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Sequence Logo

Bacteriophage T7 RNA polymerase binding sites
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ttattaat acaact cact at aaggaga
aaat caat acgact cact at aga ac
cCggttaat acgact cact at aggagaac
aagt aat acgact cagt at a aCaa
taattaatt gaact cact aaa agac
Cgcttaat acgact cact aaaggagaca
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Sequence Logo

Bacteriophage T7 RNA

v

ttattaat acaact
aaat caat acgact
cggttaat acgact

aagt aat acgact
taattaatt gaact
Cgcttaat acgact

polymerase binding sites
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act at aaggaga

act at aga ac
act at aggagaac
agt at a aCaa
act aaa agac
act aaaggagaca

6 of 17 sites
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Sequence Logo

Bacteriophage T7 RNA polymerase binding sites
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ttattaat acaac
aaat caat acgac

aagt aat acgac
taattaatt gaac
Cgcttaat acgact
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cggttaat acgact
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act at aa
act at aga
act at aggal
agt at a
act aaa
act aaaggal
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6 of 17 sites

Schneider &
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18: 6097-6100
1990
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Sequence Logo

Bacteriophage T7 RNA polymerase binding sites

Aal Caat acgac
ttaat acgac
Aagl aat acgac
aal { aatt gaac
cttaat acgac

act at aa
act at aga
actat a
agt at a
act aaa
act aaa

6 of 17 sites
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Schneider &
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More Information Theory - 1

An Intuitive Approach

Information to chose one symbol from M symbols:

logy M (1)
—log, 1/ M.

1/M is like the probability of a symbol.

If the probabilities P; of different symbols, 7, are not equal,
then the surprisal is:

u; = —logy P;. (2)

how surprised one is to see a symbol
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More Information Theory - 2

EXAMPLE =
A phone rings once every 1024 seconds. g
Ping = 1/1024 (3)
Pailent = 1023/1024 (4)
Surprisal:
surprisal gy = —log,(1/1024) = 10 bits (5)
surprisalgijant —log,(1023/1024) ~ 0 bits (6)

The average surprisal is called the uncertainty, H:

H = Pring X surpri53|ring + Fsilent X surprisalgjjent (7)

H = Pring X (_IOgQ(Pring)> + Psilent X (_IOgQ(PsiIent)) (8)
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More Information Theory - 3

For M symbols use the sum () ) notation:

M
H = ZR; X (surprisal for ;) (9)
i=1
M
= Zpi X (—logy P;) (10)
i=1
M

— _ Z P;log, P, bits per symbol (11)
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More Information Theory - 4

Information is a decrease in uncertainty

R = Hpefore = Hyfter (12)

Example| a sequence logo is computed from
equiprobable bases before:

Hy ofore = 2 bits/base (13)

and

H ey = uncertainty of bases

- — Z PbaselOgQPbase (14)
base=A

Note: with only one base, H o =0
so R = 2 bits/base.

1232 p53 binding sites

;;§y$1 ZQT &
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~v = number of binding sites on genome
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Rfrequency

Information required
to find a set of binding sites

(G = # of potential binding sites
— genome Size IN Some Cases

~v = number of binding sites on genome

Rffrequency — Hbefafre — Haftefr
logy G — log, 7y

—1og27/G



Rfrequency

Information required
to find a set of binding sites
In a genome

_q

16 positions

1 site
log,16/1 = 4 bits

_q

16 positions

2 sites
mT 109, 16/2 = 3 bits




Donor and acceptor logos
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Rsequence and Rfrequency for Splice Acceptors

Rsequence

L TTTTTTTTTTTT T

e Information at binding site sequences (area under sequence logo)
e from: binding site sequences
e 9.4 bits per site

donor acceptor

R frequency

intron exon

|- >

e Information needed to locate the sites
e from: size of genome and number of sites (length of intron+exon)
e 9.7 bits per site

Rfrequency/Rsequence = 0.97




Rsequence = Rfrequency Hypothesis

Hypothesis:

The information in
binding site patterns
Is just sufficient
for the sites to be found
In the genome




Rsequence versus Rfrequency

Pattern Info

Binding Site Total Pattern Information needed to Location Info
Recognizer! Information Locate Site in Genome
—_— R _ Rsequence
— Rsequence — Rfrequency Rifroquency
(bits) (bits)
Spliceosome acceptor?  9.35 + 0.12 9.66 0.97 +0.01
Spliceosome donor 7.92 4+ 0.09 9.66 0.82 +0.01
Ribosome 11.0 10.6 1.0
A cl/cro 177+ 1.6 19.3 0.9+0.1
LexA 21.5+1.7 18.4 1.2+0.1
TrpR 23.4+1.9 20.3 1.2+0.1
Lacl 19.2 £ 2.8 21.9 0.9+0.1
ArgR 16.4 18.4 0.9
O (A Origin) 20.9 19.9 1.0
Ara C 19.3 19.3 1.0
Transcription at TATA® 3.3 ~ 3 ~ 1
T7 Promoter 35.4 16.5 2.1

1T D. Schneider, G. D. Stormo, L. Gold, and A. Ehrenfeucht. J. Mol. Biol., 188:415-431, 1986.
2R. M. Stephens and T. D. Schneider. J. Mol. Biol., 228:1124-1136, 1992.
3F. E. Penotti. J Mol Biol, 213:37-52, 1990.
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Rsequence Versus Rfrrequency = meanlng

The information in the binding site pattern (Rsequence)
Is close to

The information needed to find the binding sites (R trequency)

But for a species in a stable environment:

e size of genome (G) is fixed (e. g. E. coli has 4.7 x 10° bp)
e number of binding sites () is fixed (e. g. there are ~50 E. coli LexA sites)

SO R trequency = 108y G/ is fixed

Rsequence must evolve towards Rfrequency!
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® Ritrequency 15 Tixed relative to Rgcquence
o Does Rgequence €volve toward Rtyequency !

Setup a Computer Model, ‘Ev':
A population of “creatures” with

e genomes containing 4 bases (A, C, G, T)

e a defined genome size (G) P

e predetermined binding site locations (v) ¢ : «’}Tequc‘i”cy
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Evolution of Binding Sites

® Ritrequency 15 Tixed relative to Rgcquence
o Does Rgequence €volve toward Rtyequency !

Setup a Computer Model, ‘Ev':
A population of “creatures” with

e genomes containing 4 bases (A, C, G, T)
e a defined genome size (G) P
e predetermined binding site locations () ¢ : «’}Tequc‘i”cy
(to fix the frequency of sites) ) 15 Txe
e a recognizer gene encoded in the sequence:
use a weight matrix

\




How A Weight Matrix Works

Sequence matrix, s(b,[, j) for sequence j

base b position 1
C A G G T C T G C A
-3 ~2 ~1 0 1 2 3 4 5 6
A 0 1 0 0 0 0 0 0 0 1
C 1 0 0 0 0 1 0 0 1 0
G 0 0 1 1 0 0 0 1 0 0
T 0 0 0 0 1 0 1 0 0 0
Individual information weight matrix, R;,(b,!)
base b position 1
-3 —2 —1 0 | 2 3 4 5 6
A +04 |+13| -14 -88 -58 +11 +15 -18 -0.7 |+0.0
C +06| -08 -24 -78 55 |-37| -16 -22 |[-05| -0.2
G -06 -10 |+16]| |+20| -62 +07 -11 |+1.7| -03 404
T -1.0 -09 -17 -58 |+20| -34 |-16/ -22 409 -05




How A Weight Matrix Works

Sequence matrix, s(b,l, j) for sequence j

base b position 1
C A G G T C T G C A
-3 ~2 ~1 0 1 2 3 4 5 6
A 0 1 0 0 0 0 0 0 0 1
C 1 0 0 0 0 1 0 0 1 0
G 0 0 1 1 0 0 0 1 0 0
T 0 0 0 0 1 0 1 0 0 0
Individual information weight matrix, R;,(b,!)
base b position 1
-3 —2 —1 0 | 2 3 4 5 6
A +04 |+13| -14 -88 -58 +11 +15 -18 -0.7 |+0.0
C +06| -08 -24 -78 55 |-37| -16 -22 |[-05| -0.2
G -06 -10 |+16]| |+20| -62 +07 -11 |+1.7| -03 404
T -1.0 -09 -17 -58 |+20| -34 |-16/ -22 +09 -05
]

5 L L
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Sequence Walker




Unevolved Ev Creature

i +10 + +20 + +30 + +40
ETTGCECECTTAACATGCATIGE AACACCTEYGATEGAK|
G, o 411 oZ -2 0T +227 TA —408 A 15 -13& =g
+1022 +314 +878 + 356 + 354
+ 1212 +337 + 347 +356
+ +50 + +E0 + +70 + +50
CCGCAGCGCANCCACCATANGAITT ;TN AAAKT T TCTTANG
Ry 20 =447 20 +275 2T =248 34 =21 3C +168 30 +E63 3T +425
+553 +432
+ 255 +E0OE + 388 +3 10351
e +30 + +100 + +110 + +120
A i CEAGCETGCACTEATE TClIT KEATAT CCGAAACAA|
448 4164 47 357 40 +467 4T +4239 S B! E0 424 ET +1&
+284 +13863 +1131
+E510 + 226
ES +1=20 + +140 + +150 + +1e0
AGCTCAT ¥ G ECCEGE TAAAGTAGETCAAAAGTTACTA
thr + 180 +1568 +210 = -711 + 763
+490 -448 +326 +205 =
+602
+ +170 -+ +180 + +150 + +2 00
CAAT CEKCETA T G AC GA TECERATGCTGCGTYTT &G A
=L +541 +515 + 744 +/65
+R805 +212 +996 +953
S PR L B 1E
+ +2 10 + +220 + +230 + +240
TCCGT TCGCEATGCATGCAACC AKAACAKNCTCARTCCGCACCTA
+422 +387 (= | = —442
+ 398 +407 +200 +EEE +33E
+1160 +985 +591
+ +2E0 + +260
T i ET & €Y CAATEC TIATECEC
+455 +755
+7239
+ 1158 +4572 +301



Unevolved Ev Creature

+ +10 + +20 + +210 + +40
ET T C ECeTT K KC KT T| C A A A C T & T ATC A A
04 =353 o -411 0o -&3 07T +227 14 -408 1C +134 10 -13& 1T =1&0
+1022 +314 +578 +356 +384
+1212 +337 +347 +356
+ +50 + +&0) + +70 + +80
CGECAGCGCANCECEACCTATANA AlT T T A AAAT TTCTTKG
28 =412 20 =447 20 +27% 2T =248 34 =21 3C +168 30 +63 3T +438
+593 +452
+255 +E05 +388 +2 351
+ +40 + +100 + +110 + +120
CAGCTGACTCATE TCITACATAT CCGAAACAA|
44 +184 4C 392 40 +467 4T +4239 SA 237 SCo+234 50 424 ET +1&
+284 + 1363 +1131
+510 + 225
+ +120 + +140 + +150 + +160
A GCTE AT T G ECECGLE TAAAGTA ETERRAKKGCTTALCTAR
thr +130 +1566 +210 -57 -711 ]
+4490 -445 + 926 + 205 -888
+&072
+ +170 -+ +1E0 + +140 + +2 010
CAAT CCACCTA T A C A i W\ AT i TTT C
-555 +E£41 +515 + 744 +7/B5
+ 805 +212 +3996 +953
+351 +346 +553 5149
+ +2 10 + +220 + +230 4+ +240
5 i F T OE o T AT A AC AKAECERC TS AR TEERE CACCTA
+422 +387 ENEE: C=leos -91 -442
+395 +407 +200 +565 +335
+ 1160 +955 +5491
+ +250 + +260
i Cl & T C;’a!aTCT|;‘f~.TCCC
+455 +755
+2349
+ 1198 +462 +301

“blue”

gene
weight
matrix:
6 bp

wide



Unevolved Ev Creature

+ +10 + +20 + +30 + +40
CTT C CCTTAACAT ATlc ¢ A A A C T & T AT € A A
04 =353 o -411 0o -&3 07T +227 14 -408 1C +134 10 -13& 1T =1&0
+1022 +314 +578 +356 +384
+1212 +337 +347 +356
+ +50 + +&0) + +70 + +80
CGCAGCAACCACCATAAGA|ITT T A AKNT T TiCT T K Gl
24 =412 20 =447 20 +27% 2T =248 34 =21 3C +168 30 +63 3T +438
+593 +452
+255 +E05 +388 +2 351
+ +40 + +100 + +110 + +120
A cC A & T AETEAKTKC T C|T ACATAT c A AACA |
44 +184 4C 392 40 +467 4T +429 SA 237 SCo+234 B -424 ET +1&
+284 + 1363 +1131
+510 + 225
+ +120 + +140 + +150 + +160
AGTCAT T GECECGE TAAAGTAGCTCAAAAGTTACTA
thr +130 + 1566 +210 -57 =711 ]
+4490 -445 + 926 + 205 —-388
+&072
+ +170 -+ +1E0 + +140 + +2 010
CAAT CEACCTA TGCACGA i ATGTGTTT CG A
-555 +E£41 +515 + 744 +7/B5
+ 805 +212 +995 +953
+351 +346 +553 —&15
+ +2 10 + +220 + +230 4+ +240
TCCGTTCGEATGATGAAC AARCACTCAARATEEGCACCTA
+422 +387 ElEs C=leos -91 SHAR
+395 +407 +200 +565 +335
+ 1160 + 335 +5491
+ +250 + +Z260
i Cl & T C..=-"»..~"-=..TCT|;'-TCCC
+455 +755
+2349
+ 1198 +462 +301

“blue”

gene
weight
matrix:
6 bp

wide

Genome positions available G = 256 bases



+ +10 +
ETTCCGCELCTTAKE
04 =353 oc -411 05 -&3 0T
+1022 +314
+1212
+ +50 +
CGCAGCGCANCCACCATA
24 412 20 447 20 +278 21
+255
£ +30 +
! CACETGACTE ATE
44 +164 4iC -382 40 +467 4T
+284 +136
+510
+ +1z0 +
T KT T cCcCccCCcC C
thr +180 +1566 +210
+430 -445
+E0Z
+ +170 +
C T cCC CCTA
=555 +641
+805
+ +2 10 +
TCCGTTCGCGEATGATGA
+422 +38/7 - =1158
+398 +407
+1160 +335
+ +250 +
T ik o A CAATCTI
+455 + 755
+239
+ 1133 +462 +301

Unevolved Ev Creature

+20 + +30 + +41)
\TGAT|GC AAGACGTCTGATC
+ 227 14 408 1C +134 10 =138 1T -1&0
+578 +356 +354
+337 + 347 +356
+ED + +710 4 +BO
AlT T T A KT T TCT T NG|
-243 3s =21 3C +168 30 +&3 3T +438
+598 +4352
+E05 +388 +3 1351
+100 + +110 + +120
TCITACATAT CCGAAACAA|
+429 oA 23T SCo+234 50 424 5T +1&
3 +1131
+226
+140 + +150 + +160
TAAAGTAGCTCAAAAGTTACTI
=57 =711 + 263
+926 +205 -888
+180 + +1430 + +200
TG AC GA TGAATGTGTTT C G
+515 +744 +765
+212 +3996 +389
+351 +346 +5EB3 514
+220 + +230 + +240
K ARKRENCTCARTEE GG ANC CTA
-41 —-442
+5ES +335
+5481
+2E0
AFecce

“blue”

gene
weight
matrix:
6 bp

wide

v =16
binding
sites

Genome positions available G = 256 bases

R frequency = 10gy 256/16 = 4 bits



Unevolved Ev Creature

+ +10 +
CTT C CCTTAACAT
0a -353 o -411 0o -B3 0T +227
+1022 +314 +578
#1212
+ +50 +
CEECAGTCRANECACT AT
24 -412 20 447 20 +276 2T =248
S
£ +30 +
# C A cCT ACTCATZC T
44 + 164 e =ahE 45 +467 it
+234 + 1363
+510 +E22E
+ +120 +
T AT TGECEECGE TAAA
thr +180 +1566 +210
+450 445
+E02
+ +170 =5
C T C C CCTA T
=555 +541
+305
+ +210 +
TCCGTTECEATGCATGCARNS
22 +387 -1158
+398 +407
+1160 + 385
+ +250 +
T ET €Y CAATCTIATC
+455 + 755
+233
+ 1158 +462 +301

+20 + 30 + +40
ATIGC AAGCACGTETGATC
1A —408 1C +134 1G -136 1T -160
+356 +384
+337 +347 +356
+&0) + +70 + +80
AlT T T A KT T TCT T N G
34 -21 3C +168 3G +63 3T +498
+598 +432
+605 +388 +310351
+100 + +110 + +120
clT AEAT AT CCGAAACAA|
SEE=237 SC +234 5 -424 5T +16
+1131
+140 + +150 + +160
TAGCTCAAAAGTTACT 2
-57 ~F11 +268
+926 +205 -888
+1E0 + +140 + +2 010
C i T i TTT c :
+515 +744 +765
+212 +996 +989

Bl -x3de T HERS —614

+220 + +230 + it
PO .- A TCEGCACCTA
=g -442
+565 +335

+551

+2E0

9.5 found real site

“blue”
gene
weight
matrix:
6 bp

wide

v =16
binding
sites

Genome positions available G = 256 bases

R frequency = 10gy 256/16 = 4 bits



Unevolved Ev Creature

+ +10 +
CTT C CECETTAKE-ART
04 =353 oc -411 05 -&3 0T +Z227
+1022 +314 +878
+1212
+ +50 +
C C A CAACCACCAT
24 412 20 447 20 +278 2T =248
+255
£ +30 +
! CEACETCACTEATE T
44 +164 4iC -382 40 +467 4T +4239
+284 +1363
+510 +225
+ +1z0 +
T AT TGECEECGE TAAA
thr +180 +1566 +210
+430 -445
+E0Z
+ +170 +
C T cCC CCTA T
=555 +641
+805
+ +2 10 +
TCCGTTECEATGCATGCARNS
+422 +38/7 -1158
+398 +407
+1160 +335
+ +250 +
T CTEEY CAATCTIKTE
+455 + 755
+239
+ 1133 +462 +301

+20 + +30 + +40
ATIGC AAGCACGTETGATC
14 408 1C +134 10 =138 1T -1&0
+356 +354
+337 + 347 +356
+5&0 + +710 + +80
AlT T T A KT T TCT T N G
3s =21 3C +168 30 +&3 3T +438
+598 +4352
+E05 +388 +3 1351
+100 + +110 + +120
CITACATAT CCGAAACAA|
oA 23T SCo+234 50 424 5T +1&
+1131
+140 + +150 + +160
TAGCTCAAAAGTTACT 2
=57 =711 + 263
+926 +205 -888
+180 + +1430 + +200
C G A T TGCTGTTT C G
+515 +744 +765
+212 +3996 +389

Bl -x3de T HERS —614

+220 + +230 i +240
AAACH A TEEGC NS ET
=41 -442
+5E5 +335
9.5 found real site

missed real site

“blue”
gene
weight
matrix:
6 bp

wide

v =16
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Genome positions available G = 256 bases
R frequency = 10gy 256/16 = 4 bits
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Evolution Cycle

EVALUATE each creature

« translate the recognizer gene into a weight matrix
o scan the weight matrix across the genome
o count the number of mistakes:
W missing a site at a right place
O finding a site at a wrong place
« Sort the creatures by their mistakes

REPLICATE: the best creatures are mutate
duplicated and replace the worst ones / \
MUTATE all genomes randomly replicate eluate

&S,

Kill sort

——
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Mathematics of Evolution 1

Shannon Information Measure
of Binding Site Patterns

Information is measured as a
decrease in uncertainty:

R = Hbefore — Haftef,a (bitS per symbol) (].5)



Mathematics of Evolution 2

Before binding there are 4 possible bases at each
position [, so the uncertainty is:

Hpepore(l) = logy4  (bits per base) (16)

~ 2



Mathematics of Evolution 2

Before binding there are 4 possible bases at each
position [, so the uncertainty is:

Hye pore(l) log,4  (bits per base) (16)
2

&

After binding the uncertainty depends on the
frequencies of bases b at positions [ in a binding site,

f(b,1)
Hopreo(l) = = f(b,D)log, f(b,1) (17)

be{A,C,G, T}

(bits per base)



Mathematics of Evolution 3
The information at a position [ is:

Rsequence(l) Hbefafre(l) — Hafter(l) (18)
2 — Hyper(I)  (bits per base)

2



Mathematics of Evolution 3

The information at a position [ is:

Rsequence(l) — Hbefafre(l) — Hafter(l) (18)
~ 2— Hyper(l)  (bits per base)

The total site information is:

Rsequence — Z (Hbefore(l) — Hafter(l))
[

~ 2l — Hyfier  (bits per site) (19)

- ; 12_32 p53 binding sites
During evolution,
ds Hafter \1/1 Rsequence T 2] C
| ol

mmmmmmmmmmmm
)
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