT: ATG
ARMADILLO CCTTGAGATG CTA=--TAAT AGCATTAACC TTTTAAGTT GACTGAGA GTGCAAC TCTCTCCTC TG
HEDGEHOG CACTAAGAAG CTA=====GT AGCATTAACC TTTTAAGTT. GARAGGAA GTTCCAA=== =TTTCCCTTA GTGC

RNA Phylogeny Package
Soon to bereleased ...

Uses arange of evolutionary models designed spedfically for RNA
paired regions (as well as standard single site models).

Secondary structureis edfied in the di gnment as bracket notation.

Exhaugtive Maximum Likelihood search for small numbers of spedes
or small numbers of clusters.

Statistical tests to distibuish between proposed trees: Kishino-Hasegawa
(important to consider correlation between sites)

Markov Chain Monte Carlo methods for treeseaching.

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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Sub-treesin the Laurasiatheria Group

Carnivora

((Harbour Sed, Gray Sedl), Dog), Cat)
Perissodactyla

((Donkey, Horse),(Indian Rhino, White Rhino))
Cetartiodactyla

((((Blue Whale, Sperm Whale), Hippo),(Cow, Sheq)), Pig)
Chiroptera

((Long-tailed Bat, Fruit-eating Bat),(Flying Fox, Flying Fox))
Insedivora

(Hedgehog, Mole)
Outgroup: Rabhit

Maximum Likelihood Cluster Arrangements

tRNA Data Set

Dr. P. Higgs, U. Manchester (ITP 5/1501)



RNA Structure, Evolution and Phylogenetics

Preliminary Results with MCMC

43 mammal s with compl etely sequenced mitochondrial genomes
SSU + LSU + 14 tRNAs on the same strand

Study paired regions using the 7D model

Well-defined groups: 100% support
e.g. Primates, Marsupials, Rodents, Carnivores.
Four large-scal e clades well -defined

Afrotheria (100%), Lauras atheria (97%),
Primates+Glires (86%), Xenarthra (100%)

Insectivores+Bats (87%)
A few wandering species; e.g. Pig

Manchester — ffut
e . '
Bioi nformatlcs i

Thoughts for the day...

Thermodynamic parameters affed evolutionary parameters.

Rate models for phylogenies need to be tailored to the
sequences gudied.

Dr. P. Higgs, U. Manchester (ITP 5/1501)
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