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T7 RNA polymerase + DNA



http://www.ebi.ac.uk/pdbe/entry/pdb/1qln/portfolio/?view=entry_index#ad-image-0

Sequence Logo

17 Bacteriophage T7 RNA polymerase binding sites

_2 ’ AIH;”;H EI
e

Y RS gRguITNdgeeneh Yool NaS
1 ttattaatacaact cact at aaggaga
2 aaat caat acgact cact at aga ac
3 cgottaatacgact cact at aggagaac
4 gaagt aat acgact cagt at a acaa
5> taattaattgaact cact aaa agac
6 cgcttaatacgact cact aaaggagaca

6 of 17 sites

Schneider &
Stephens

Nucl. Acids Res.
18: 6097-6100
1990



Sequence Logo

17 Bacteriophage T7 RNA polymerase binding sites

Schneider &
Stephens

Nucl. Acids Res.
18: 6097-6100
1990

ttattaat acaacf cact at aaggaga
aaat caat acgacg cact at aga ac
cggttaat acgacft cact at aggagaac
aagt aat acgacf cagt at a aCaa
taattaatt gaacf cact aaa agac
Cgcttaat acgact cact aaaggagaca

6 of 17 sites

2 bits/base
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Sequence Logo

17 Bacteriophage T7 RNA polymerase binding sites

Schneider &
Stephens

Nucl. Acids Res.
18: 6097-6100
1990

acft cact at aaggfa

ttattaat ac
aaat caat acgacg cact at aga
cggttaat acgacft cact at aggajgpac

aagt aat acgacf cagt at a acaa
taattaatt gaacf cact aaa apac
Cgcttaat acgacf cact aaaggajgpca

QO

OO0~ WNE

1 bit/baseJ



Sequence Logo

17 Bacteriophage T7 RNA polymerase binding sites

aaat caat acgac
Cpgttaat acgac
Aagl aat acgac
aat taatt gaac

~—t

OO0~ WNE

Ct t aat acgac

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

kO bits /base

Schneider &
Stephens

Nucl. Acids Res.
18: 6097-6100
1990



Sequence Logo

OO0~ WNE

17 Bacteriophage T7 RNA polymerase binding sites

IR T e

Stephens
Nucl. Acids Res.

VHV HT : /&IA 18: 6097-6100

5 NN i giigiaigiaig 1m0 3 Bits

ttattaat acaact cact at aaggagag 33.
aaat caat acgact cact at aga ac 37.
cogtt aat acgact cact at aggacgaac 34.

aaot aat acgact cagt at a acaa 33.
taattaatt gaact cact aaa agac 30.
cocttaat acgact cact aaaggagaca 29.

_J

RPRRRADMW

Individual Information



Sequence Logo and Sequence Walker

17 Bacteriophage T7 RNA polymerase binding sites

’ Alﬁ\;”;ﬂ E

Schneider &
Stephens

Nucl. Acids Res.
18: 6097-6100
1990

SRS EaInIgaaT TN iOaNeThl, gy
1 ttattaatacaact cact at aaggagag 33. 3
2 aaat caat acgact cact at aga ac 37.4
3 coogttaatacgact cact at aggacaac 34.4
4 gaaot aat acgact cagt at a acaa 33.1
5 taattaatt gaact cact aaa acgac 30.1
6 cogcttaatacgact cact aaaggagaca 29.1
+£ddtaCadlCtCdCtd _agg . . jcouenc
= 29.1 bits D Patent

5,867,402



Sequence Logo and Sequence Walker and Rsequence

17 Bacteriophage T7 RNA polymerase bind

AI“;H

11

ing sites

-

Schneider &
Stephens

Nucl. Acids Res.
18: 6097-6100
1990

'L odH o Ew < Néomwmomqmmzéé&\m%% :

5 NS SIS St S T 3 Bits
1 ttattaatacaact cact at aaggagag 33. 3
2 aaat caat acgact cact at aga ac 37.4
3 coogttaatacgact cact at aggacaac 34.4
4 gaaot aat acgact cagt at a acaa 33.1
5 taattaatt gaact cact aaa acgac 30.1
6 cogcttaatacgact cact aaaggagaca 29.1

Rsequence is the average: 35.0 &£ 0.6 bits



Sequence Logo and Sequence Walker and Rsequence

17 Bacteriophage T7 RNA polymerase bind

AIHLH

11

ing sites

-

Schneider &
Stephens

Nucl. Acids Res.
18: 6097-6100
1990

'L odH o Ew < Néomwmomqmmzéé&\m%% :

5 NS SIS St S T 3 Bits
1 ttattaatacaact cact at aaggagag 33. 3
2 aaat caat acgact cact at aga ac 37.4
3 coogttaatacgact cact at aggacaac 34.4
4 gaaot aat acgact cagt at a acaa 33.1
5 taattaatt gaact cact aaa acgac 30.1
6 cogcttaatacgact cact aaaggagaca 29.1

Rsequence is the average: 35.0 &£ 0.6 bits

“area under the logo”



Rfrequency

Information required
to find a set of binding sites

(G = 7 of potential binding sites
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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 — logy 7y



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




RNA Splicing

* Copy DNA (transcription)

donor acceptor

RNA Intron Intron exon

* RNA Splicing

spiiced RNA  [IENGNI€xon ] exon




Donor and acceptor logos
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Rsequence and Rfrequency for Splice Acceptors

Rsequence

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



Rsequence and Rfrequency for Splice Acceptors

Rsequence

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.




Rsequence Versus threquency = meanlng

The information in the binding site pattern (Rsequence)
Is close to
The information needed to find the binding sites (R trequency)



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 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!



Evolution of Binding Sites

® Ritrequency 15 Tixed relative to Rgcquence
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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 (v) ¢ : «’}Tequc‘i”cy
(to fix the frequency of sites) ) 5 Ie

\




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

00 N
Wik 2.

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
binding
sites

Genome positions available G = 256 bases

R frequency = 10gy 256/16 = 4 bits



Unevolved Ev Creature

+ £10 + 420 + 420 ik +40)
ETTGCEGCECTTAAKCATGAT|GE AACAECGTEYGCATE
OA 353 0c —411 05 63 0T +227 1A —408 10 +134 G -136 1T —160
+1022 +314 +3878 +35k +3584 ubl 12}
+1212 +337 +347 +356 ue
-.|- . +50 . + -0.-60 + +710 . + +&0 gene
CEGCAGTCANCCACCATANGAITT T A A AKT T TCT T K G| ioh
ZA =412 20 =447 20 +276 2T —248 34 -21 3C +168 30 +63 3T +493 We'g t
+598 +432 ‘.
4755 +EOS 4388 +310351 matrix:
+ +40 + +100 + +110 i +120 6 bp
/ EACETCACTECATE TelT AE AT AT CCGAAACAA]| wide
44 +164 A0 392 a5 4467 4T +479 Ch 237 50 +234 5G —474 5T +16
4784 +1363 P i
+510 +276
it +120 = +140 + +150 + +160
TG AT TGECECGE TAAAGCGTAGETEAARNAGTTACTH
thr +180 +1566 +210 &7 = 4768
440 —448 +976 +205 -855
+B02
e +170 - +180 + +130 + +2 00
& T & & = BT T A€ i T T T T c
-555 +641 +515 +744 +765
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e T he consensus sequences match ...

e BUT the information curves (sequence conservation) differ
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e T he consensus sequences match ...

e BUT the information curves (sequence conservation) differ

e Put letters into the graph proportional to their frequency
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e That's how and why we invented sequence logos!
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Splice Junction Sequence Logos

e 90% of the splice junction
information is on the intron side

“donor

Intron

i N s

e S

U s v N

acceptor )

g~ exon
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Splice Junction Sequence Logos

e 90% of the splice junction
information is on the intron side

e Hypothesis:
, donor and acceptor sites had a
O common ancestor that duplicated

“donor

Intron T

acceptor
g~ exon

- P s s
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Splice Junction Sequence Logos

e 90% of the splice junction
information is on the intron side

e Hypothesis:
, donor and acceptor sites had a
O common ancestor that duplicated

e They evolved to put the information
into the intron. This avoids affecting

Seias Ll Re=- oy the proteins.
donor

Intron AV T

o proto
_ TTT—,—TTTTTTTTTT T / \

acceptor =
3'/ exon \/
_41iagﬁér acceptor

https://alum.mit.edu/www/toms/papers/splice/
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e tRNA reads RNA
to make protein

https://alum.mit.edu/www/toms/papers/correlogo/ Nucleic Acids Res. 2006 34:W405-11
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e tRNA reads RNA
to make protein

e Correlations can be measured in bits!

https://alum.mit.edu/www/toms/papers/correlogo/ Nucleic Acids Res. 2006 34:W405-11
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o tRNA reads RNA
to make protein

e Correlations can be measured in bits!

e 3D Sequence logo

https://alum.mit.edu/www/toms/papers/correlogo/ Nucleic Acids Res. 2006 34:\W405-11
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o tRNA reads RNA
to make protein

e Correlations can be measured in bits!
e 3D Sequence logo
e OBSERVED: tRNA stems

https://alum.mit.edu/www/toms/papers/correlogo/ Nucleic Acids Res. 2006 34:\W405-11
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Sequence Walker example: rrnB P1

. “4104L4V . “4104£0V . “41040V . “4104£1V .
5 gogagctftgaacaattattitgcccogttttacagcogttacggcttcogas
rrnBP13’cctcgacttgttaataacgggcaaaatgtcgcaatgccgaagctS’
Fis 12.0 bits
*4164280 . *4164290 . *4164300 . *4164310 . *4164320 . *4164330
5 aacgctcgaaaaactgdgcagttttagoctoatttgoftoaatgttogcocgogtcad
3y ttgcgagcectttttgaccgtcaaaatccgactaaaccaacttacaacgcgccagt¥y

Fis 10.4 bits

|
dtcs _ﬁﬁ]@ Fis 5.3 bits

*4164340 *4164350
5 gaaaattattttaaatttcctcttgtc
3 cttttaataaaatttaaaggagaacadg
I\
distal UP 6.6 bits ™ __wresp35 5.5 bits pl0 8.4 bits
_ T ------------------ p35-(22)-pl0 4164377 Gap 2.3 bits

proximal UP 4.4 bits

--------------------------------- proxi mal UP- (27) - p1l0 4164377 Gap 3.4 bits
di stal UP- (45)-pl0 4164377 Gap 5.4 bits
--------------------------------------------------------------------------------------- di st al UP- proxi mal UP- p35-p10 4164377 total

13.7 bits



Complex Sequence Walker Example

e o0 promoters have a —35 and a —10



Complex Sequence Walker Example

e o0 promoters have a —35 and a —10
e Using information theory we discovered that

stress-response 038 promoters do not have a —35



Complex Sequence Walker Example

o™ promoters have a —35 and a —10
Using information theory we discovered that

stress-response 038 promoters do not have a —35
Instead, they have a —10 and two UP elements



Complex Sequence Walker Example

e o0 promoters have a —35 and a —10
e Using information theory we discovered that

stress-response ¢>® promoters do not have a —35
e Instead, they have a —10 and two UP elements

e 3% promoter talA P1 is complex!
SPsHO 0
= I P o YT o L) g S




Important Discovery

1744 Human acceptor sites 1799 Human donor sites
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e Area under a sequence logo is the total information.
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e Area under a sequence logo is the total information.
e How is that related to the binding energy?
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e Area under a sequence logo is the total information.
e How is that related to the binding energy?

e Information gained for energy dissipated



Important Discovery

1744 Human acceptor sites 12799 Human donor sites
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e Area under a sequence logo is the total information.
e How is that related to the binding energy?
e Information gained for energy dissipated

e Isothermal efficiency
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Important Discovery

1799 Human donor sites

1744 Human acceptor sites z
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e Area under a sequence logo is the total information.
e How is that related to the binding energy?
e Information gained for energy dissipated

e Isothermal efficiency
e My most important discovery:

Molecules are often 70% efficient
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Information of EcoRl DNA Binding

e EcoRlI - restriction enzyme
e EcoRI binds DNA at 5" GAATTC 3’

EcoRI sites

Oo'da ™ <0
5 3



Information of EcoRl DNA Binding

e EcoRlI - restriction enzyme

e EcoRI binds DNA at 5" GAATTC 3/

e information required:
6 bases x 2 bits per base =

12 bits

EcoRI sites

Oo'da ™ <0
5 3



Energy Dissipation by EcoRlI

e Measured specific binding constant:

Kopee = 1.6 x 10°



Energy Dissipation by EcoRlI

e Measured specific binding constant:

Kopee = 1.6 x 10° =

e Average energy dissipated by one molecule as it binds:

AG, .. = —kgTIn Kgpee  (joules per binding)

spec



Energy Dissipation by EcoRlI

e Measured specific binding constant:

Kopee = 1.6 x 10° =

e Average energy dissipated by one molecule as it binds:

AG, .. = —kgTIn Kgpee  (joules per binding)

spec
e The Second Law of Thermodynamics as a conversion factor:

Emin = kT 1In 2 (joules per bit)



Energy Dissipation by EcoRlI

e Measured specific binding constant:

Kopee = 1.6 x 10° =

e Average energy dissipated by one molecule as it binds:

AG, .. = —kgTIn Kgpee  (joules per binding)

spec
e The Second Law of Thermodynamics as a conversion factor:
Emin = kT In2  (joules per bit)
e Number of bits that could have been selected:

Refnergy — _AGO/gmin
— kBT In Kspec/kBT In 2
= logy Kypec ~ SO SIMPLE!

= | 17.3 bits per binding




Information/Energy = Efficiency of EcoRlI

EcoRI could have made 17.3 binary choices



Information/Energy = Efficiency of EcoRlI

EcoRI could have made 17.3 binary choices EcoRI sites
... but it only made 12 choices. ] --AI
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Information/Energy = Efficiency of EcoRlI

EcoRI could have made 17.3 binary choices EcoRI sites
... but it only made 12 choices. 2_ --AI
Efficiency is %) —
‘WORK' DONE / ENERGY DISSIPATED = 17
12 bits per binding 0.7 _ v|
17.3 bits per binding O'o'da ™ <0

S' 3



Information/Energy = Efficiency of EcoRl = 70%

EcoRI could have made 17.3 binary choices EcoRI sites
... but it only made 12 choices. 2_ --AI
Efficiency is %) —
‘WORK' DONE / ENERGY DISSIPATED = 17
12 bits per binding 0.7 _ v|
17.3 bits per binding 0o dam< 1o
5’ 3’

The efficiency is 70%.




Information/Energy = Efficiency of EcoRl = 70%

EcoRI could have made 17.3 binary choices EcoRI sites
... but it only made 12 choices. 2_ --AI
Efficiency is %) —
‘WORK' DONE / ENERGY DISSIPATED = 17
12 bits per binding 0.7 _ v|
17.3 bits per binding 0o dam< 1o
5’

The efficiency is 70%.

18 out of 19 DNA binding proteins give ~70% efficiency.

3!



Rhodopsin Shape Change

Dark State
ay)
5 il 7
p '-h " ‘u@ H8 )
5 .

P. Scheerer et al. Nature 455, 497-502(2008) doi:10.1038/nature07330


http://www.ncbi.nlm.nih.gov/pubmed/18818650

Rhodopsin Shape Change

Dark State
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Tom’s Model of Muscle Mechanism
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Efficiency of Muscle

e Experiments by Kushmerick's lab since (at least) 1969
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Efficiency of Muscle

e Experiments by Kushmerick's lab since (at least) 1969
e new work: 2008, 2011
e Weight lifting gives work done

e NMR coil gives ATP = energy used
e | Efficiency: 0.68 £ 0.09
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Why are molecular machines 70% efficient?

EcoRlI sites
70% efficiency appears widely in biology: 2_ .-A
e DNA - protein binding E I
e rhodopsin g 1—
e muscle -

e other systems

Why 70% efficiency?

Information theory explanation




Lock and Key
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Like a key in a lock

which has many independent pins,
It takes many numbers

to describe the vibrational state

of a molecular machine



Gaussians

e Pin motion x has a Gaussian distribution:

p()=<e «

1 z—p)?
plr) = V 2%026(202) /x

{1t = mean, o = standard deviation



Gaussians

e Pin motion x has a Gaussian distribution:

p(x) e <

1 z—p)?
plz) = V 2%026(202) /x

{1t = mean, o = standard deviation

e Gaussian distributions are generated by the sum of
many small random variables



Gaussians

e Pin motion x has a Gaussian distribution:

p(x)=e
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p(x)::‘v655;§€(mﬂ) __,///’\\\\~__

{1t = mean, o = standard deviation

e Gaussian distributions are generated by the sum of
many small random variables

e Drunkard’'s walk: Galton’s quincunx device!
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Two Gaussians

1 . (z—p)?

pl) = =5

credit: http://en.wikipedia.org/wiki/Pythagoras



Two Gaussians
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If p(x,vy) is a constant,

then r Is a constant.

credit: http://en.wikipedia.org/wiki/Pythagoras



Two Gaussians

1 ) 2
p(x) = e x e (1)

V2ro?

p(ry) = px) x p(y) (3)
x e x (4)
X e~ (T+) (5)
X e (6)

If p(x,vy) is a constant,

then r Is a constant.

Circular distribution!

credit: http://en.wikipedia.org/wiki/Pythagoras



1 Dimension

Energy

States

1 dimension is too simple!



Bowls in 2 Dimensions




Spheres in 3 Dimensions




N Dimensional Sphere




Spheres tighten in high dimensions
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Good Sphere Packing

Good packing of spheres
gives a molecule

the capacity
to make selections efficiently




N Dimensional Sphere Separation

Degenerate Sphere
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N Dimensional Sphere Separation

Degenerate Sphere Forward Sphere
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N Dimensional Sphere Separation

Degenerate Sphere Forward Sphere
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Theoretical Isothermal Efficiency

e For molecular states of molecules with dgspqce ‘parts’
P, energy is dissipated for noise N, and

Cy = dspace logy(Py /N, + 1) <— machine capacity

T. D. Schneider, Nucleic Acids Research (2010) 38: 5995-6006


http://tinyurl.com/tomschneider/papers/emmgeo

Theoretical Isothermal Efficiency

e For molecular states of molecules with dgspqce ‘parts’
P, energy is dissipated for noise N, and

Cy = dspace logy(Py /N, + 1) <— machine capacity

€ = = < isothermal efficiency

T. D. Schneider, Nucleic Acids Research (2010) 38: 5995-6006
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Theoretical Isothermal Efficiency

e For molecular states of molecules with dgspqce ‘parts’
P, energy is dissipated for noise N, and

Cy = dspace logy(Py /N, + 1) <— machine capacity
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Theoretical Isothermal Efficiency

e For molecular states of molecules with dgspqce ‘parts’
P, energy is dissipated for noise N, and

Cy = dspace logy(Py /N, + 1) <— machine capacity

0.69 - Isothermal Efficiency upper bound

0.55 4

0.46 -
0.40 A

0.00 Py/Ny

The curve is an upper bound

o If P,/N, =1 the efficiency is 70%

T. D. Schneider, Nucleic Acids Research (2010) 38: 5995-6006
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