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What is RNA primary structure?

RNA primary structure is the sequence of ribonucleotides (bases), and
can be written as 5’ — ryry...r, — 3, where n is the number of bases and
each r; is either A, C, G or U. Of course, bases are sometimes modified,
either naturally or in vitro.

Nucleobase Adenine Guanine Cytosine | Uracil
Nucleoside Adenosine | Guanosine | Cytidine | Uridine
(NB + D-ribose)
Nucleotide AMP, Ap GMP, Gp CMP, Cp | UMP, Up
(NS+phosphate)
Ambiguous codes for RNA/DNA
A,G C,U/T AU/T C,G A,C G,U/T
R Y W S M K
C,G,U/T | AGU/T | ACGU/T | ACG | ACGU/T
B D H Vv N
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Remembering the Ambiguous Base Letters

How to remember R: puRine Y: pYrimidine W:Weak S: Strong
the ambiguous codes? M: aMide K: Keto
The NOT cases use B: NOT A D:NOTC H:NOT G V:NOT U/T

the next (available) letter.  N: aNything

NH; (amino) opposite to

the glycosidic bond.
Adenine Cytosine
0 0
|
C=0 (keto) opposite to the " H
lycosidic bond.
o 7
& H
Guanine Uraci]
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What is RNA secondary structure?

RNA secondary structure is the collection (set) of base pairs that form in 3D. The hydrogen
bonds of base pairs and the stacking of adjacent base pairs are responsible for most of the
thermodynamic stability of an RNA. The most common base pairs are Watson-Crick (W-C):
C-G, G-C, A-U and U-A. Base pairs between G and U, G-U and U-G, are called wobble
pairs. Other pairs are called non-canonical.

A base pair between r; and r; is denoted as r; - r; (i < j) or simply by i - j when the context
is clear. A secondary structure is a collection, S, of base pairs that satisfy:

1. Ifi-j €S, then j—i> 3. The number 3 is called the minimum hairpin loop size. This
“rule” is broken by the existence of tetra-loops.

2. Ifi-j,i'-j/€ S then j=jifi=iandi=17if j = j. This rule excludes base triples,
and is violated in some structures.

3. Ifi-ji'-j €S, theneitheri< j<i < j (i-jprecedesi-jyori<i <j<j(i-j
includes i’ - j'). Violations of this rule also occur and create “pseudoknots”.
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Anything can pair with anything else in twelve different ways
(almost).

Recent work of Leontis and Westhof describe 12 distinct ways in which any two bases can
pair.

e Some cannot occur.

e Some can be modeled but have not yet been observed in structures derived by X-ray
crystalography or NMR methods.

e Many base pairs are structurally equivalent (isosteric).

http://www.bgsu.edu/departments/chem/RNA/pages/

PDB/index.html
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Non-canonical BPs Deduced by Comparative Sequence Analysis

GC
C// CA
530 10 u“G.”,"
] | ch u ¢
\G 0] A u 1/U A
C—G G |
: : : G—C | 3"
The figure on the right displays 0 & 5
) . . ‘U G
five consecutive non-canonical Y
. . C—G
BPs in a portion of a large- U - G—20
520—A — U
subunit rRNA. A OG
A OG
500 510 GOA
Statistics were gathered from AAGGGAGBCEARAUAGAG O
5S rRNA, grpl introns, RNAse P "i\CL‘,(';,éEA UGAAACG Y -
- 30
RNA, SSU and LSU rRNA. AT
AAC GG CUCAGG CG
47°*S|| LT 11l el
GU‘i 450—(G:CAGA(_;UCCAII-\C
UG UA 440
A A

A G
?AAGU‘
460
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Nomenclature and Definitions

e Complete: Entire structures.

e Core: “Reliable” portions of rRNA structures deduced from an alignment with respect to
E. coli rRNA.

e ext-: Base pairs as indicated.
e ext+: Base pairs added when found in small symmetric interior loops (up to 5 x J).
e “X,Y” refers to a di-nucleotide, not to a BP. Think 5" — XY — 3.

e “XY” refers to a BP, canonical or not. Thus AU or GG are base pairs.

5~ WY — 3

o “WX/YZ” refers to “tandem base pairs”, canonical or not. Think X7 _5
o “WX/YZ” is clearly equivalent to “ZY/XW”.

o F(WX/Y?Z) is the ratio of the observed number of base pair stacks of type WX/YZ
divided by the expected number. The expected number is based on observed
frequencies of di-nucleotides.

e F(WX/YZ) measures under or over represetation of tandem BPs.
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The Numbers

Data Sequences Stacks | Base pairs | Nucleotides
Complete ext- 1900 | 337659 436327 1597471
Complete ext+ 1900 345586 441117 1597471
core rRNA ext- 8058 | 1671686 2245790 10998639
core rRNA ext+ 8058 | 1737666 2287177 10998639

The core data, though less reliable, especially for Eukaryote rRNA, was used because of
the very large number of base pairs that could be analyzed.
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Statistics on tandem base pairs - |

Complete Core rRNA
Count F(WX/YZ) Count F(WX/YZ)
WX/YZ | -ext +ext -ext | +ext -ext +ext -ext | +ext

AA/AA | 121 170 | 0.24 | 0.25 105 358 | 0.29 | 0.33
AA/AC 33 45 | 0.83 | 0.79 79 167 | 0.99 | 0.73
AA/AG | 501 | 1283 | 0.64 | 0.86 412 | 13490 | 0.48 | 1.60
AA/AU | 626 882 | 0.62 | 0.67 | 1746 /7037 | 1.00 | 1.24
AA/CA 46 /8 | 0.91 | 0.59 /1 175 | 0.95 | 0.54
AA/CC 23 25| 214 | 1.70 99 571 | 1.56 | 0.92
AA/CG | 725 878 | 1.10 | 1.17 | 2883 3284 | 1.46 | 1.36
AA/CU 51 66 | 2.13 | 1.33 38 136 | 1.35 | 1.07
AA/GA | 104 140 | 0.38 | 0.33 144 226 | 0.71 | 0.42
AA/GC | 809 967 | 1.20 | 1.25 | 1627 5614 | 1.21 | 1.14
AA/GG 44 48 | 0.47 | 0.46 77 90 | 0.72 | 0.68
AA/GU | 219 282 | 0.68 | 0.66 289 853 | 0.77 | 0.73
AA/UA | 666 831 | 0.71 | 0.74 | 1316 2494 | 0.91 | 0.95
AA/UC 49 54 | 233 | 1.76 62 80 | 1.29 | 1.04
AA/UG | 135 160 | 0.60 | 0.58 243 351 | 0.81 | 0.69
AA/UU | 220 291 |1 0.84 | 0.77 215 875 | 0.77 | 1.11
AC/AC 36 40 | 0.65 | 0.61 64 66 | 0.89 | 0.83

September 30, 2009. — RNA Course M. Zuker Rensselaer Polytechnic Institute 8



Statistics on tandem base pairs - li

Complete Core rRNA
Count F(WX/YZ) Count F(WX/YZ)
WX/YZ -ext +ext -ext | +ext -ext +ext -ext | +ext

AC/AG 36 103 | 0.53 | 0.56 121 235 | 0.80 | 0.50
AC/AU 337 518 | 0.77 | 0.73 1404 1794 | 1.22 | 0.94
AC/CA 32 34 | 0.68 | 0.68 120 128 | 1.23 | 1.16
AC/CC 31 33 | 1.39 | 1.21 80 85| 1.50 | 1.29
AC/CG | 1517 | 1529 | 1.83 | 1.79 | 10168 | 10372 | 1.95 | 1.87
AC/CU 17 18 | 1.31 | 1.17 126 129 | 1.60 | 1.49
AC/GA 43 59 | 0.66 | 0.66 149 491 | 0.95 | 0.94
AC/GC 693 764 | 114 | 1.12 2435 2827 | 1.49 | 1.48
AC/GG 46 49 | 0.70 | 0.64 163 165 | 0.88 | 0.83
AC/GU 240 260 | 0.80 | 0.81 1311 1361 | 1.15 | 1.10
AC/UA 618 636 | 1.08 | 1.07 700 796 | 1.36 | 1.28

AC/UC 62 62 | 1.66 | 1.60 28 29 | 144 | 1.32
AC/UG 177 190 | 0.76 | 0.75 1121 1123 | 1.18 | 1.12
AC/UU 55 84 | 0.94 | 0.94 91 94 | 1.27 | 1.16
AG/AC 40 43 | 0.57 | 0.53 33 116 | 0.98 | 0.57

AG/AG 394 549 | 0.50 | 0.44 2146 2719 | 0.62 | 0.54
AG/AU 575 /708 | 0.64 | 0.69 2343 3132 | 0.75 | 0.76
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Statistics on tandem base pairs - Il

Complete Core rRNA
Count F(WX/YZ) Count F(WX/YZ)
WX/YZ -ext | +ext | -ext | +ext -ext +ext | -ext | +ext
AG/CC 25 27 | 1.00 | 0.91 48 111 | 0.98 | 0.75

AG/CG | 2803 | 3000 | 2.06 | 2.14 | 19452 | 26253 | 2.15 | 2.75
AG/CU 50 60 | 0.55 | 0.52 182 253 | 0.80 | 0.84
AG/GA 95 56 | 0.42 | 0.40 164 167 | 0.70 | 0.67
AG/GC | 1804 | 2214 | 1.49 | 1.70 2188 8923 | 1.11 | 1.68
AG/GG 49 55 | 0.60 | 0.58 214 225 | 0.71 | 0.68
AG/GU | 1351 | 1566 | 1.17 | 1.26 5687 | 8033 | 0.85 | 1.08
AG/UA 608 869 | 0.93 | 1.09 2566 6124 | 1.02 | 1.49
AG/UC / 8 | 0.94 | 0.98 28 69 | 1.19 | 0.94
AG/UG 305 511 | 0.58 | 0.69 2303 6474 | 0.95 | 1.11
AG/UU 194 282 | 0.67 | 0.65 184 825 | 0.91 | 0.92
AU/AC 560 683 | 0.86 | 0.97 2440 2866 | 1.32 | 1.28
AU/AG 645 /701 | 0.60 | 0.61 4551 | 10955 | 0.98 | 1.29
AU/CC 149 190 | 1.36 | 1.31 511 549 | 1.67 | 1.49
AU/CU 336 393 | 0.95 | 0.91 513 686 | 1.20 | 1.10
AU/GG 552 666 | 1.45 | 0.95 1444 1472 | 0.99 | 0.94
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Statistics on tandem base pairs - IV

Complete Core rRNA
Count F(WX/YZ) Count F(WX/YZ)
WX/YZ -ext +ext | -ext | +ext -ext +ext -ext | +ext

AU/UC 547 586 | 1.115 | 1.12 | 1791 | 1990 | 1.35 | 1.35
AU/UU | 1447 | 1589 | 1.37 | 1.43 | 8180 | 8483 | 2.29 | 2.25
CA/AC 95 79 | 1.09 | 1.24 613 623 | 1.54 | 1.48
CA/AG 39 52 | 0.88 | 0.88 291 324 | 1.25 | 1.15
CA/AU 249 340 | 1.01 | 0.98 633 874 | 1.37 | 1.18
CA/CC 10 12 | 1.34 | 1.34 47 49 | 1.28 | 1.14
CA/CG /68 826 | 1.07 | 1.04 | 2293 | 2406 | 1.06 | 0.98
CA/CU 15 15 | 0.76 | 0.75 54 60 | 1.13 | 1.04
CA/GC 499 582 | 1.43 | 1.40 | 2216 | 2431 | 1.63 | 1.47
CA/GG 67 73 | 0.62 | 0.56 773 /778 | 1.02 | 0.98
CA/GU 66 101 | 0.92 | 0.73 188 293 | 1.25 | 0.95
CA/UC 16 27 | 1.81 | 1.50 53 66 | 1.42 | 1.28
CA/UG 177 179 | 0.67 | 0.65 985 993 | 1.22 | 1.16
CA/UU 37 41 | 0.85 | 0.80 68 81 | 1.31 | 1.12
CC/AG 13 16 | 0.99 | 0.94 68 /70 | 1.18 | 1.09
CC/AU 87 101 | 1.69 | 1.52 360 368 | 1.63 | 1.54
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Statistics on tandem base pairs - V

Complete Core rRNA
Count F(WX/YZ) Count F(WX/YZ)
WX/YZ -ext | +ext | -ext | +ext -ext | +ext | -ext | +ext
CC/CC 9 11 | 0.70 | 0.30 46 47 | 0.65 | 0.56
CC/CG 187 202 | 0.91 | 0.89 | 1180 | 1252 | 1.28 | 1.09
CC/CU 12 14 | 2.69 | 1.64 44 45 | 1.56 | 1.39
CC/GC 207 219 | 0.77 | 0.76 | 1144 | 1616 | 1.22 | 0.97
CC/GG 35 36 | 0.44 | 042 680 687 | 0.97 | 0.92
CC/GU 57 58 | 0.93 | 0.93 153 156 | 1.20 | 1.11
CC/UC 13 15 | 1.52 | 1.41 30 31 | 1.06 | 0.99
CC/UG 86 87 | 0.92 | 0.90 880 885 | 1.27 | 1.22
CC/UU 48 95 | 0.86 | 0.96 170 174 | 1.25 | 1.17
CG/AG 723 /764 | 0.86 | 0.87 | 5998 | 6049 | 1.03 | 0.99
CG/CU 428 644 | 091 | 1.15 | 1617 | 2154 | 1.14 | 1.27
CG/GG 403 505 | 0.62 | 0.55 | 3761 | 3772 | 0.82 | 0.79
CG/UC 390 633 | 1.23 | 1.28 | 1275 | 1848 | 1.31 | 1.23
CG/UU | 1260 | 1326 | 1.78 | 1.80 | 3107 | 3870 | 1.51 | 1.75
CU/AG 35 37 | 1.84 | 1.76 108 168 | 1.09 | 0.97
CU/AU 307 339 | 095 | 0.93 | 1023 | 1143 | 1.51 | 1.38
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Statistics on tandem base pairs - VI

Complete Core rRNA
Count F(WX/YZ) Count F(WX/YZ)
WX/YZ -ext +ext -ext | +ext -ext +ext -ext | +ext

CU/CG 492 564 | 1.10 | 1.04 2887 | 3060 | 1.19 | 1.10
CuU/CU 60 63 | 0.93 | 0.89 489 489 | 1.07 | 1.03
CU/GG 24 26 | 0.68 | 0.60 203 229 | 112 | 0.96
CU/GU 105 109 | 1.27 | 1.21 204 225 | 118 | 1.15
CU/UC 6 6| 1.11 | 1.08 80 80 | 1.14 | 1.10
CU/UG 124 126 | 0.82 | 0.80 944 950 | 1.35 | 1.29
CU/UU 46 67 | 0.69 | 0.64 362 366 | 1.02 | 0.98
GA/AG 738 966 | 0.70 | 0.73 1788 4959 | 0.63 | 0.77
GA/AU | 2326 | 2641 | 1.94 | 1.96 9546 | 13561 | 1.55 | 2.04
GA/CG | 1366 | 1401 | 1.30 | 1.28 | 15634 | 15920 | 2.05 | 1.97
GA/CU 17 19 | 1.16 | 1.06 73 124 | 1.31 | 0.89
GA/GG 335 343 | 1.79 | 1.68 134 159 | 0.59 | 0.53
GA/GU 260 277 | 0.65 | 0.63 1444 1704 | 0.85 | 0.78
GA/UG 183 189 | 0.61 | 0.59 1043 1069 | 0.89 | 0.83
GA/UU 55 64 | 0.57 | 0.53 245 653 | 0.91 | 0.98
GC/CU 398 | 429 | 1.09 | 1.07 3931 3947 | 1.48 | 1.42
GC/GG 471 513 | 0.60 | 0.61 3171 3175 | 0.71 | 0.68
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Statistics on tandem base pairs - VII

Complete Core rRNA
Count F(WX/YZ) Count F(WX/YZ)
WX/YZ -ext +ext -ext | +ext -ext +ext -ext | +ext

GC/UU | 1796 | 2179 | 242 | 2.69 | 15064 | 15462 | 3.31 | 3.15
GG/AU 354 377 | 0.72 | 0.73 2207 2211 | 1.06 | 1.01
GG/CU 21 24 | 1.08 | 0.87 94 116 | 0.85 | 0.69
GG/GG 10 14 |1 0.29 | 0.29 91 93 | 0.41 | 0.38
GG/GU 101 115 | 0.44 | 0.42 255 386 | 0.58 | 0.50
GG/UG 68 76 | 0.47 | 0.44 380 385 | 0.69 | 0.65
GG/UU 46 49 | 0.52 | 0.50 119 194 | 0.87 | 0.60
GU/CU 63 64 | 0.68 | 0.66 429 431 | 1.13 | 1.08
GU/UU 238 256 | 0.60 | 0.61 1117 1168 | 0.92 | 0.87
UA/CU 320 358 | 1.45 | 1.34 2147 2166 | 2.26 | 2.14
UA/UU 969 | 1154 | 1.06 | 1.17 3784 3974 | 1.84 | 1.83
UC/CU 15 16 | 3.63 | 2.37 25 28 | 1.54 | 1.39
UC/GU 56 66 | 0.92 | 0.96 244 249 | 1.07 | 1.00
uC/uu 200 235 | 1.05 | 0.94 534 /707 | 1.14 | 1.03
UG/UU 645 678 | 1.03 | 1.04 1830 1983 | 1.07 | 1.08
Uuu/uu 397 | 459 | 0.57 | 0.61 1418 1425 | 0.90 | 0.86
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Non-canonical BP Count

Note: The W-C base pair counts are restricted to those occurring next to a non-canonical
base pair. The numbers in the table are the base pair counts for complete and core BPs,
ext- and ext+

The BP columns are ordered from least frequent to most.

BP | Complete | BP | Complete+ | BP | Core BP | Core+
CC | 992 CC | 1141 CC | 5540 CC | 6696
GG | 2626 GG | 2969 AA | 9406 GG | 14137
CU | 4282 CU | 5143 GG | 13766 CU | 22054
AA | 4372 GU | 5350 CU | 19618 | GU | 29072
GU | 4656 AA | 6200 GU | 21050 AC | 31997
AC | 6617 AC | 7555 AC | 28918 AA | 35801
UU | 7653 UU | 8849 UU | 36488 UU | 40334
AU | 12278 AU | 14562 AU | 49205 AU | 72675
AG | 15679 AG | 19003 AG | 79287 | CG | 124235
CG | 17739 CG | 20139 CG | 102031 | AG | 133581
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What is RNA tertiary structure?

Base triples and pseudoknots are best excluded from
the definition of secondary structure. They comprise
some of the interactions that characterize tertiary
structure. Angles between pairs of adjacent helices
are part of tertiary structure. Adding (sufficient)
tertiary structure to secondary structure can lead to the
modeling of atomic resolution structures.

A helix is a collection of two or more adjacent base pairs.
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3D structure for S. cerevisiae Phe tRNA.

An atomic
resolution
model is
complicated
and full of
details. What
can secondary
structure show?
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A 3D-like secondary structure for S. cerevisiae

This image preserves some features of the 3D structure.
.

A
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multi-branch
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Aanti-codon| | 1 T 1 I/ 1 1 1 Dloop | ' wicop !
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1TRA yeast Phe tRNA (S. cerevisiae)
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The “cloverleaf” secondary structure for S. cerevisiae
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1TRA yeast Phe tRNA (S. cerevisiae)
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Representations of RNA secondary structures.

e e, The traditional representation of
secondary structure. Example is a
group Il intron from

Microscilla sp. PRE1

Source: Steve Zimmerly
www.fp.ucalgary.ca/
group2introns/species.htm)

e E: exterior loop

X e H: hairpin loop
e
e B: bulge loop
e |: interior loop
. e M: multi-branch loop
o5 S Ch: ).
" Colors depend on the probability of
3 base pairs or the probability that
k3 a single-stranded base is single-
o3 R A stranded.

Microscilla sp. PRE1 (M_sp_11) 5 ng

AAAAA
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Color annotation of secondary structure.

The eight colors used
to annotate probabilities.
They  emphasize the
very high and very low
probabilities.
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Circle Plot & Tree Diagram

250

Two plots in one.

e Bases are drawn along the
circumference of a circle

e Base pairs are circular arcs the
intersect the circle at right angles.

e Black lines (edges) within
the circle comprise a “tree
representation” of the secondary

structure. , _
Every base pair and multi-

branched loop is a node. Nodes
connecting consecutive base
pairs can be collapsed into a
single “helix” node.

Colors depend on the probability of
base pairs, as in the standard plot.

117
Sne, 1117
oo T
<<<< A ’A’U’j///m///mmm\

Microscilla sp. PRE1 (M_sp_lI1)
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Microscilla sp. PRE1 (M_sp_I1)
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Side by side comparison - 1

Microscilla sp. PRE1 (M_sp_I1)

M. Zuker Rensselaer Polytechnic Institute

23



Pseudoknot example

Two base pairs (BPs), r;-r; and ry - rj, can be called “incompatible” if
[ <1 < j< j. Thatis, they violate the third rule for RNA secondary structure.

A pseudoknot is created by two incompatible helices (stems). That is, every BP in one is
incompatible with every BP in the other.

A-C
3'- A-G-G-C-U / U <=== Example of a simple pseudoknot.
U-C-C-G-A-G-G-G
U C-C-C - b5f
C--U--C/

Stem 1: C;- Gys, Cy - Gug, Cs- Gy,
is incompatible with
Stem 2: Ug- Az, Co - Gz, Cio- Gar, Gip - Coo, Ajz- U

Is this possible? — Yes.

September 30, 2009. — RNA Course M. Zuker Rensselaer Polytechnic Institute 24



3D model of simple pseudoknot. Coordinates by F. Major
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Same model - orientation shows coaxial stacking
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In the circle plot, intersecting BP arcs indicate a pseudoknot
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Now you can. P3 and P7 create a pseudoknot.

210

o
o

Tetrahymena thermophila LSU rRNA
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Dot plot

Structure dot plot for M_sp |1 _phylo
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135*

., 1he most abstract representation of
secondary structure.

Bases are not drawn.

Base pairs are dots (filled in
circles, squares, diamonds or
other shapes).

Row is 5’ base & Column is 3
base. A dot in row i and column
J represents the base pair r;-r;

in the RNA whose sequence is
rnr...ry.

Helices and hairpin loops are
easy to detect.

Bulge and interior loops are a bit
harder to detect.

Multi-branch loop detection is not
easy.
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Microscilla sp. PRE1 (M_sp_I1)
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Side by side comparison - 2
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Prediction of RNA secondary structure

What are the common methods?

e Comparative, or phylogenetic methods.

— Considered the “gold standard”.
— Labor intensive
— Requires numerous homologous sequences that can be well aligned.

e Free energy minimization methods

— Works on single sequences.

— Fast, cheap and easy to perform.

— Unreliable in general.

— Cannot predict pseudoknots. (Some time consuming exceptions exist.)
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Comparative methodology

e A “golden rule” in biology: Structure is conserved more than sequence.
e This principle can be used to predict RNA secondary structure.

e It is used together with site directed mutagenesis to confirm the existence of specific
base pairs.

e It can be used, for example, to design non-virulent strains of an RNA virus by interrupting
significant secondary structure.
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SSU rRNA: Escherichia coli versus Deferribacter thermophilus
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UeU - Non-canonical base pair
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Secondary structure comparison between two 16S rRNAs.

=/ "
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Escherichia coli Deferribacter thermophilus

Compare a small domain in one with the corresponding domain in the other.

e BP is conserved — Both bases unchanged.
e BP is conserved — Both bases change (compensatory change)
e BP is conserved — One base changes (W-C < wobble pair)

e BP not conserved — One base changes (W-C < non-canonical pair)
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Need an alighment of homologous sequences

Given m RNA sequences, R;,R,,....R,. The i'" sequence has length n;. After alignment,
they all have a common length, n. They can be written as

R1 = I’1<1), 7‘1(2), 7‘1(3), . rl(n),
R2 = 1’2(1), ?’2(2), 7‘2(3), y 7‘2(71),
R3 = 7‘3(1), 7’3(2), 7’3(3), y 7’3(7’1),
R, = run(l), ru(2), rau(3), , Im(n)

R, (i) is the i'™ “base” in the k™ sequence. ltis A, C, G, U or “”. The last symbol stands for
an inserted gap.

Constructing a “correct” alignment is usually slow and difficult work. Many methods have
been developed to automate this procedure.

“Correct” refers to computing an alignment that captures the evolution of these RNAs.
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Some History: Quick-n-Dirty
Copied from the Gutell Lab web site:

http://www.rna.ccbb.utexas.edu/CAR/1D/Paradigms/Visual

Red-dot Green-dot: 1978—1981; attributed to Carl Woese

e Strict covariation.
e Can detect W-C and wobble pairs only (consecutive, anti-parallel & nested)

e Provides a comparative proof for a helix. Two or more compensatory base changes
within a helix.

e Less similar sequences provide more supporting changes.
e Aligns sequences to maximize primary structure similarity.
e Analyzes just two sequences at one time.

e |dentifies secondary interactions only.
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http://www.rna.ccbb.utexas.edu/CAR/1D/Paradigms/Visual

Red-dot, green-dot: Gutell tRNA example

Acceptor Stem

D Stem Anticodon Stem TWYC Stem
| 1

Phe: Agmenellum quadruplicatum [GCCAGGA]UA|GCNC|AGUUGGUA [GAGC|A[GAGGA|[CUGAAAA| UCCUC|GUGUC|GGCGG |[UUCAAUU|CCGCC |UCCCGGC|A
Phe: Spinacea oleracea GUCGGGA|UA|GCUC|AGCUGGUA [GAGC|A|GAGGA|CUGAAAA|UCCUC|GUGUC|ACCAG |[UUCAAAU|CUGGU [UCCUGGC|A
RDGD + + * + +— + + —+ +
85.3% Smilarity
Phe: S. cerevisiae GCGGAUU|UA|GCUC|AGUUGGGA [GAGC|G|CCAGA|CUGAAGA|UCUGG [AGGUC |CU GUG|UUCGAUC|CACAG |AAUUC GC|A
Phe: Bostaurus GCCGAAA|UA|GCUC| AGUUGGGA [GAGC|G|UUAGA |CUGAAAA|UCUAA |AGGUC |CC UGG|UUCAAUC|CCGGG [UUUCG GC|A
RDGD ++ + ++ + + + +
72.9% Smilarity
Phe: S cerevisiae GCGGAUU|UA|GCUC| AGUUGGGA [GAGC| G| CCAGA| CUGAAGA| UCUGG|AGGUC| CUGUG |[UUCGAUC|CACAG [aaUUCGC|A
Ala: Thp. tenax GGGCCGG|UA[GUCU|AGC-GGAA [GGAC| G| CCCGC| CUUGCGC| GCGGG|AGAUC|CCGGG |[UUCGAAU|CCCGG |CCGGUCC|A
RDGD ++H o+ o+ ++ + + + + + +
53.4% Smilarity | | I | | | | |

no 20 30 40 50 60 70 |73

Figure 1. Reddot-greendot examples from tRNA. Symbolsused: +: transition; -: transversion; |: deletion; *: ambiguous nucleotide.
Experimentally verified helices from the secondary structure are boxed and connected with black lines. Nucleotide position numbers refer
to the S.cerevisiae Phe reference sequence. Sequence names are shown as amino acid: organism.

tRNA Reddot-Greendot - 85.3% Similarity
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Figure 2. Results of the reddot-greendot analysis shown on tRNA secondary structure diagrams. Base pairs which are predicted with the
method are shown with red tick marks. A. Sequences with 85.3% similarity. B. 72.9% similarity. C. 53.4% similarity.
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Green dot Red dot: E. coli vs. Z. mays 16S rRNA.

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
| I I I | | [ \ \ \ \ \ | | | |
AAAUUGAAGAGUUUGAUCAUGGCUCAGAUUGAACGCUGGCGGCAGGCCUAACACAUGCAAGUCGAACGGUAACAGGAAGAAGCUUGCUUCUUUGCUGACGAGUGGCGGACGGGUGAGUAAUGUCUGGGAAACUGCCUGAUGGAGGGGGAUAACUACUGGA
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| | | | | \ \ | | | | | | |
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[ITlellelelee|[|e|[[[le@[[III[IIIIel[I[IIIIITIIIITel el Tlel[[III1IITleel|[[llele[[[IIIIIIIlleee|e]|]||e||e||e|e|||]||e|ea||e||[[[[|le[[[[II|I]]|ee]|]||eee|]|caaa]
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Annotated secondary structure plot for E. coli 16S rRNA.
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Modern approach. A no-brainer alignment.

The twenty 5S rRNAs shown below all have the same length. Alignment is simple. No gaps

are introduced.

GCUUACGGCCAUACCAGCCUGAAUACGCCCGAUCUCGUCCGAUCUCGGAAGCUAAGCAGGGUCGGGCCUGGUUAGUACUUGGAUGGGAGACCGCCUGGGAAUACCAGGUGCUGUAAGCUU
GCUUACGGCCAUACCACCCUGAGCACGCCCGAUCUCGUCCGAUCUCGGAAGCUAAGCAGGGUCGGGCCUGGUUAGUACUUGGAUGGGAGACUGCCUGGGAAUACCAGGUGUUGUAAGCUU
GCUUACGGCCACACCAACCUGAGCAAGCCCGAUCUCGUCUGAUCUCGGAAGCCAAGCAGGGUUGGGCCUGGUUAGUACUUGGAUGGGAGACUGCCUGGGAAUACCAGGUGUUGUAAGCUU
GCCUACGACCAUACCACCAUGAGUAUACCGGUUCUCGUCCGAUCACCGGAGUCAAGCAUGGUCGGGCCGGGUCAGUACCUGGAUGGGUGACCGCCUGGGAACACCUGGUGUUGUAGGCCU
GCCUACGACCAUACCACCAUGAAUACACCGGUUCUCGUCCGAUCACCGAAGUUAAGCAUGGUCAGGCCGGGUCAGUACCUGGAGUGGUGACCGCCUGGGAACACCCGGUGUUGUAGGCCU
GUCUACGACCAUACCACAAUGAACACACCGGUUCUCGUCCGAUCACCGAAGUUAAGCAUUGUCGGGCCAGGAUAGUACCUGGAUGGGGGACCGCCUGGGAACGCCUGGUGUCGUAGACUU
GUCUACGGCCAUACCACCGGGAAAAAACCGGUUCUCGUCCGAUCACCGAAGUCAAGCCCGGUAGGGCCAGGUUAGUACUUGGAUGGGUGACCGCCUGGGAAUACCUGGUGCUGUAGACUU
GCCUGCGGCCAUACCACGUUGAAUGCACCGGUUCCCAUCUGAACACCGAAGUUAAGCAACGUCGGGCCAGCUUAGUACCUGGAUGGGUGACCGCCUGGGAAUCGCUGGUGCUGCAGGCUU
GCCUACGGCCAUACCACGUUGAAAACACCGGUUCUCGUCUGAUCACCGAAGUUAAGCAACGUAGGGCCUGCCCAGUACUUGGAUGGGUGACCGCCUGGGAACAGCAGGUGUUGUAGGCUU
GCCUAGGACCAUAUCACGUUGAAUGCACCGGUUCUCGUCCGAUCACCGAAGUUAAGCAACGUCGAGCCCGGUUAGUACUUGGAUGGGUGACCGCCUGGGAAUACCGGGUGUUCUAGGCCU
GGCAACGACCAUACCACGUUGAAUACACCAGUUCUCGUCCGAUCACUGAAGUUAAGCAACGUCGGGCGUAGUUAGUACUUGGAUGGGUGACCGCUUGGGAACACUACGUGCCGUUGGCAU
GCCAACGUCCAUACCAUGUUGAAUACACCGGUUCUCGUCCGAUCACCGAAGUCAAGCAACAUCGGGCGUGGUCAGUACUUGGAUGGGUGACCGCCUGGGAACACCACGUGAUGUUGGCUU
GAUAGCGUCCAUACCACACUGAAAACACCGGUUCUCGUCCGAUCACCGCAGUUAAGCAGUGUCGGGCCCAGUUAGUACUUGGAUGGGUGACCGCCUGGGAAUACUGGGUGUCGCUACCUU
ACCAACGGCCAUACCACGUUGAAAGUACCCAGUCUCGUCAGAUCCUGGAAGUCACACAACGUCGGGCCCGGUCAGUACUUGGAUGGGUGACCGCCUGGGAACACCGGGUGCUGUUGGCAU
GUCGACGCUCAUACUAGGUUGGGUCCACCCGAUCUCGUUCGAUCUCGGCAGUUAAACAACCUUAGGCCUCGUUAGUACUUGAAUGCGUGAGCGUCUGGGAAUACGAGGUGGUGUCGACUU
GUUGUCGGCCAUACUAAGGUGAAAACACCGGAUCCCAUUCGAACUCCGAAGUUAAGCGCCUUAAGGCUGGGUUAGUACUAAGGUGGGGGACCGCUUGGGAAGUCCCAGUGUCGACAACCU
GUUGGUGGCCAUACUAAGCCUAAAGCACCGGAUCCCAUUCGAACUCCGAAGUUAAGCGGCUUAAGGCGAGGUUAGUACUAAGGUGGGGGACCGCUUGGGAAGUCCUCGUGUUGACAACCC
GUUAUCGGCCAUACUAAGCCAAAAGCACCGGAUCCCAUUCGAACUCCGAAGUUAAGCGGCUUAAGGCAUGGUUAGUACUAAGGUGGGGGACCGCUUGGGAAGCCCAUGUGCUGAUAGCUU
GCUAUCGGCCAUACUAAGCCAAAUGCACCGGAUCCCAUCCGAACUCCGAAGUUAAGCGGUUUAAGGCCUGUUAAGUACUGAGGUGGGGGACCACUCGGGAACUUCAGGUGCUGAUAGCUU
GUUGUCGGCCAUACUAUGCCUAACGCACCAGAUCCCAUCCGAACUCUGAAGUUAAGCGGCAUAAGGCGAGGUUAGUACUUGGGUGGGGGACCGCCAGGGAAGCCCUCGUGCUGACAGCUA

Then what? How to find BPs conserved by compensatory mutations?
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Mutual information content

e M(i,j) = “mutual information” between columns i and j. It measures the “degree of
correlation”.

e Alarge M(i, j) suggests that r(i) - rx(j) exists for all (or most) k between 1 and m.
e Base pairs that are 100% conserved yield no mutual information.

e M(i,j) is the “relative entropy” between a pair of probability distributions. If f; (B}, B>)
is the observed frequency of the base pair, By - By, in columns i and j, and if f;(B) is the
observed frequency of B in column i, then

. fi.j(B1,B2)
M(i,j)= fi.j(B1,By)log, = .
Bl,Bze{AZ,C,G,U} ! 2fi(Bl)fj(BZ)

Comment: The sum of f; ;(B;,B,) over all pairs and the sum of f;(B) over all bases may be
< 1, since gaps are ignored.
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Mutual information plot for 20 Eukaryote 5S rRNAs
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Twenty sequences perfectly aligned

e Only (4+4+2+4=14) out of 39 (40 with non-canonical U - U) base pairs are identified
(35%)

e There is a fair amount of “noise”.

e 100% conserved base pairs not shown. They greatly add to the “noise”, but can be useful
to “fill in” or extend stems (helices). Total of 86 base pairs in plot.
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Comparative model for Bombyx mori 5S rRNA

40

N,
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Output of sir_graph \
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A\

BPs with MI > 0.6 are

annotated in color. Its free energy
can be used to compare with the
minimum energy folding.
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Alignment of 302 5S rRNAs from Eukaryotes (M. Szymanski)

Akurocai ~-G-GCU-AC UG-AACCU UUCUCGUCC- GAUCACCGA-AGUCAAGCAACG UG-GU-UAGUACUL C-GCUUGGGAAC/ uGCL G _compres A CAU-UCOGCCAUAUCAA-GUY- GA-CANACGCCGUAUCCCAUCCCOARCUACGA- AGCUMGUCACUUUGAGCUGG: GC-UAGUACUGAGAUGAGGGAUC.
-t 1G-GU-U U C: AU-UCGGCCAUACCAG-G-ACGA-CAAAUACCCCAL 3

et s—ucu ACSSCCAUACCAC G- UG AAMUACCSGUICICGUCC ARG ACICARGEARCOL e 8U-UAGUAGUL C-GCUUGGGAACY ! AAGGAUL: R CUACUGACOAY
leceb —-G-C ~G-C-U U U-CAGUACUUGG: ] UGGGAA ) G-UCUACoACCAUAC JUCUCGUCC-GAU UAGGGCCU UUGGAUGGGU!
s - 0UU- JAUGAC-G-U-U -GAUC JA-GU-UAGU ] ) s o “GAUC UACUUGGAL -~
SToffcna CAUAUCAC: JUCUCGUCC-GAAC) GUAGAGCCI L . o]
L_polyphe —-G-UCA-UCGUL -CGGUUCUCGUCU-GAUCCCCGA-AGCUAAGC/ L U ~ACCL “H_oculata G CCU -GCGGCCAUACCAC( G U UG AAUGCACCGGUUCCCA UL -
A dadema CAUACCAU. -GAUC UGACC-ACCUGGGAAC) UGCUGUU i JAUAL IO CAUUACCOAAGLL i
A e SRcaCCaalccaiice cadcad D ACCACCUGGOAG) CURUIGECAL P UACUUG- Sucu )
-G-UCA-ACGGCCAUA L U/ U JGUUC E p\lcam ~-G-CCU~/ AGGACCAUAUCAC G U UG AAUGCACCGGUUCUCGUCC GAUCACCGA -AGUUAAGC! L —C
A ACGCCAURCAC -V G AARACACCS IS GAUCAGCGAAGUUAAGCAACGL UG UCU UL \
ICA-ACG ~G-U-UG-AA/ \UUGGGUI L UGGGAACACC: C s\egan fG -CUU-ACGACCAUAUCAC-G-U-UG-AAL AUCUGGCA AGUUAAGC! U U
ACGACCAUACCAC-G-U-UG-AAUGCACCGCUUCUCGUCE: 0 -~ C - G-U-U GUCU-GAUCUGUCA-AGLL U UA-GU-UAGL
“ACG A G UG AAACACOAB IS0 CBUC ARG UOA ACIUARGGARCCE8S . JGGGAAL) B G ARG A DA DCA U AANNCACNER B AD UNCAAG {
~G-U-UG-AA Jucucel A AGUUAGCAACGLL T \anaiina U AARNCACCCGLUCCG CC GAl Ueeau
~C-U JUCUCGUCC-GAUCAC —chusse,umccf e —-uc"Ac UG- AAAACACCAGUUCUCGU oAl
GUCCAUACCAC GU GAUC C CAGUUCUCGUCC SAICAC C GGGU
G A ORCACCAGUUCUCCUGG-CAUCACUGA-AGUUARGCARCEL  CCUUCEOARCACL P oo o “CCU-ACGACCAUACCAC-G-U-UG-) JCC-GAUCACU -G UGGGUG
UCCAUACCAC-G-U UUCUCGUCC- GAUCACCGA-AGUUAAGCAACGL C R pachypt AC-G-U-UG/ mc CCCBUUCNCOUCC AU NUCGAGCCCG- GU U
1 UG- AAUACACCGGUUCUCGUCG-GAUC CAACAU € raciel —G-UCU-ACAACCAUACCAC-G-U-UG~/ —GAL UGGGU
L UG- AAUACACUGGUUCUCGUCG-GAUC AAGCAACAU A ACGACCAUACCAU-G-C-UG- AMAUACCAGUUCCCGUCC —GAUCACUGA- Asuw\ec CeAL Gu U
| UG- AAUAGACCOGUUCUCGUCG-GAUC AAGCAACAUL o Al U UG MAACACCOBULCUCCE. GAUCACCGA AGUUAAC ~UAGUACGUGGAUGGGUGACC-GC
ICCAUACCAC-G-U-UG- ARAACACCGGUUCUCGUCC-GAUC ? e UAGGEEUC S UAGUACUJGARSGESUCAGEC
\GEAC: GAUCACCGA-AGUCAAGCAGCGUU -U-UG- ecuc;\ceemucuceuuo GECUGAGGCCUC GU UAGUACUUGARUGCGUGAGT:
C GAUCACCGA-AGUC GG (C-A~C- C; JGU
JACUAC CCGUUCUCGUCU-GAUCACCGA-AGUUAAGCAGCAL —G—ucqucGGccAUACCAc—c—G—GG—MAAuAccGGuucucGucchAUcACCGAfAGucAAGCCCGGUA CCCCA-GU-UAGUACUUGCAUSSSUSACE- <
UAC- G UG AUACACCOGUUGUCGUCE GAUCACT U - Gecu ARUACACCGGUUCUCGUCC-GAUCACC! . ~GU-CAGUACCU
CAURCCA IACCGOUUCUCGUCC-6 AGUCAAGCA cAuAGGGcccG S UAguACUL C-GCCU ¥ - GAJCACCGA-GUUAGAL CGG-GU-CAGUACCU ~
UACCAU A CACCaA ACUAAGA -~ GU-UAGUACUUGGAL c-6Cel A CGGUUCUCGUCC-GAU AGUC/ U UAGUACUUGGAUGGGUGACC-
UACC A CCC UGG OAUACC O AGUUMGCUCCOUCCGGEaUS CU-UAGUACUUGEAIGERABACE-6a . & inaue, —6-COU~ACGACCAUACCACC-A-UG- AGUAUACCGUUCUCGUCC-GAUCACCGG-AGUC GU-CAGUACCUGGAUGGGUL
V2 ——G_CCU-ACGGCCAUACG JSCACECEUUCUCCUCE GAUCACCOA- ASUUARGCUGCGUCGCGCOUG-GU-UAGUACUUGCAUGCGAGACC GG c N dofln - G-UCU-ACGACCAUACCAC, A A-Us ARCACACCGOUUCLCGLCC CAUCACCGA AGUUARGEALL ‘
~A-UCU-ACGGCCAUACCAC-A-U-U CCGAUCUCGUUC-GAUC U-UA C-GCCUGGGAAL UG S_gallar ~G-UCU ACGGCCAURCCAC-G-A-US AUACACCGOUUCCEUCC GA UUGL c
6 -CCU-ACGACCAUAUCAC-C-C-UG-AA UCUCGUCE GALGUCSOA AGCUMCT U baduAcU: c caC: ~AGU uc- GAUCUCGGA AGUUAAGCAACGUCGAGUCCG- eu CAGUACUUGGAUGGGAGACC ]
J“ACGACCAUAUCAC-C-C-UG- 1o Saucuce C; ;GGchAGccuG GU-UAGU) JACC C -
JAUCAC-C-C-UG-AA UCGUCC L SCOARGS GU-UAGUACUL C o ccu ACGGCCAUACUAC o0 o AAAAcAccGGuucchucu GAUCACC 7GU JROUACIUGOA. o
JACUAG-U-C UG- AAAACGCCCGAUCUCGUCU- Aucuc A AGCUAASG 6 CU-UAGUACULGOA G C U-UAGUACUUGGAUGGGUGACC(
IACCAC-C-C-UG-/ JCUCGUCC-GAU -AGC G-GU-1 C —ucu ACGGCCAuAUCAC oy —ue wcAcceeuucuceucc GAUCACCGA AGUUAAGGAACGUCGAGCCCG CU-UAGUAG JGACC—
CAA-C-C-UG-AGCAAGCCCOAUCUCGUCU-GAUCUCGGA-AGCC) GGGCCUG-GU-UAGUACUL . AUC e JAGUACUUGGAUGGGUGACC-
\CCAC-C-C-UG-AGCAC C-GAUCUCGGA-AGCUAAGC) ~ GU-UAGUACULK C-GCCUGGGAAUAGE. i G AR RIRSEAS Su DACUUGGAL %
JACCAC-C-U-UG-AG, 1CU-GAUCUCGGA-AGCUAAGCAGGGL ~GU-UAGUACUU £-8Cc GCGGUCAUACCAG- G-GCU-ACUACACCAGAUCCCAUCA GAACUCUGC-AGUUY cc GACC-
(CCAC- G- C- U AMAGUBCCCOAUAUCGUCU- GAUCUG L U \cC-aecl U-ACUACACCACAU CCUUUG UGGGUGACC-
CAUAUCAC-G-U-UG-AA! JCC-GAUC JCGAGCCL UGGAUGOOUGACE 5 (CUACACCAGAUCCCAUGA-GAAGUC! cuu . -
CACCAC-C 1CU-GAUCUCGGA-AGCCAAGCAGGG ~GU-UAGUACUU G GU-GCGGUCAUACCAG-G-G-CU-ACUACACCGBAUCCCAUCA-GAACUCCGU-AG . =
\CACCAC-C JGAUCUCGUCU-GAUCUCAGA: G-GU-UAGUAC C -GCGGUC A S ACCEOAUCCEBUCe- GARUCCOURGU c
\CCACCC: - GAUCUCGGA-AGCGAUL —GU-UAGUACCU C U UGaaUG
CAC-CC-UG-AAAGC CuCGUC A ~GU-UAGUACCU C oy
UACCAC-C-C-UG-/ CU-GAUCUCGGA-AGCUAAGCAGGGL —GU-UAGUACUUGGAU c Ga cc
CAC-C-C-UG-AAAGC CUCGUGY-GAUCLCGGA A ~GU-UAGUACUU C JGCUU JGACC:
CCAUACCAC-C—C-UG-ARAGC /CUCGUCU-GAUCU ~GU-UAGUACCU C UUGGG UAGGAL c-L
CEAUACCAC-C UG- ARCACGCCCOAUCUCGUCY: CAUCUCC CAGCUARSC G-GU-UAGUAC UGGGAAUACC UUGGG 1 ¢
C-C-C-UG UG CAUCUCGOA AGCUAGCA - GU-UAGUACUUGGAU \CC-UCCUGGGAAUAC JUGG-AG-UAGUAC JGGGU
GCCAUCCOAC-C-C-U AG . CUUGGGCUAG-AG-UAGU UGGGUGACC
GCCAUACCAC-C-C-UG- GAAAchccGAucuc Ueu- GAUCUCGGA AGCUAAGCAN‘ 1 UUGCAUSSGAGAC-GCCUL GAGGAL =
1 ——G-CCU-ACGGCCAUACCAC-C—C-UG-AAL ICUCGUCU-GAU S Sy uasUACUU UACC UAGGAUGGGU
G-CCU-ACGGCCAUACCAC-C-C-UG-AAL B oUCe GAICUCAOAAGE SOOCEUS U-UAL UGGGAAU AG-UAGUACUGGGAUGGGUGACC-
B O A UAC ORG-S AUC LB UG AL LA ASCUAC A UCAGEEUG-CU-Una -GCCUGGGAAUACC CGCUUGGGCCAGAG-UAGUACUGGEAUGGGL)
CCAUACUGC-G-C-AG-AAAGCACCGCUUCCCAUCC-GAACAGCGA-AGUI CGGU-GU-UAGUACUGGGGUG U -~ AG-UAGUACUGGGGGAGUUGACC |
CCAURCUSE G C G AMAGCACCGEUCCEAUCS SMCAGCCA-ACU) GCGGU-GU-UAGUACUGGC -~ G AAUGCA Al CA Uiaca CUCGOACEBUCACE-!
CCAUACTAC-G-U- GG AUCGEAC UcuoL OASUACURCEO GGUGCUGUUCCU- 50U GCGRUCAUACCAG -y MUGCACCGOAUCCCAUCA-GAACUCEGC AGUUAGCGCGCUUGGOCUAG AG DAUACUGGGAUGECUGACC Ui
AR A CEOACOA ARG AN A AC GO A AN OAS G- ABUAC LGOS E AT SCASIARGEEE * GCUUGCGCBAC A UAGUACUAGOAUGGGUCACC.
CAURCUM-G-C-CA AMAGCACCGBAUCCEAUUC- GARCUCCOA ACUUAACCGGOUUAGGCAUG- G UAGUACURAGGUGGGGOACT GCUUGCOMGCCC ~AG-CAGUACUAGGAUGG! Sencey
~UCGGCCAUACUA-G-G-UG-AACAC Sccul GGGACC-G icc s —-G-GUU- cceAumuchc el AAUGCACCGGAUCCCAuCA GAACUCC c
G EOCAUACU AN 6 U ANCACA GO ARG ARG AACUUAGC UG UUAGECUGS. U UAGUACL s Saiva AUACCAG-C-A-CU-AA AUCA- GAACU 5 ¢
fascic -G-AGU-ACGACCAUACUUIG-A-G UG- AAAACACCAUAUCCCGUCC-GAUUUGUGA-AGUUAAGCACCCACAGGCUUA-GU-UAGUACUGAGGUCAGUGAUG-ACUCGGGAACCCU ~-o-GeU- GcGAucAuAccAG ChoU AGAGCACCGGAUCCCAUCA CRACUCCOA AGUUAAGCRUGCUL AG-AG-CAGU: -Uc
~6-UGU-ACCOCURUACUC-C " GAUUACGGA-AGCCU \GGCCCG-AC-UAGUACUAGGGL CUGGGAAL eu C-A-CU-AAUGCACCGGAUCCCAUCA-G C-AGUUAAGCGUGCUL el
0id ——G-UAU-ACGGCCAUACUAG-G-U- UG- GAAACACAUCAUCCCGUUC-GAUCUGAUA-AGUARAUCG, CC-AMGUACUCL U \G-AG-UAGUACU)
et G-ca0- ACGGCCAUACUAC-C-G GG AUACACCUSAACCCGUUC CAUILCAGA ACUUAAGCCUGGUCAGGCCCAGU-UAGUACT e N uAGGAuGG JGACC u
uC UAGUAC 1 UAGGAUGG
I UCOOCRUACUAA &G CGGAUCCCAUCE-GAACUCC CUG-UU-AAGUACL UUAAGCGUGCUUGGGCGAG-AG-UAGUAS Ueace-t
AUACUAA-G-G-UG- MACACACCGGAUCCCAUUC GAACUCCGA- AGUUAAGEGCCUUAMGGCUGG- GU-UAGUACUA UAGGAL U
“ACGAGCAU AU AACUCGGA- AGUCAAGCUGGUGUCGH UAAGCGUGCUU AG-AG-UAGU: IGACC-U:
6-0UG-GUGGCCAUAGUAA- G-C-CU- MAGEACCGGAUCCCAUUC GAACU) UUAGGCGAG-GU-UAGUACUAAGL ACCUSCUUCCCOASAC-UASUA ~uc
G-GAU-GCGGCCAUACU ACC —GAUCU GCCULCAGGC ACU o -G UAGUACUASGAUGGQL)
B A AU RO A G A AN IO CCA O AN UG O D AACCACUCUARBGC UG-GO UABUACUOACCUCCCACALG - GE U s aba AUACCAG-C-A-CU-. -GAACU o
X" G UUG UCGECCAUACUA &-G-UG ACACCCOAUCCCAULC GAACUCCGA AGUUAGCGCCUUMGECUGS-CLUAGUACY SLUAAGCGUGELC GACCL
-G -G-U UCCGA AGUUAGCGCCUURGECUGE: G UAGUACUAGG! Ui 6 AG“URGUAC) UGACC-
1 GNUN-UCGGCORORCH S aALCCCAU G Gceul G 5 "
AU ACEACCAUACOUG A G- U0 AAUACACCADAICCCRUC - CATIUGUS AN U CAGD) cceuseul Jact e
A-UCU COGCCCAUACCAC AC CC-GAUCUG CAc UAGUGC . A‘C-C - GU-CAGUACUGUCGUGGGAGACC -
U-UCOOCCACAGAY JGCAUCCCOU “AGCCAAGCACA S ChothsemceL JUUCCOAAL A-GCU-ACGCCAUACAUA-G- & UG AMAAUACCGGAICCCGUCE S AGuCAAGCA i UACUGUGAL
o AMAAUACESCAUCCC UGG UCA-GU-UAGUA GGGAAU UU-GCGGCCAUAUCUA-G-C-AG: UUCCCCGUUC-GAUCAACCGUAGUU)
Ceen —A-00C-AGeG ACAGGAU-U CCaU —GAuCuGCGA-AGuCAAGAuGAAUACCGCCCA GU- 66GGG G-ccu ACCOUCAUMICAR-U-G-CC AAuAUACGAuuuCCCGuCu GAUCAAuCAUAGUCAAACGC UUAGAGCCAC AuucAGuAuuAcGGuGGGAGACC +
Zprimul ——A-UCU-GC U )cCeoUCt UA-GU-CAGUACUGCGGL
“papion —A-ucc ucseccAuAGAAu G-A-C CCCaU UCUAAGCGUCGUALX CACCGUUUCCCGL AT A
Violea AU CAUCCCGUCC. GAU AAGCUCUGU HH—GU—uAGL UAGL ARG UCAGUCCUAULL UOAGGG S UASIBGOARCACE A
U iiepor A UCE A U G ARAGEACCEEAUCECEL So .
Aoeduis. —A-UCC-ACS CGCAUCCCGUCU- GAUCUGCGE-AGUU 16CCG GUUCECGU UAGUUAAGCUGCH C
“adusta —A-UCC caucceal 1t GGCCAUAUCUA-G-C Fomoe el et
“pallida — A-UCC-ACGGC! CCAUCCCOUCE GAUCUGCAC-AGL S * UACCUA- G0 ; 5
Eommune ~-A-UCC a1 CAUCCCCU CaeARU fanoi ~G-GUU-GCGGCCAL tcecauce. -GAuCA UGUAGUU 0 AGUGUAGUGGGAGAC.
tadialus —-A-UCC-ACGGCCAUAGGAC-U-C-UG-AAAGCACCGCAUCCCGUCC - GAUCUGCGC-AGUUA | e Gl 2 hallen ——A-GEU JCCA-G-A-U G AUCAGUCCUAUU UAAGUACUY C-AL
“a-uce CAUCCCGU UCCU JGaUL “UCU-GGGGCCAUACCACA-G. CC-GAAUCACCGCAUCCCGUL JAGGGCCGA-GU: ]
CCCAUAGAACC-G-UG-AMAAAUACCGCAUCCCOUCC-GAUCUGCEA- AGUCAAGCACCGUAUCGECUA™GU-CAGUAC GGAAUCCU GC CAL CCGUCC-GAUCUGCAR AGUUACCAGAGUGECGECCA-GU-UAGUACE c)
JGCCGCCCA-GU-UAGUAL . UCCU ! CAC-A-G-UL AAAUCACCGCAUCCCGU: U
O eAveDecs JCA-GU-UAGU) GGAAUCCU ecoe0c Sl “A-C-UG- UcacAUCECaL U JUA-GU-UAGUACCAUGG
<o UC-GAUCUGC! AGL UCCU JCCUGUGGUUL AGUCA-G-C-U UCeCaUCE-Gat JARGC AG-AU-UAGUACUACGGLGGGUGACC
CAUCCCOU 1 & CecANGCCaUCE UGAGU UA-GU
1 1CC-GAUC U e uccy e U cAuCCCaL CaeCOM U UAGUA
CRUAGGAC-C-U-UG-AAAAC) JCC-GAUCUGCG ) G0 GAUGUGGUU-. U ucccet UAGCL i -GU-uAGuAcCAuGGuGGGGGAcc ,,
JCC-GAUC “GU-UAGUACCAUGGL uccu el CCGUCC-GAUCUGCGC- AGUUAACCAGAGUGCCGH
CCGUCE- GAUCUGLGC- Caccel GGGAAUCCI e _C-U-UG-AMAC) \UCCCGUCE-GAUC! jGc G0 UAGUA e
ceaUce- S oUGcAR ACUUAGCACCL AGUACUAUGG A UCCAESSEERORCORES G CADCCEGUCC - GAUCUBCECAGU! CUA-GU-UAGUACCA
CAU = UAGL C-AACUGC! “A-U ~ GAUCU! U &
UCACCRCAUCCCRUUC-GAUCUGCEE-AGUCAMCAC C - -UU—GGUGCCC AAGEA UCGECCAINCAUA € CAG AAA ucccel CARACL JA-GU-CAGUACUACGGL
UG AACCaL -GAUCC! UARGCAU JAUUGACGL ) Spora GGAUCCCGUCC- GAUCL JAUAUAGAU ;
UG-AACCUL ~GAL \ UAUUG) C-AGUCGAGAACACU-—GU~-GCUGCCGCAGGU Celeqans ~AAGUL- O ACAIR G UG ANAACCAAALCEEGUCE- AU JCGAGCUUC-GU-CAGUAC e
gon C CUCGL GG I GGU iormosen GUUC-GAUC JACUAL
R lom\md-»A 'CU- GCGGCCAUACCGE - GAUCCGCGA-AGUUAAGCAUCGCAGS JAUUGCCGUGGGL U > bl JACAGA-U-A-GU coucy-ealisuccec AcumaLCuELeC! )
U fians e uceeGl USSEACCECUA O ACCACCACAAGACY— U ACUSCUCCAGGU- - & e - AUCEU-A coUcAsuncuGUGel
Sviigare —-A-GAU-USCACCACAG JUAAGG A COANGUGOOGEACE AUICOOOARICE 1 —-SucU CCCGU UUAAGCUGGUGAUGGCGUL UACUGU Ak
Lpyiom —A-Ucc ACGGCCAUAGGAC U-C-U- AAAGCACCGCAUCCCGUCC GAUCUGCGC AGUUAACCAGAGUGCCGCCUA AU A AT A CARLC & nus ~GAUCULL SGe-c0s CACUACUCLGGUGGEECACE
GCC/ ICCCGUCC- JAACCAGGGUGCC! GGL GUGCUGUGGUU- C_mojaven -- A GCU GGGGCCAUAL UL JAUGAUGGGAGACC:
CCAUAGAAC A A A A AR UA- - ARG S S S CACE -ACSES A6 in A CAGCUUGGU-UAB UGG UBEEGGAC

566 ~UG-AARAUAC \UCCCGU
T _controv —-A- ucu GnggCAUAGAAC T UG ARAGCACCOEAUCCCGUCC GAUCUGCGA-AGUUAACCAAGGUAUCGCUCA-GU-UAGUACUGCGGUGGGGGACC-ACGCGGGAAUCCU--

G/
A ACOCCAAUCACC U8 AAASCACEACARCCBUEA: GAucuGcGA AGUUAAGCAAGCUAGAGCUAG GU-UAGUACUAUGGUGGGGGACCA
)~ACUUGGGAAUCCU- cC

UAU UG-GU-UAGUACUGCGGUGGGGGACC-,

U JeeceL CCCUAGU-CAGUACUIGCGGL undst —A-UCU JACCUC-C: AU CEUCE RIS AG A G DAGUACUA
ptmul A R ATACR /A-GU-CAGUACUGCGGUGGGGGACC-ACGCGGGAAUCCU- P carini --A-GU JAUCCCGUUC-GAU UU- JC-GU-CAGUACU;
Umaydis UCU-GCGGCCACAGAGA-C-U-UG- AAAAUACCGCAUCCCGUCC GAUCUGCGC- AGUCAAGCAAGUCGUCGCCUA GC-CAGUACUGCGGUGGGGGACC-ACGCGGGAAUCCU: ccu UACGGGAUCCCGUCC-GCUCUCCCAUY GCUG-AU ceeUaAcs.
Fthu - —ucu GCAACCAUAGGAU: vty JAGCU S ACCCOUG S CUCUC UGS CACARSEBOC A “UAGUAGUUGGGUCGGUGACG-
Gprimul --A-UCU-GCCG ~C-U S aeCUAGU-CAGUACUBE ! A_persici2 )y - C-U-AG-AAAAU) UCCCGUCC-GCUCL
oo A VGO ACCOCCAUKSEAC A UC8 AAAGCACCGCAUEDCGUCC GAucuech ACUUMCCEEUSUGCCCCCUAGY \ e U-AG-AAAAU UCCCGUCC-GEUC w \CC JAGL ) A
W acetabut - GGC! -AGUUAAC CCUA G- CAGUACUACGEUGTCCEACC AcGueGGAAuccu—— A flavus_--A-CAU-ACGACCAU U JAGUUGGGL
Toedooeph —A-UCC-GCGECCACAGAAC- -G Ut —GAucuGcGA— UL ~GU-DASUACUACGEUGGGE GGAAUCC A_nidulal JUCCCGUCC-GCU JAG-GU
S_aggrega AG-CCGUUCAUAC UG \GUCAY SUACUACCAUAGGOOACU Anidula —-A-CAU-ACGACCAU JUCCCGUCC-GCUC/ L 1G-GU-
T_visurgen - —uGA— UCAUAL C . ) 5 UG UAGUAG U-AGGUGGGAAGC/ JUCCCGUCC-GCUL L JG-GU-UAGUAGUAUGGL
Creinhal — UCGUU CeCAC JGA-AC UAGUAGUACSaL cc U-G-U-GG-AAA GUA JGGGUGACC—/
reinha —usGAuuecuuAuAccuu U-A-UG-AAAACUCCCCAL ) UGGGCUGA-AU: UGC JCUA-G-C ) JGACC-A
UL ~UAGUACUGGGUL GCAUCCCGUCC-GCUCUGCCAU GGCAG-AU-UAGUACL JGACC-AC
o6 UCOU0CAURG U-ACUGCACCCU) Ut I C-ACGL JCUA-C- CCGUCC UGNAGUL )
JACCAC — H L A AN CACURGUUARGEUU SR UA-CU-UAGUACUGCGGL \GACC-AC
GUUCCAC -CU-ACL A UCA OAACUGCOA AGCUAAGC ‘CAG-AA-UAGUACUGGGAL L C —A-C-AG-AAAACAL JCC-GAUC! UCUGUACCECCCA-GU-CAGUACCEGAGUGGGCGACC-A
U-AUL A-GACCUCCGA- CL \G-AA-UAGL ) UCCEGUCE-GCUCUGCCAU)
(C-G-G-CU-AAL “CA-C-U-GG-AAAGCACGAUUUCCCGUCC-GAUCAAUCAUAGUL U-AAGUACUACGGL A
m CAUCA-GAACUCL 1 -~ AC-UAGUAACAGGGUUAGU UGL UUCCCOUCE-GeL JUAAGCC U-U )
U CGAUC JACUGAGUUGAGUGAU —AcuceGsAAuc JUU o~ GAU it )G
TS JGAGUUGGGCL JGGAUL Jcu UACAAU-G-U-Ut UCC-GAUCL UACUAUGGL
U JCA-GAUCCCC L JGG-AU-UAGUACUGGAUU UCUGOOARICCC IACCUA-G~G-CG-AAMACACCAGUUCCCGUCC GAUCACUGC- icL JAGL
UUCAUACC/ CCGAUCH UL U-UAGUACUGGGUL C/
UUCAUACC/ UUGGGCUCG-AC-UAGUACUGGGUL X U-G-UG-ARRACGCUGCAUCCCGUCC-GAUCUGCGC AACACCGCUCA-GU-CAGUAGGAAGGUGGGGGACC -/
Spirogyra ~—~AUGCU-ACGGUCAUACC) GAUCCCALCA- JACU JC-ACUUGGGAACCCC— T-abingans —A-OCU-ACOOL JUCCCGU w JAUCGCGAG-GU-UAGUACUAU
U_pertusa AUACCAC: ) A-GAACUCGCA-ACI JAGL ~UCCU w " deforma \CCUC-C-A-Ut wecuuccceucc— I )
STgrevill ~-A-GGU-ACGAUCAUACCCG-G-G-UU-/ ACUACGCCGGAUCCCAUCC GAACUCCGC-AGCUA/ . C-CGCC Y_Tipolyt —-G-GUU-NCGGCCAUAUCCU-G-G-U "CUA-GU-UAGUAUUGUAGL C-AU
oo —G-CUG-ACGGCCAUACCGU-G-U-CG-A UCUUCL-GACCUCG G U w ccul N_crassa_——A-CAU-ACGACCAUACCCA-C-U-GG-AAAACUC CAGL G-
D_tenue AUG-CehR -AGUCAAGCAU A cC m T_lanugin2 --A-CAU- —chcAscceuAcuuA G JAGUUGGGL -
fuemus——A UGA-ACGGUCAUAL JCUCGU —sAucccssA JGAGC-AC = U G JG-GU-L )
Cvamea U GA-AGCUAAG UG ~ACUL ATAGCAA C-C.CUAAARG AU -AUUU; N U CAGUACUAL CG
e hea ACGGCCAUACCAC eaces AUCGCACCACAUCCCGUCC GCUCUGUGA -AGUUAAGC CoaL -copAmACACUCUULCCCGU! "
C_flagelli ~GCUCUGUGA-AGUUAAGCGGCGU UACGGL UUCU UCC-GAUC AAGCAA( AU A GUABUGC OB EOUOACEAC
Ebiycls — GCA) A A A S OACACAICCOBUEE S UCUB LA ABUURAGE UACUACGGL L CCGUC —GAucuGcsA—AGucAAchsAGuAcceccuA GU-UAGUACCACGGUGGEGACC- Al
fulve GGA-ACGGCCAUACCAC-G-U-CG-AUCGCACCACAUCCCGUCC-GCUCUGL t C-ACGU C/ JCCCGUCC GAUCUGC
c,caman T A-CGU-UCGGUCAUACUAGUG-A-CA- CAUGCGCCUGAACCCAUUUCGAAUUCAGA- AGCUMGCGCCCUCAGGCUUG GU-UAGUACUGAGGL UCC) AUCUGC r o0 UAGU C i
P_palmat CGAAACCC L IAG JGGAAUCU C cl
P-ombiica —A- ~CaU-GCGGCCAUAGUGC) CCoARIUUCGA-AGCUAAGCL “AU-UAGUACUGL C-UCAGUGGAAUCUC- ucccsucc A -AGUUAACCAGAGUACCGCUCA-GU- UAGUACCAL e
Pyez U-ACGGCCAUAUCCS GUAC L . ) UC-ACAGGCGAACCCC- UG UG-ARAGCACUGCAU! cl ~GU-UAGU) Cc-p
A S e GUJ \. uL UAGUAGUCL JC-ACAGGC GGG AN GUUGCACOUC U AUCe- GAUCCOEC AGACAAGEA! ICGCAGGGGCCA-GA eAsuAuueAceueGsueAcc—
B_ectocarp CAUAGU CUCCUC— AGCUMAUCCCGUCACGCACG -UAduAGt L ”fermugi \UCCCGUCU-GAUCUGCGC-AGU UGU
G_amansi2 --A-CAU-UCGGCCAUACUUG-GUA-GA-! UAUGCGCCUUAUCCCAUCCCGAACUGAGA AGCUAAGUC! elet JG-ACH cu g, — UG OCOACOR RO UG AAAAUACUBCAICCCOUCL - AUCUGEAC AGUCARGE
G_amansiS ——A-CAU-UCGGCCAUACUAA-GUC-GA-CAUGUAC st ~GU-UAGUACL UCGGGAAU P_peniopho —-A-UCU-GCGGCCAUACCGU-G-A-UG-AACAUUCCGCGUCCCGUCC-GAUCCGCGC-AGACAAGCAUCACAGGGGCC) JUGACGUGGGU
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“Low noise” MI plot

MI plot: 316 aligned Eukaryotic 5S rRNAs
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e Most BPs are detected.

e The irregularities in stems is a
consequence of embedded gaps
in the alignment.

e Alignment BPs must be
converted when a particular
sequence is exiracted and
“degapped”.
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“Low noise” Ml plot - Bombix mori numbering

MI plot: B. mori numbering Cutoff: 0500
2‘ 1‘0 2‘0 3‘;0 A‘IO 5‘0 (‘30 7‘0 5‘30 S‘JO :‘LOO 110 _ :I‘.Zj )
l"’
e 2
P Helices appear properly when
numbering with respect to a single
sequence.
[1.40, 2.00]
[1.00, 1.40)
[0.70, 1.00)
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Comparative model for Bombyx mori 5S rRNA - Update

40

BPs with MI > 0.5 are annotated in
color. All base pairs are supported
by comparative data.
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Transfer RNA — tRNA

e A huge number are known.
e Secondary structure deduced from perhaps 12 sequences in 1969 (Michael Levitt)

e For this presentation, 654 aligned tRNAs were selected from Sprinzl's database

Sample entry:

DAO380 TGC HALOBACTERIUM CUT. ARCHAE
—GGGCCCATAGCTCAGT--GGT--AGAGTGCCTCCTTTGCAAGGAGGAT-17more-GCCCTGGGTTCGAATCCCAGTGGGTICCA-—-

A stem Dstem D aC aC TPsiC TPsiC Astem
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MI plot for 654 aligned tRNAs (Sprintzl, 1993)
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[0.70, 1.00)
[0.50, 0.70)
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MI plot for 654 alighed tRNAs (Sprintzl, 1993)
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[0.70, 1.00)

With 654 sequences, Secondary
structure is very well determined
using MI. The quality of the
alignment is critical.
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MI plot + conserved BPs for 654 alighed tRNAs (Sprintzl, 1993)
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MI plot + conserved BPs for 654 alighed tRNAs (Sprintzl, 1993)
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MI plot & tRNA-TGC Halobacterium cutirubrum
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Energy Minimization

e How is energy assigned? Answer: “nearest-neighbor” energy rules are used.

e A stem with n BPs is broken into n — 1 “BP stacks”. Energy AG is assigned to the

“BP stacks”, but takes into account hydrogen bonds and stacking. These energies are
negative “favorable”.

e Mismatched BPs at the ends of stems also contribute to stability.

e The loops are destabilizing.
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oG for BP stacks

NN (nearest neighbor) free energies for RNA at 37°.
Doug Turner’s group at the University of Rochester.

3’—GCTCATAAGCC-5

3-GC-5

5G ( 5'-CGAGTATTCGG-3 ) _ 8G< 5'-CG-3 )

SG(S_GA_3 )+8G(5_AG_3 )+8G(5_GT_3 >+

3—CT-5

3-TC-5 3’—CA-5

5'_TA—3 5'_AT—3' 5'_TT_3
SG( 3_AT—_5 )+5G( 3_TA_5 >+5G< 3 AA_S )

5_CG_3 5_GG_3
&}<3L{K}6’>+6G<:T—CC—T:>

e Don’t sum “scores” as in sequence alignment.

e Consider two BPs at a time.

e Consecutive 0G’s are not independent.

September 30, 2009. — RNA Course
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September 30, 2009. — RNA Course

Other stacking free energies

0G for mismatched pairs and dangling

In the example structure on the left:
e Stacking of the Cy5 - A9 mismatch stabilizes the H-loop.

e Stacking of the C4 - Cy; mismatch and the Ug - Uy
mismatch stabilizes the I-loop.

e These negative (favorable) energies are added to the
unfavorable (positive) energies of the H-loop or the |-loop.
They are really associated with the adjacent stem. The
energy assignment to the loop is done for algorithmic
reasons.

e Stacking of single bases at the end of stems is also
considered (not shown).
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Entropic terms for loops: 0G is unfavorable

September 30, 2009. — RNA Course

In the same example structure on the left:

e Both the H-loop and the I-loop have penalty energies
that grow logarithmically with loop size (number of single-

stranded bases).

e 0G ~ 1.75RT In(l), for loop size I.

e In addition, there is an I-loop asymmetry penalty.

The

asymmetry of the I-loop in the example is 1 = |5 —4/|. This is
the difference between the number of single-stranded bases

on each side of the loop.

M. Zuker Rensselaer Polytechnic Institute
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Energy methods for single sequences - Multi-structure dot plots

The energy dot plot (EDP)

e The minimum free energy (mfe) of a
folding, AG.t., can be computed.

The probability dot plot (PDP)
e Let G > 0 be a free energy

increment. e All base pairs with probabilities above

some cutoff are plotted as “dots”.
e All secondary structures with free P

energies between AGt. and AG s + e The area of the dots is (usually)
0G are superimposed in a single plot. proportional to the probability.

e Different colors are used for different e The dots are colored to indicate a
values of dG. probability range.

e For 0G| < 8G,, with colors ¢; and
cy, respectively, ¢; is “on top” and
obscures c;.
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Algorithms - Free energy minimization

e Simplified model that assigns energies to base pairs and ignores loop instabilities.

e For RNA sequence, R = rir,...ry, let e(i, j) be the free energy of pairing r; with r;. This
can be +oo when a base pair is impossible.

e If Sis a secondary structure on R, then the free energy of S is denoted by AG(S) and is
defined as

AG(S) =) e(i,)).

rirj€S

e Reasonable values of e at 37 °C are -3, -2 and -1 kcal/mol for GC, AU and GU base
pairs, respectively.

e The goal is to compute AGy(R) = rsni?AG(S), where “mfe” refers to minimum free
€

energy and S is the collection of all secondary structures.
o [f1 < [ < ] <n, let E(l,]) = AGmfe(RiJ), where Ri,j = rj...rj.
o £(i,j)=0if j—i <4, since no structure can form in such a case.

e Otherwise,

Jj—1
E(.j) =min{ E(+1.)).E(.j-1). min (BG4 + E(k+1,7) |
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Algorithms - Free energy minimization - Il

In (color coded) words:

e Fragments of length < 4 have 0 folding energy, since they cannot fold. Otherwise,
e 7, is unpaired, or

e r;is unpaired, or

° , Or

e 1, and r; both pair, but not with each other. In this case, r; pairs with r;, and r; pairs
with ry,, where i < k; < k, < j. The k in the recursion can be any integer satisfying
ki <k <k.

The above equations describe the “fill algorithm”.

e FE(i,j)is computed recursively for ever larger sequence fragments.
e AG(R) = E(1,n), but what structure(s) has (have) this free energy?

e The “traceback algorithm” computes a structure.
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Algorithms - Free energy minimization - Traceback - |

Stack A | Stack B
I
|
I

[ Ei+1j=Eij ?

NO

Y

-

TART Is Stack B YES

Stack A is empty > empty?

Stack B contains

(1,n) only.

* NO
.| Jk Zop g fom
*NO \
I » i=i+1

i=j-1

Add (i,j) to Stack A

L=

Eij=e(i,j) + Ei+1,-1

?

=

j=k

Y NO

Find k so that Eij = Eikx + Ex+1,j
Push (k+1,j) onto Stack B

Stop with error if no such k exists.

September 30, 2009. — RNA Course

STOP
end of
traceback

An illustrated traceback
chart for RNA folding
using base pair dependent
energy rules.
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Algorithms - Free energy minimization - Traceback - Il

e Start: Seti =1 and j = n. Puti and j on to the “traceback stack”.
e Recursion:

1. If the traceback stack is empty, the traceback terminates. Otherwise, take i and j from
the traceback stack.
2. IfE; 1 ;= E; ;, then iis not paired.
(@) If j—i>3,seti=i+1 and continue with 2|
(b) If j—i < 3, continue with[1]
Otherwise, continue with 3]
3. fE; ;1 = E;;, then jis not paired.
(@) If j—i>3,set j= j—1 and continue with 3|
(b) If j—i < 3, continue with[1]
Otherwise, continue with 4.
4. f E;j=e(i,j)+ Eir1,j—1, then r; pairs with r;. Add i.j to the list of base pairs, set
i =i+ 1and j = j—1 and continue with [2. Otherwise, continue with 5|
5. fE; j=FE;x+Exi1,, forsomek € (i, j), put the fragment k+1... j on to the traceback
stack (i is k+ 1 and j is the current j) and deal with i. ..k by setting j = k and continue
with 2. (Note that some k must exist if this point is reached.)
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Fill and traceback example.

Given the sequence R = GCAGCACCCAAAGGGAAUAUGGGAUACGCGUA.
The base pair folding energies are -3, -2 and -1 for GC (CG), AU (UA) and GU (UG) base
pairs, respectively. E(i, j) appears in row i and column j of the triangular array below.

September 30, 2009. — RNA Course
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1234567 891011121314 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
GCAGCACCCAAAGGGAAUAUGGGAUACGT GCGUA
0000-3-3-3-3-6 6-6-6-6-9-12-12-12-14-14-14-16-17-17-17-18-18-20-21-24-24-25-25 |G 1
0000003333369 -9 -9 -9-11-11-13-16-17-17-17-17-17-20-21-22-24-24-24 (C 2
000003333366 -9 -9 -9-11-11-13-14-14-14-14-16-16-18-18-21-21-23-23 |A 3
00003333366 -9 -9 -9-11-11-12-14-14-14-14-15-15-18-18-21-21-22-22 |G 4
oooooo000-36 -9 -9 -9-11-11-11-14-14-14-14-15-15-17-18-20-21-21-21 |C 5
ooooo0oo0o036-9-9-9-11-11-11-11-11-13-13-15-15-15-18-18-18-20-20 (A 6
ooooo0036 9999 9-11-11-11-13-13-13-15-15-18-18-18-18-20 [(C 7
coooo0oo036 6 6 6 6 6 -8 -8-10-10-10-10-12-15-15-15-18-18-18 |C 8
cooo0oo033-3-33-4-45-7-7-7-7-8-9-12-12-15-15-15-15 |C 9
00000 O0OTOUO-=2-=2-4-4-4-4-4-6 -6 -9 -9-12-12-14-14 |A10
0000 OTOUO-2-=24-4-4-4-46 -6 -9 -9-12-12-14-14 [A11
o000 o0o0-2-2-3-3-3-346 -6 -9 -9-12-12-14-14 [(A12
oooo0o0-1-1-2-=2-=2-=2-3-56 -9 -9-12-12-13-13 |G13
o o0oo0o0-1-1-2-=2-=2=2313--5-6 -9 -9-12-12-12-12 |G 14
o 0o 00 0-2-2-=2-=2-=2-4-6-9-9-99 911 |[G15
0o 0o 002222246 -6 6 -8-8-9-11 [Al6
o oo0o0O0-1-1-2-46 6 -6 -6 -7-9-11 |A17
o oo0O0-1-1-2-46 -6 6 -6 -7-9-11 [U18
O 0 00 0-2-4-4-4-4-6-7-9 -9 |A19
o 0o 0o 0-2-2-3-383-4--6-7-7-9 (U2
o oo0o0-1-1-3-3-6 -6 -7-7|G21
0 0000336 6 -6 -6 [G22
0 0o 0 03-3-3-3-3-44 |G23
0O 0 000 O0-1-3 -4 (A24
0O 0 00 0-1-2-4 |U25
0O 0 0 0 0 -2 -2 |A26
0 0 0 OO0 0 |C27
0 0 0 0 0 (G28
0 0 0 0 [C29
0 0 0 [G30
0 0 |U3
0 [A32



Fill & traceback example: A traceback route
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56 7891011121314 15 16 17 18 19 20 21 22 23 24 256 26 27 28 29 30 31 32
CACCCAAAGG G A AUAUGGGA AU A C G CGUA
-3-3-3-36-6-6-6-6-9 -12 -12-12-14-14-14-16-17-17-17-18 -18 -20-21-24-24-25-25 (G 1
000383333369 9 9 9-11-11-13-16-17-17-17-17 -17 -20-21-22-24-24-24 |C 2
0003333366 -9 -9 -9-11-11-13-14-14-14-14-16 -16 -18-18-21-21-23-23 |A 3
0003333366 -9 -9 -9-11-11-12-14-14-14-14-15 -15 -18-18-21-21-22-22 |G 4
oooooo0oo00-36 -9 -9 -9-11-11-11-14-14-14-14-15 -15 -17-18-20-21-21-21 |C 5
ooooo0oo0036 9 9 -9-11-11-11-11-11-13-13-15 -15 -15-18-18-18-20-20 (A 6
cooooo0o036 91999 -9-11-11-11-13-13-13 -15 }[}15-18-18-18-18-20 (C 7
ooooo0o36 -6 |6 6 -6 6 -8-8-10-10-10-10 -12 }15-15-15-18-18-18 (C 8
0ooo0033 3 |3-3-4-4-5-7-7-7-7-8 -9 p12-12-15-15-15-15 |C 9
000O0OO0 O 0 02 -2 -4-4-4-4 -4 -6 6 |-9 -9-12-12-14-14 [A10
0000 O 0 0-2-2-4-4-4-4 -4 -6 6 |9 -9-12-12-14-14 |A 11
000 O 0 02-2-3-3-3-3-4-6 6 |-9 -9-12-12-14-14 [A12
00 O oo0-1-1-2-=2-=2-2-3-5 6 |-9 -9-12-12-13-13 (G 13
0 O o o0-1-1-2-=2-=2-2-3-5 6 |-9 -9-12-12-12-12 (G 14
0 0 0 00-2-2-=2-=2-2-4 6 |9 9 -9 -9 9-11 [G15
0O 0 00-2-2-=2-=2-2-4 6 |6 6 -8 -8 -9-11 |A16
0o 0o 0o 00-1-1-2 -4 6 |6 6 -6 -7 -9-11 |A17
0 0 00-1-1-2-4 6 |6 6 -6 -7 -9-11 [U18
0O 0 0o 0 0 -2 4 4 |4 -4 -6 -7 -9 -9 [A19
0 0 0 0 -2 -2 -3 |3 -4 -6 -7 -7 -9 (U20
0O 0 0 0 -1 -1 13 -3 -6 6 -7 -7 |G21
0 0 0 O 0O [83 -3 6 6 6 -6 |G22
0 0 O 0O [83-3-3-3-3 -4 |G23
0 O 0 0 0 0 -1 -3 -4 |A24
0 0 0 0 0 -1 -2 -4 |U25
0 0 0 0 0 -2 -2 |A26
0 0 0 00 0 |C27
0 0 0 0 0 |G28
0 0 0 0 |C29
0 0 0 (G30
0 0 |U3t
0 |A32
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Resulting Structure(s)

C© The structure on the left corresponds to the traceback
Bl route depicted in red on the previous page.

/
AeU
A A

10 —AeU— 20
|
CeG
[

ces This alternative structure is also mfe. It would be found

N by following the “—15”s to position (6,25).

Ae U\f 25
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Instability of Predictions

Problems in folding prediction became evident as soon a minimum free energy folding
predictions became available. How was this detected?

1. Folding a slightly different homologous sequence could result in a totally different
predicted secondary structure.

2. Small changes in the free energy parameters could dramatically alter folding prediction.

3. Adding folding constraints would change predicted sturctures, but in many cases the mfe
increased very little.

4. Attempts to model equilibrium folding of elongating RNA molecules failed to give
satisfactory results.

On the next twelve pages, mfe foldings are predicted for the same 5S rRNA on the segments
5'—ri...ry—=73, for N =10,20,...110,123. Base pairs in previous foldings are not
conserved in general.

Thus, it became important to predict sub-optimal foldings as well as mfe foldings.
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Folding Halobacterium saccharovorum 5S rRNA: 1-10

dG = 472 Halosacc
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Folding Halobacterium sac;charovorum 5S rRNA: 1-20

dG = 472 Halosacc
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Folding Halobacterium saccharovorum 5S rRNA: 1-30

dG = 99 i—|a|osacc
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Folding Halobacterium saccharovorum 5S rRNA: 1-40

,,,,,,,
........

dG = -13.4 Halosacc
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Folding Halobacterium saccharovorum 5S rRNA: 1-50

AN,
G-6-c”" o
¥ T

———————————————
|||||||||||
ccccccccccccccc

U-C-C-G
|||||
ffffff

dG =-16.6 Hgllosacc
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AAAAAAA

|||||||||||||||||||||||||
—C—

dG =-18.9 Halosacc
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1-70

76
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Folding Halobacterium saccharovorum 5S rRNA
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dG = -23.5 Halosacc
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1-80

Folding Halobacterium saccharovorum 5S rRNA
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dG =
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1-90

Folding Halobacterium saccharovorum 5S rRNA
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Folding Halobacterium saccharovorum 5S rRNA: 1-100

September 30, 2009. — RNA Course
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dG =-31.2 Halosacc
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1-110

Folding Halobacterium saccharovorum 5S rRNA
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Folding Halobacterium saccharovorum 5S rRNA: 1-123
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dG = -47.6 Halosacc
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The suboptimal algorithm: Circularize the RNA

Apparent Lack of Symmetry:

Included
Fragment

Excluded
Fragment

For any i,j pair, V(i,j) givesthe best folding ener gy
for theincluded region only.

Solution: " Circularize" the sequence.

Included
<% Fragment

The choice of origin isarbitrary.
The exluded fragment by definition
containsthe origin.

Excluded
Fragment 1N

September 30, 2009. — RNA Course

Define V(i,j) = e(i,j) + E(i+ 1,7 —1).
That is, V(i,j) is the mfe of all foldings
on R; ; where r; and r; pair. Call R;; an
“included” fragment of R.

Circularize the RNA (some RNAs,
such as viroids, are naturally circular.)

For i < j, let E(j,i) and V(j,i) be
defined for the “excluded” fragment,
Rj,i = Ijljg1...I00 .. 1. Then

V(i,j)+V(j,i)—e(i,]) is the mfe over all
foldings containing the base pair, r;-r;.

Q: How to compute E and V for excluded
fragments?

M. Zuker Rensselaer Polytechnic Institute 82



Solution:
e Double the sequence.
Order of storage \ ***** A

e Fold modulo n. and fill.
77777 N St or age U

( < - Fill

Forn < k < 2n, Copy of I ]
I ncluded region. V(i,j) is the
. . m m nmum f ol di ng energy on the I
e For 1 <« 7, Rji+n I i ncluded fragnent fromi to j.

The suboptimal algorithm: Folding modn

N N1 ... 2*N

Unused
regi on

corresponds to R ;. Excl uded region. V(i,j) is the
m ni mum f ol di ng energy on the
excluded fragnment fromj to N+i,
that is, fromj through the origin
and back to i.

Apply the regular fill algorithm to the doubled sequence.

September 30, 2009. — RNA Course M. Zuker Rensselaer Polytechnic Institute
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The suboptimal algorithm: Practical details

e |'region, n < i < j <2n, need not be defined or filled, since E(i, j) = E(i —n, j —n) and
VO)]) — V<l_n7]_n)

e The region defined by j —i > n is not required (unused).
e Only 1/2 of the doubled array need be defined in computer memory.

e The folding rules are slightly altered for fragments containing the origin. For example,
the base pair, r-r, can exist, implying that r,-r,,.| exists, even though n and n+ 1 are
adjacent.

Unused
region

Order of storage \ ***** I
and fill.

SR Fill

Included region. V(i,j) is the
m m mum fol di ng energy on the
included fragnent fromi to j.

Excluded region. V(i,j) is the

m ni mum f ol di ng energy on the
excluded fragnent fromj to N+i,
that is, fromj through the origin
and back to i.

2*1
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The suboptimal algorithm: Results
e For base pair energy rules, the mfe on any folding containing the base pair, r;-r}, is
6(;l',j — V(laj) +V(]7l+n> _e(iaj)'

For loop energy rules, 6G; ; =V (i, j)+V(j,i+n).

e A structure containing r;-r; with free energy 0G; ; may be computed by computing and
combining two tracebacks; one for R; ; beginning with r;-r; and one for R; ;. ,, starting

with FiTitn.
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The Equilibrium Partition Function: Definition

The definition of the partition function for all secondary structures on R is

ZR) =Y e

Ses

This is a weighted counting of all structures. Note that the lower the free energy, the higher
the weighting. According to statistical mechanical theory, this Boltzmann weighting gives
the probability density for every folding. That is, the probability of any particular folding, S,
is given by exp(—AG(S)/RT)/Z.

The number of secondary structures grows roughly as 1.8", but the computation can be
performed in reasonable time using a recursion similar to the original dynamic programming
algorithm for computing an optimal folding. We need to introduce new terms.
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Algorithm for base pair dependent rules.
AUXILIARY PARTITION FUNCTIONS:

O(i, ) = Z(Ri)
Q'(i, j) : restricted, must contain r;-r; base pair
That is, we consider partition functions for every fragment of the original sequence. The Q's

are required for loop dependent energy rules, but not for the simpler base pair energy rules.
Simple recursions exist for base pair dependent energy rules.

()
o
\.N.
.
N——"
|

Q'(i,j) =1, for j—i<4, otherwise
J
Q(,j) = QO(+1,j)+ Z Q'(i,k)Q(k+1,j) and

k=i+4

0/i,j) = exp(—%2)0li+1,j-1)

where Q(j+ 1, j) is defined to be 1 for convenience.
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Algorithm in picture form.

Partition function — base pair dependent rules
k+1

J
Qi = Qi+1j + D exp(—e(i,k)/RT) Qi+1k-1 Qk+1,

k=i+4

Cases:
1. 1is unpaired
2. 1 pairs with a base k, where Qj+1,j=1

September 30, 2009. — RNA Course

The figure on the left
illustrates the recursion
step for computing the
partition function for base
pair energy rules. For
each summand, the
contribution is broken
into 3 components, as
shown by the colors.
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Partition functions: Computing probabilities

When the recursion is finished, we know the probability, P(S), of any structure S. That is:

As with the suboptimal algorithm, the partition function algorithm may also be run on the
doubled sequence.

For 1 <i<j<n, Q(i,j)and Q'(i, j) are partition functions for the included fragment, R; ;
and Q(j,i+n) & Q'(j,i+ n) are partition functions for the excluded fragment, R; ;.

The probability of the base pair r;-7; is given by

Pror;) = Q'(i, j)Q'(J', i +n).

e‘egg)Q(l,n)

The exponential term in the denominator corrects for the fact that both Q'(i, j) and Q'(j,i+
n) count the energy contribution of the base pair r;-r;. This term is absent when base pair
energy rules are used.
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Partition functions: Stochastic traceback
Ratios of partition functions are conditional probabilities.

For any fragment, R; ; of R,

.
P (i) = QUi+ 1)) i< the probability that r; is single-stranded.
0(i, j)
(i, k) Ok +1,
o P (k)= o, é%( >+ ) is the probability that r; pairs with ry, for i < k < J.
i, J

e These probabilities are conditional.

e That is, they are conditioned on the premise that no base pair of the form r;,-r; exists for
h<iandi<I[<jorfori<h<jand![ > j.
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Partition functions: Stochastic traceback algorithm.

Algorithm flowchart:

e [nitial conditions: The list of base pairs and the “traceback stack” are both empty.

e Start: Seti =1 and j = n. Puti and j on to the “traceback stack”.

e Recursion:

1. If the traceback stack is empty, the traceback terminates. Otherwise, take i and j from

the traceback stack.
2. Choose a random number, x, between 0 and 1 (uniform distribution). If x < P; ;(i),

continue with [3]; otherwise, continue with

3. r; will be unpaired.
(@) If j—i>3,seti=i+1 and continue with 2|
(b) If j—i < 3, continue with[1]

k—1 k
4. Find the unique k, i <k < jsuchthat }_ P, ;(h) <xand ) P, ;(h) > x.
h=i h=i

(a) Add r;-ry to the list of base pairs.
(b) If j—k > 3, place k+ 1 and j on to the traceback stack.
(c) Seti=i+1, j=k—1. Continue with[2if j —i > 3; otherwise, continue with
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The folding problem is ill-conditioned in general
As bad as it gets.

Three conjugateﬂ foldings of a short sequence. From left to right, AG = —4.9 kcal/mol (mfe
folding), AG = —4.7 and AG = —4.6!

20 C 0 C %
u
50 —C }{:C&
| C
)
c "
@ o
| 9
3 3 —C
dG =-4.9 three conjugate dG =-4.7 three conjugate dG =-4.6 three conjugate
Folding 1 Folding 2 Folding 3

1Two foldings are called conjugate if they share no base pairs in common. . .
September 30, 2009. — RNA Course M. Zuker Rensselaer Polytechnic Institute 92



Other views of the “three conjugate” foldings example

Clockwise from above left:

1. Structure dot plot. Superposition of three ¢

conjugate foldings.

2. EDP (energy dot plot). Superposition of all
possible foldings within 0.3 kcal/mol from

mfe.

3. PDP (probability dot plot) A plot of all
base pairs with probabilities > 0.01. The =~
maximum probability is 0.44 (poor).

September 30, 2009. — RNA Course
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Heresy: Statistics on one Datum

For a single secondary structure, predicted or otherwise:

e Not all base pairs are created equal.
e The EDP and PDP can be used to distinguish.
e |n a secondary structure plot:

1. color base pairs according to the probability that they form.
2. color single-stranded bases according to the probability that they are not paired.

e Higher probability base pairs are more likely to be correct.
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The consensus structure.

The consensus structure contains all base pairs whose probabilities are > 50%, and no
others. (Ye Ding & Chip Lawrence call this the “centroid”.)

Quiz:

e Prove that the consensus structure is valid (no base triples). [20 points]

e Prove that the consensus structure contains no pseudoknots. [40 points]
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Good versus Bad RNAs

e A good RNA has an “uncluttered” EDP or PDP. Base pairs in a mfe folding are more likely
to be correct. High probability base pairs are “usually” correct, but a good RNA has a lot
more high probability base pairs than a bad RNA.

e A bad RNA has a “cluttered” EDP or PDP. A mfe folding has fewer correct base pairs.
Even though high probability base pairs are likely to be correct, there are relatively few
of them.
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Example: A good RNA versus a bad RNA.

E. californium 5S rRNA

Output of boxplot_ng (®)
by D. Stewart and M. Zuker

Probability Dotplot for E_califor

0.0099 <= Probability <= 1.0000

D. discoidium 5S rRNA

Output of boxplot_ng (®)
by D. Stewart and M. Zuker

Probability Dotplot for D_discoid

0.0099 <= Probability <= 0.9995
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"
[ 90 [ 90
"
"
100 100
[ 110 [ 110
[]
l'... | 118 " | 118
Lower Traingle: Highest Color Range 0.9990 < Prob. <=1.0000 Lower Traingle: Highest Color Range 0.9990 < Prob. <=1.0000

Upper Triangle Base Pairs Plotted: 47

Upper Triangle Base Pairs Plotted: 191

0.1000

< Prob. <=0.3500

0.1000

< Prob. <=0.3500

0.0100 < Prob. <=0.1000
0.0000 < Prob. <=0.0100

“Uncluttered” PDP versus a “cluttered” one.
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Output of si_graph ()

40

Consensus structures for the same pair of 5S rRNAs

outy ©)
by D . Zuk A
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Not much predicted with confidence versus a lot predicted with high confidence. In this
case, the second folding is a very good prediction.
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Output of ct_boxplot (®)
by D. Stewart and M. Zuker

Structure dot plot for E_califor
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*Counts for each structure include overlap dots.
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The numbers

Output of ct_boxplot (®)
by D. Stewart and M. Zuker

Structure dot plot for D_discoid
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Entropy: Quantifying “good” and “bad”
If P={p;}, is a countable probability distribution (may be finite), then

Zpi: L.
i=1

The (Shannon) entropy of P is defined by
&(P) = — ) pilog(p)).
i=1

(Treat 0In(0) as 0.) For infinite distributions, the entropy might be +cc. We do not consider
infinite or continuous distributions here. The base for the logarithm is not specified and may
be chosen arbitrarily to scale the entropy. For example, base 2 gives the entropy in “bits”.

When there are n “outcomes”, 1 <i <n and the maximum entropy distribution sets p; = 1/n,

so that §(P) = — Zpilog(p,-) = log(n).
i=1

If S(R) is the set of all foldings of rr,...r,, then the maximum entropy loss to select a single
folding is given by making all foldings equally likely, and so:

S(S(R)) ~ Cn—1.51In(n) as n — oo, for some constant C. What is C?
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The expected number of foldings
Suppose that an RNA sequence is totally random, with equal probabilities for A, C, G and

3
U. Then the probability that two different bases can pair is g This represents 1/16 for A-U,
U-A, C-G, G-C, G-U and U-G. In general, call this probability p.

Many years ago, | showed that the expected number of foldings, 7,,, on a random RNA
sequence of length n is given by

(1+4\f% )
2\/Tpi

NS]ION}

(1 n W) 2n+2

as n — oo,

This implies a maximum entropy of 2log

2log(1+/1+4,/p) —2 bits/base.

For p =3/8, the maximum entropy is 1.029 per base. For p =1/4, it is 0.900 bits per base.

per base. This reduces to

e

September 30, 2009. — RNA Course M. Zuker Rensselaer Polytechnic Institute 101



The entropy of the Boltzmann distribution of all foldings.
The partition function for S(R) is defined by

AG(S))

/= exp (—
SeS(R) RT

AG(S)
€ RT

The probability of structure S is

AG(S)

The log probability is R InZ, so

AG,s is computed directly by standard algorithms and AG(S) can be estimated by
averaging the free energies of a stochastic sample of foldings. Replacing RT with RT In(2)
expresses the entropy in bits.

| have chosen entropy per base to be the overall measure of “well-definedness” for RNA
folding.
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Entropy of random RNA

For each of 302 Eukaryote 5S rRNAs, 100 random sequences were generated with the
same length and dinucleotide distribution. For each of these, the entropy of the Boltzmann
distribution was computed with a sample of 100 foldings. GC content in the random

sequences was 55.57 4= 3.79%.
The entropy was 0.226 4= 0.007 bits/base.

The entropies of 100 randomized versions of the RNase P RNA from Desulfovibrio
desulfuricans (length 360) gave similar results, as did foldings of the first 150 bases of

these sequences.
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Good and bad revisited

e Good refers to low entropy RNAs, for which many base pairs are predicted with high
probability.

e Bad refers to high entropy RNAs, for which few base pairs are predicted with high
probability.

e Problems: As is usual in biology, there are exceptions to each “rule”.

1. In “good” or “bad” RNAs (especially for “good”), one expects that base pairs with high
probability should be correct. Some high probability base pairs are not correct and
some correct base pairs have very low probabilities.

2. In homologous RNAs that are similar enough to be readily aligned, some high
probability base pairs in one may be low probability base pairs in the other, and vice
versa.
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Table of computations

Type Number min & S max & r GC content | r 0G e
5S rRNA 439 0.123 0.223 0.311 -0.308 0.500
Eubacteria Thermus sp1 Planctomyces
limnophilus
5S rRNA 57 0.063 0.165 0.246 -0.386 0.768
Archaea Sulfolobus Halobacterium
faci2 saccharovorum
5S rRNA 302 0.106 0.182 0.264 -0.119 0.543
Eukaryota Lineus Spirogyra
geniculatus sp
group | 81 0.161 0.212 0.307 -0.431 0.362
introns Staurastrum sp. Chl Zea mays Chl
(M753) SSU rRNA tRNA Leu
group I 51 0.177 0.217 0.258 -0.770 0.597
introns Trichodesmium Chl Sinorhizobium
erythraeum (sp 1) meliloti (1)
RNase P 179 0.161 0.205 0.263 -0.573 0.762
Eubacteria Desulfovibrio Campylobacter
desulfuricans Jejuni
RNase P 36 0.162 0.213 0.278 -0.745 0.693
Archaea Aeropyrum Methanococcus
pernix maripaludus
tRNA 803 0.090 0.201 0.308 -0.207 0.443
Bacillus (Chl) Euglena
subtillus GAT gracilis CAT

Minimum, average and maximum entropies, in bits/base, for different types of RNA. r is the correlation of entropy

with GC content or minimum free energy.
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Best versus worst. 5S rRNA from Archaea. |

Sulfolobus faci2

Output of boxplot_ng (®)

mfold_util 4.0
Probability Dotplot for Sulfaci2
0.0010 <= Probability <= 1.0000
1‘ 2‘0 4‘0 G‘TO 8‘0 1‘00 1‘25
1
‘,H' | 20
-~
[ 40
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- l L 80
o
- ol L 100
-
-
-
[ 125
Lower Traingle: Highest Color Range 0.9990 < Prob. <=1.0000
Upper Triangle Base Pairs Plotted: 54
0.1000 < Prob. <=0.3500
0.0100 < Prob. <=0.1000
0.0000 < Prob. <=0.0100
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Halobacterium saccharovorum

Output of boxplot_ng (®)

mfold_util 4.0
Probability Dotplot for Halosacc
0.0010 <= Probability <= 0.9532

1 20 40 60 80 100 123

| - | | | | | | 1
[ 20
40
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[ 80
[ 100
| 123

Lower Traingle: Highest Color Range 0.9990 < Prob. <=1.0000

Upper Triangle Base Pairs Plotted: 382

0.1000 < Prob. <=0.3500
0.0100 < Prob. <=0.1000
0.0000 < Prob. <=0.0100
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Best versus worst. 5S rRNA from Archaea. Il

§g{£p/obus faci2
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Halobacterium saccharovorum
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Best versus worst. 5S rRNA from Archaea. lll
Sulfolobus faci2 Halobacterium saccharovorum

Output of ct_boxplot (®) Output of ct_boxplot (®)
mfold_util 4.0 mfold_util 4.0

Structure dot plot for Sulfaci2 phylo/consen Structure dot plot for Halosacc phylo/consen
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Full Overlap 36 1dG=" 39" Full Overlap 4 1dG=" 39*

*Counts for each structure include overlap dots. *Counts for each structure include overlap dots.
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Best versus worst. 5S rRNA from Eubacteria. |

Thermus sp1

Output of boxplot_ng (®)

mfold_util 4.0
Probability Dotplot for Thermu_sp1
0.0010 <= Probability <= 1.0000
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0.0000 < Prob. <=0.0100
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Planctomyces limnophilus

Output of boxplot_ng (®)
mfold_util 4.0

Probability Dotplot for Pmyc_limno
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Best versus worst. 5S rRNA from Eubacteria. Il
Planctomyces limnophilus
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Best versus worst. 5S rRNA from Eubacteria. Il

Thermus sp1

Output of ct_boxplot (®)
mfold_util 4.0

Structure dot plot for Thermu_sp1 phylo/consen

1‘ 2‘0 4‘0 ?0 8‘0 1‘00

d

[ 20

40

[ 60

|80

[ 100

121

Full Overlap 33 1dG =" 35*

*Counts for each structure include overlap dots.
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Planctomyces limnophilus

Output of ct_boxplot (®)
mfold_util 4.0

Structure dot plot for Pmyc_limno phylo/consen
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*Counts for each structure include overlap dots.
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The tandem base pairs in black
have probabilities of roughly 1/2
of 1 percent. They occur in
the phylogenetic models for 5S
rBRNA and seem correct in terms of
alignment and covariation.

This motif strongly contradicts the
energy rules. What is happening

Problems |

here?
The table below shows good
conservation evidence for the base
pair Ag7- U52 MI = 0.85 bits.
Number A C | G U Total
A 0 0 0 0 | 246 246
C 0 0 0 0 0 0
G 0 0 40 ( O 0 40
U 0| 16 0 0 0 16
: 0 0 0 0 0 0
Total O| 16 | 40 | O | 246 302
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Trypanosomes

Copied from the Matthews Lab web site:
www.biology.ed.ac.uk/research/groups/kmatthews/

African trypanosomes are parasites, spread between mammals by tsetseflies. They are
responsible for epidemics of sleeping sickness in sub-Saharan Africa. This disease is
always fatal unless treated and is the second biggest killer behind HIV in parts of Africa.

Trypanosomes are very ancient and interesting organisms: they are among the earliest
branching eukaryotes. Fundamental discoveries have been made in these parasites which
have had major impact on what we know about all cells. They also are unique in many
respects, an example of the “differently evolved”.

Life cycle: Different forms in insect and mammalian hosts.

Tyrpanosomes are ugly (nasty) protists. Their biology is very odd (RNA editing). It is not
surprising that they are “ugly” in terms of RNA folding.
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Problems Il - The Ugly

The U3 RNAs from L. collosoma and T. brucei are problematic. Their entropy is high, but
the problem is that they contradict each other.

0.0010 <= Probability <= 0.9998 0.0010 <= Probability <= 0.8854
1 20 40 60 80 100 120 143 1 20 40 60 80 100 120 143
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Lower Traingle: Highest Color Range 0.9990 < Prob. <=1.0000 Lower Traingle: Highest Color Range 0.9990 < Prob. <=1.0000
Upper Triangle Base Pairs Plotted: 252 Upper Triangle Base Pairs Plotted: 349
0.1000 < Prob. <=0.3500 0.1000 < Prob. <=0.3500
0.0100 < Prob. <=0.1000 0.0100 < Prob. <=0.1000
0.0000 < Prob. <=0.0100 0.0000 < Prob. <=0.0100
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Amastin mRNA 3’-UTRs

Amastin surface proteins belong to a large family of developmentally regulated proteins
comprising up to 45 members that have recently been discovered in the genus Leishmania
and are highly similar to the amastin proteins in Trypanosoma cruzi.

Pfam Family: Amastin (PF07344) Summary: Amastin surface glycoprotein

This family contains the eukaryotic surface glycoprotein amastin (approximately 180

residues long). In Trypanosoma cruzi, amastin is particularly abundant during the
amastigote stage.

Reference: Teixeira SM, Russell DG, Kirchhoff LV, Donelson JE; , J Biol Chem
1994;269:20509-20516.: A differentially expressed gene family encoding “amastin,” a
surface protein of Trypanosoma cruzi amastigotes. PUBMED:8051148
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Amastin species tree

# Species tree for PF(07344
# Generated from Pfam version 22.0
|
+—--Eukaryota (58)
+--Euglenozoa (58)
+--Kinetoplastida (58)
+--Trypanosomatidae (58)
+--Trypanosoma brucei (2)
+--Leishmania mexicana (1)
+--Leishmania amazonensis (1)
t+--Leishmania (1)
| +--Leishmania braziliensis (1)
+—-Leishmania major (39)
+--Trypanosoma (13)
|  +--Trypanosoma cruzi (13)
+--Leishmania donovani infantum (1)

Goal: Look for a common RNA structure in the 3’-UTRs of 60 amastin mRNAs that would
be involved in expression control.
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Very ugly — Amastin mRNA 3’-UTRs

CLUSTAL W (1.83) multiple sequence alignment

Facts:

e The 60 UTRs cannot be
aligned in any
meaningful way.

e As with the
Trypanosome U3
RNAs, the PDPs are
very dissimilar.

e Worse, some of the
UTRs have very low
entropy, and still
contradict one another.

Right: Alignment of the two
lowest entropy amastin
UTRs.
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Complot: Dot plot superposition using alignment

Base Pairs Plotted: 872 Common Base Pairs Plotted: 4
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As ugly as it can be. NO ¥
common base pairs with \_\ 10
probabilities > 0.001!, ’\
with the exception of four \\ o
nonsense pairs (in black). N
. . 250
This occurs despite the \
fact that both Leishmania \ .
major 3’-UTRs have \
significantly low entropy. \ 0
N
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Name Range Cutoff
All Comp. Pairs: 0
-0.0000 <= Prob <= 1.0000 0.0010
-0.0000 <= Prob <= 1.0000 0.0010

September 30, 2009. — RNA Course M. Zuker Rensselaer Polytechnic Institute 118



Rfam - Database of alighed RNAs with consensus structure

The Rfam database, at
WWW.sanger.ac.uk/Software/Rfam/,
and at rfam. janelia.orqg/

is a significant and growing web resource.

° Currentlyﬂ, 1371 families. Each family has a seed file as well as a full alignment file.

e The purpose of the database is to use families to search genomic data for similar
sequences.

e Many entries contain little or no mutual information to support consensus structures
annotated in the alignment files.

A total of 14654 sequences from the 607 Rfam seed files (Version 8.1, October 2007) were
processed.

2Version 9.1, December 2008 , ,
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Some remarks on Rfam

The use of single sequence entropy calculations on Rfam RNAs might identify families for
which the alignment needs to be improved, or families that might better be split into two (or
more) groups.

Low entropy foldings might be useful in generating an initial folding for a family that could
then be refined as needed using the other members together with a multiple sequence
alignment.

This method fails badly with the amastin 3’-UTRs. It works in other cases.
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