Information Theory and
Molecular Biology

Thomas D. Schneider, Ph.D.

National Cancer Institute at Frederick
Gene Regulation and Chromosome Biology Laboratory
Molecular Information Theory Group

12_32 p53 binding sites

U [E

NCER
ATl

TA CTT é

NNNNNNNNN

[ONAL | C




El Duomo, Florence, ltaly

Copyight 1995 by Thomas D Schneider.

ms@alum. mit.edu

to

Maynet be used for comtiercial purposes.




Information Theory: One-Minute Lesson

number of number of
symbols bits example

M B




Information Theory: One-Minute Lesson

number of number of

symbols bits example
M B
2 1
4 2
8 3




Information Theory: One-Minute Lesson

number of number of

symbols bits example
M B
2 1
4 2
8 3
B




Information Theory: One-Minute Lesson

number of number of

symbols bits example
M B
2 1
4 2
8 3
B




Information Theory: One-Minute Lesson

number of number of

symbols bits example
M B
2 1
4 2
8 3
I\/I:2B B:IogzM




Sequence Logo

Bacteriophage T7 RNA polymerase binding sites

1l

t aat acaact cact at aa
caat acgact cact at aga
ttaat acgactcactata
agt aat acgact cagt at a
att aatt gaact cact aaa
cttaat acgact cact aaa

6 of 17 sites
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acC
agaac
aCaa
agac
agacCa
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Sequence Logo

Bacteriophage T7 RNA polymerase binding sites

act at aaggaga
act at aga acC
act at aggagaac
agt aat acgacf cagt at a aCaa
att aatt gaacf cact aaa agac
Clttaat acgacf cact aaaggagaca

6 of 17 sites

Schneider &
Stephens
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18: 6097-6100
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Sequence Logo

Bacteriophage T7 RNA polymerase binding sites

aaat caat acgac
cggttaat acgac

aagt aat acgac
taattaatt gaac
cgcttaat acgac
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act at aa
act at aga
actat a
agt at a
act aaa
act aaa

6 of 17 sites
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Sequence Logo

Bacteriophage T7 RNA polymerase binding sites

bits

[ at t aat acaac
apat caat acgac
Cpgttaat acgac
Aagt aat acgac
aal { aatt gaac
cttaat acgac
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act at aa
act at aga
actat a
agt at a
act aaa
act aaa

6 of 17 sites
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Sequence Logo and Sequence Walker

Bacteriophage T7 RNA polymerase binding sites
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ttattaat acaact cact at aaccagag 33.

aaat caat acgact cact at aga ac 37.
cggtt aat acgact cact at aggagaac 34.

aagt aat acgact cagt at a acaa 33.
taatt aatt gaact cact aaa agac 30.
cocttaat acgact cact aaaggagaca 29.
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ttattaat acaact cact at aacgagag 33. 3
aaat caat acgact cact at aoa ac 37.4
cogtt aat acogact cact at aggacaac 34. 4
aagt aat acgact cadgt at a acaa 33.1
taatt aatt gaact cact aaa acac 30.1
cocttaat acoact cact aaaggacgaca 29.1
ttddtaCgdlCtCaCtd_adg_ . _ Scauence
=60 29.1 bits D Patent
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Bacteriophage T7 RNA polymerase binding sites

P LAt L

5,867,402



Sequence Walkers in the Lac Promoter

-1 -
pi ece 1, NC 000913, lac promoter and lacZ ribosome binding site, config: linear, direction: -, begin: 365654,
*365650  * *365640  * *365630 * *365620 * *365610 *
5 t tt t t tt t t tt 3
® ®
® ®

aa g ga“ gan CaC - crp 16.3 bits

*365600 * *365590 * *365580  * *365570  * *365560 *
5ttt ttt t tt t t t tt t t tt t t 3

~——__
@ res p35 5.5 bits

p35-(24)-pl0 365578 Gap 2.4 bhits
R e p35-pl0 365578 total i

*365550 * *365540 * *365530 * *365520 * *365510
5’ ttt t t t tt tt 3

- ile - thr - asp - ser -
.................................................................... > Lac pronoter
. ~==Lac b

LSS ir 8.7 bits

- —— —_———-

\\ﬁ_’// = T~ //’- ; S — . — ~—
mmwaumwa@_@@mmm sd 8.9 bits @ _u“a@vmmm#Pumir 7.6 bits

maCaa

Lacl 20.7 bits {----------------- } sd-(9)-ir 365529 Gap 2.3 bits

| e e | sd-ir 365529 total 15.3 bits
T } sd-(15)-ir 365523 Gap 6.0 bits
[ mm | sd-ir 365523 total 10.5 bits

end: 365509

Lac_pronot er

Lacl



Predicting splicing mutations using information theory

e Xeroderma Pigmentosum-Variant:
defective postreplication repair
predisposes to skin cancers
on UV radiation
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e Xeroderma Pigmentosum-Variant:
defective postreplication repair
predisposes to skin cancers
on UV radiation

e POLH exon 6 splice donor site

e G — C change observed in a patient.

Can this explain the disease?
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Predicting splicing mutations using information theory

* " *43676810 *
5’ caaaatgtaagtattc3d

e Xeroderma Pigmentosum-Variant: BE2EN | NTRON

defective postreplication repair il |
predisposes to skin cancers donor 9.3 bits
on UV radiation

e POLH exon 6 splice donor site

e G — C change observed in a patient.

Can this explain the disease? v
* *43676810 *
5’ caaaatctaagtattcd

e Second law of thermodynamics: O
< 0 bits is not a site _EXON

0 CUCUU‘-IJ“ donor -0.5 bits

e Information theory explains the disease

e 175 papers published since 2004 using this
technique

e Collaborators: _ _
Dr. Kenneth Kraemer (NIH, NCI, CCR)  Inui, ..., Schneider and Kraemer,

Dr. Peter Rogan (Univ. Western Ontario) J Invest Dermatol. 128:2055-68 (2008)



Medical Applications of Sequence Walkers

* 340 * *350 * *360 * *370
5 ctctogtttatttogtctctatttttagogagacd
- . N ' - ' B ' G - D -

[--------- ... exonl7. CDS. 366-431

acceptor 11.6 bits @65

. .._».._,_._,m.u_:.._:-l-'m-n-k,-l-’c)-l-’ PPopP . ,acceptor 3.9 bits @68

. [ 0

* 340 * *350 * *360 *‘ *370
5 ctctogtttatttogtctctatttttagcecagacd
- . - ' - ' B ' A - D -

[--------- ... exonl7.g366c¢c. CDS. 366-431

acceptor 9.7 bits @65

acceptor 9.8 bits @68

Mutation G863A: Stargardt disease = age-related macular degeneration

http: //alum.mit.edu/www/toms/g863a.html —


http://alum.mit.edu/www/toms/g863a.html
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Discovering p53/p63/p73 controlled genes

e pb3 - transcriptional regulator controlling cell cycle
e p53 signaling is inactivated in 50% of human cancers

e Natural model built from proven sites

1232 P53 binding sites

i} CQCTCCAA - -
O e P TN PO AN T B <
5 IIIIIII 3

Lyakhov, Annangarachari and Schneider
Nucleic Acids Res. 36:3828-33 (2008)
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e Natural model was used to predict 16 previously unidentified
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e 15 novel genes confirmed by EMSA, promoter assays, qPCR.
Controlled by p53 or related family members p63 or p73.



Discovering p53/p63/p73 controlled genes

e Natural model was used to predict 16 previously unidentified
p53 controlled genes on human chromosomes 1 and 2

¢ 15 novel genes confirmed by EMSA, promoter assays, gPCR.
Controlled by p53 or related family members p63 or p73.

e LEPRE1 and MGC955 dual promoter

5 gcgcatgcccacgaggcecttogcacd

-

Lyakhov, Annangarachari and Schneider
Nucleic Acids Res. 36:3828-33 (2008)

LEPRE1




Discovery of a 7" Bacteriophage )\ Operator
e Bacteriophage )\ - a paradigm for gene control > 50 years



Discovery of a 7" Bacteriophage )\ Operator
e Bacteriophage )\ - a paradigm for gene control > 50 years

a good testing ground for theory




Discovery of a 7" Bacteriophage )\ Operator
e Bacteriophage )\ - a paradigm for gene control > 50 years

a good testing ground for theory

e Only 6 known )\ operators, bound by Cl and Cro proteins



Discovery of a 7" Bacteriophage )\ Operator
e Bacteriophage )\ - a paradigm for gene control > 50 years

a good testing ground for theory

e Only 6 known )\ operators, bound by Cl and Cro proteins

e Using the consensus and mismatch counting:
cannot find more



Discovery of a 7" Bacteriophage )\ Operator
e Bacteriophage )\ - a paradigm for gene control > 50 years

a good testing ground for theory

e Only 6 known )\ operators, bound by Cl and Cro proteins

e Using the consensus and mismatch counting:
cannot find more

12 Lambda cl and cro binding sites

e Make a sequence logo

b AT



Discovery of a 7" Bacteriophage )\ Operator
e Bacteriophage )\ - a paradigm for gene control > 50 years

a good testing ground for theory

e Only 6 known )\ operators, bound by Cl and Cro proteins

e Using the consensus and mismatch counting:
cannot find more

12 Lambda cl and cro binding sites

e Make a sequence logo 2

b AT

e Search )\ using information theory model



Discovery of a 7" Bacteriophage )\ Operator
e Bacteriophage )\ - a paradigm for gene control > 50 years

a good testing ground for theory

e Only 6 known )\ operators, bound by Cl and Cro proteins

e Using the consensus and mismatch counting:
cannot find more

12 Lambda cl and cro binding sites

e Make a sequence logo

b AT

e Search )\ using information theory model

o A 7th Operator found!



Bacteriophage A Oop promoter: controlled by Cl/Cro?

oop RNA is antisense to the 3’ end of ¢/l mRNA
involved in the lysis-lysogeny decision > 00p RNA
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*38720 * *38710 * *38700 * *38690 * *38680 * *38670 * *38660 *
ttacctoct ccgaagdtyt aogtattttt ct tattt t cat aat actcect tt atagatccagtaat acctcad

- 35 % - 10 §F

Cl/Cro X switch to lytic growth predicted
Fis Nutrients predicted
LexA DNA Damage known

DnaA  Cell replication predicted

¢ 4 new sites predicted by information theory



Bacteriophage A Oop promoter: controlled by Cl/Cro?

oop RNA is antisense to the 3’ end of ¢/l mRNA
involved in the lysis-lysogeny decision > 00p RNA

* *38720 * *38710 * *38700 * *38690 * *38680 * *38670 * *38660
5’ ttacctoct cc aag.dt a

tattttt ct tattt t c {t aat actcect tt at a atcca t aat acctcad

- 35 % - 10 §F

Cl/Cro X switch to lytic growth predicted
Fis Nutrients predicted
LexA DNA Damage known

DnaA  Cell replication predicted

¢ 4 new sites predicted by information theory

e A cell-state detection/control center?



Bacteriophage A\ Oop promoter Cro site
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Bacteriophage )\ Oop promoter Cro site

cl —1  cro—1

- -
' -

e The 7th )\ Operator is a Cro site, NOT a ClI site.

Prediction confirmed

e Test information theory predictions to further confirm theory

e in vivo experiments in progress: knock out Cro and Fis sites

e live phage knockouts by recombineering planned: affects lysogeny?

e Collaborator: Dr. Don Court (NCI) - \ expert, invented recombineering




Predicting Small Open Reading Frames in E. coli

* *2987940 * *2987930 * *2987920 * *2987910 *
5 ttacattgcaaggagatgtctaaaatgaaagatgttgatcaaatocd

e ——
~ - ~ —

=TT o “"Ri bosone binding site
15.9 bits
§
*2987900 * *2987890 * *2987880 * *2987870 * *2987860

55 tttgatgctttagactgccatatactgcgagaatatttaatttt aid

* *2987850 * *2987840 * *2987830 * *2987820 *
5 ttgttttatgattaacgagogttccatctttttogttatctatttt aiyd

27 codon open reading frane

Collaborators: Dr. Gisela Storz (NIH, NICHD, Bethesda, MD),
Dr. Kenneth Rudd (University of Miami School of Medicine, Miami, FL),
Dr. Matt Hemm (Towson University, MD)



Predicting Small Open Reading Frames in E. coli

* *2987940 * *2987930 * *2987920 * *2987910 *
5 ttacattgcaaggagatgtctaaaatgaaagatgttgatcaaatocd

e ——
~ - ~ —

=TT o “"Ri bosone binding site
15.9 bits
§
*2987900 * *2987890 * *2987880 * *2987870 * *2987860

55 tttgatgctttagactgccatatactgcgagaatatttaatttt aid

* *2987850 * *2987840 * *2987830 * *2987820 *
5 ttgttttatgattaacgagogttccatctttttogttatctatttt aiyd

27 codon open reading frane
e > 2000 information theory predictions; test 24

Collaborators: Dr. Gisela Storz (NIH, NICHD, Bethesda, MD),
Dr. Kenneth Rudd (University of Miami School of Medicine, Miami, FL),
Dr. Matt Hemm (Towson University, MD)



Predicting Small Open Reading Frames in E. coli

* *2987940 * *2987930 * *2987920 * *2987910 *
5 ttacattgcaaggagatgtctaaaatgaaagatgttgatcaaatocd

e ——
~ - ~ —

=TT o “"Ri bosone binding site
15.9 bits
§
*2987900 * *2987890 * *2987880 * *2987870 * *2987860

55 tttgatgctttagactgccatatactgcgagaatatttaatttt aid

* *2987850 * *2987840 * *2987830 * *2987820 *
5 ttgttttatgattaacgagogttccatctttttogttatctatttt aiyd

27 codon open reading frane

e > 2000 information theory predictions; test 24
e tested by sequential peptide affinity (SPA) tag

Collaborators: Dr. Gisela Storz (NIH, NICHD, Bethesda, MD),
Dr. Kenneth Rudd (University of Miami School of Medicine, Miami, FL),
Dr. Matt Hemm (Towson University, MD)



Predicting Small Open Reading Frames in E. coli

* *2987940 * *2987930 * *2987920 * *2987910 *
5 ttacattgcaaggagatgtctaaaatgaaagatgttgatcaaatocd

e ——
~ - ~ —

=TT o “"Ri bosone binding site
15.9 bits
§
*2987900 * *2987890 * *2987880 * *2987870 * *2987860

55 tttgatgctttagactgccatatactgcgagaatatttaatttt aid

* *2987850 * *2987840 * *2987830 * *2987820 *
5 ttgttttatgattaacgagogttccatctttttogttatctatttt aiyd

27 codon open reading frane

e > 2000 information theory predictions; test 24
e tested by sequential peptide affinity (SPA) tag

e 18 new genes < 50 aa long

Collaborators: Dr. Gisela Storz (NIH, NICHD, Bethesda, MD),
Dr. Kenneth Rudd (University of Miami School of Medicine, Miami, FL),
Dr. Matt Hemm (Towson University, MD)



Advanced Molecular Information Theory

Information versus Energy
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e EcoRI binds DNA at 5" GAATTC 3’
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Information of EcoRl DNA Binding

e EcoRI - restriction enzyme

e EcoRIl binds DNA at 5 GAATTC 3’ _
EcoRI sites

o 4% = 4096 possible DNA hexamers 2]
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Information of EcoRl DNA Binding

e EcoRI - restriction enzyme

e EcoRI binds DNA at 5" GAATTC 3’

EcoRI sites
o 4% = 4096 possible DNA hexamers Z
e information required: _
log, 4096 = 12 bits D,
or =17
6 bases x 2 bits per base = |12 bits R
Oodam
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e Measured specific binding constant:
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Energy Dissipation by EcoRI

e Measured specific binding constant:

Kapee = 1.6 x 10° =

e Average energy dissipated by one molecule as it binds:

AGS .. = —kgTIn Kspee  (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:

Renergy — _AGO/gmin
k’BT In Kspec/kBT In 2
logy K spec < SO SIMPLE!

= | 17.3 bits per binding
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rhodopsin, muscle and other systems.




Information/Energy = Efficiency of EcoRl = 70%

EcoRI could have made 17.3 binary choices ,_, ECORI sites
... but it only made 12 choices. } I-AI
Efficiency is 15

‘WORK' DONE / ENERGY DISSIPATED :

12 bits per binding 0.7 e
17.3 bits per binding

The efficiency is 70%.

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

70% efficiency also appears widely in biology:
rhodopsin, muscle and other systems.

Why 70% efficiency?
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Theoretical Efficiency

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

C' = dspace logs (P, /Ny + 1) <= machine capacity
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Theoretical Efficiency

e For molecular states of molecules with dgpqce ‘parts’
P, energy is dissipated for noise [V, and

C' = dspace logs (P, /Ny + 1) <= machine capacity

0.69 - Isothermal Efficiency upper bound

0.55 +

0.46 -
0.40 o

0.00

Py/N, _
The curve is an upper bound

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




Lock and Key

© (R 220 Q0
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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



1 Dimension

Energy

States

1 dimension is too simple!



Bowles in 2 Dimensions




Spheres in 3 Dimensions




N Dimensional Sphere




Spheres tighten in high dimensions

Normalized Density
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Energy and velocity

1
Energy = §I\/Iass X velocity2
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Energy and velocity

1
Energy = il\/lass X velocity2

Energy in the molecule = Noise = N

maximum velocity o VN

sphere radius VN



Sphere Packing




hyperdirection

In 100 dimensions

99% of the thermal noise
IS at right angles

to a given direction!



two

Two spheres In
high dimensional space



degenerate

before degenerate

N

Hypothesis:

there is a sphere

In the middle

of the before sphere



forward

before

forward

degenerate
To do useful selections
the molecular machine
must avoid the degenerate sphere
It must choose the forward sphere



power

before

. forward

degenerate

Power = energy dissipated = velocity2
~|Power = distance between the forward
and the degenerate sphere
centers




noise

before

° forward

| degenerate

~|Noise = degenerate sphere radius

Thermal noise determines
the radius of the degenerate sphere



criterion

before

forward

degenerate

Criterion for distinct states:
forward does not touch degenerate

~|Power >-|Noise



N Dimensional Sphere Separation

Degenerate Sphere




N Dimensional Sphere Separation

Degenerate Sphere Forward Sphere

: \, NI

N Y AR
Al .'34‘\\3\" \

v a\L 3

\‘:. b ‘; ! \_
ST
\ 3 ‘,\ ‘\",‘\\'&‘.“}'
LIRS N\

\ g




N Dimensional Sphere Separation

Degenerate Sphere Forward Sphere
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N Dimensional Sphere Separation

Degenerate Sphere Forward Sphere

H vV Noise
%l vV Power

Energy dissipated to escape the Degenerate Sphere must exceed the Noise



N Dimensional Sphere Separation

Degenerate Sphere Forward Sphere

H vV Noise
%l vV Power

Energy dissipated to escape the Degenerate Sphere must exceed the Noise

v Power > v/ Noise
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CONSEQUENCES OF
THE DEGENERATE SPHERE HYPOTHESIS

The geometry gives:

v Power > v/ Noise

SO

P
ower <1

Noise

which when plugged into the efficiency formula:

Power
Emin In ( Noise + 1) (joules per bit)

E Power (joules per bit)
Noise

€t =

gives:

¢; = In2 =~ 0.6931



consequences

CONSEQUENCES OF
THE DEGENERATE SPHERE HYPOTHESIS

The geometry gives:

v Power > v/ Noise

SO

P
ower <1

Noise

which when plugged into the efficiency formula:

Power
Emin In ( Noise + 1) (joules per bit)

E Power (joules per bit)
Noise

€t =

gives: T. D. Schneider
Nucl. Acids Res.
¢ =In2~0.6931 |38: 5995-6006, 2010




Genetic Code

Why is the Genetic Code Degenerate?



The Genetic Code

First base in codon

O

>

Second base in codon

U

Phe
Phe
Leu
Leu

Leu
Leu
Leu
Leu

lle
lle
lle
Met

Val
Val
Val
Val

C

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thr
Thr
Thr
Thr

Ala
Ala
Ala
Ala

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys
opa
Trp

Arg
Arg
Arg
Arg

Ser
Ser
Arg
Arg

OrXPOC OXP0OC OXPOC OPOC

UOpPOI Ul aseq pJIyL




First base in codon

O

>

Second base in codon

U

Phe
Phe
Leu
Leu

Leu
Leu
Leu
Leu

lle
lle
lle
Met

Val
Val
Val
Val

C

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thr
Thr
Thr
Thr

Ala
Ala
Ala
Ala

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys
opa
Trp

Arg
Arg
Arg
Arg

Ser
Ser
Arg
Arg

OrXPOC OXP0OC OXPOC OPOC

UOpPOI Ul aseq pJIyL

The Genetic Code

64 codons
logy 64 = 6 bits/amino acid



The Genetic Code

First base in codon

O

>

Second base in codon

U

Phe
Phe
Leu
Leu

Leu
Leu
Leu
Leu

lle
lle
lle
Met

Val
Val
Val
Val

C

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thr
Thr
Thr
Thr

Ala
Ala
Ala
Ala

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys
opa
Trp

Arg
Arg
Arg
Arg

Ser
Ser
Arg
Arg

OrXPOC OXP0OC OXPOC OPOC

UOpPOI Ul aseq pJIyL

64 codons
logy 64 = 6 bits/amino acid

20 amino acids
logs 20 = 4.3 bits/amino acid



Efficiency of The Genetic Code

First base in codon

O

>

Second base in codon

U

Phe
Phe
Leu
Leu

Leu
Leu
Leu
Leu

lle
lle
lle
Met

Val
Val
Val
Val

C

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thr
Thr
Thr
Thr

Ala
Ala
Ala
Ala

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys
opa
Trp

Arg
Arg
Arg
Arg

Ser
Ser
Arg
Arg

OrXPOC OXP0OC OXPOC OPOC

UOpPOI Ul aseq pJIyL

64 codons
logy 64 = 6 bits/amino acid

20 amino acids
logs 20 = 4.3 bits/amino acid

Compute Efficiency
log, actual choices

€Er = : :
logo maximum choices
4.3
= — =0.72
6



Efficiency of The Genetic Code

First base in codon

O

>

Second base in codon

U

Phe
Phe
Leu
Leu

Leu
Leu
Leu
Leu

lle
lle
lle
Met

Val
Val
Val
Val

C

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thr
Thr
Thr
Thr

Ala
Ala
Ala
Ala

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys
opa
Trp

Arg
Arg
Arg
Arg

Ser
Ser
Arg
Arg

OrXPOC OXP0OC OXPOC OPOC

UOpPOI Ul aseq pJIyL

64 codons
logy 64 = 6 bits/amino acid

20 amino acids
logs 20 = 4.3 bits/amino acid

Compute Efficiency
log, actual choices

€Er = : :
logo maximum choices
4.3
= — =0.72
6

The Genetic Code fits the theory!




<S<CHLIXOTVOZZIrX—IOTmMIN>

105312331
17427433
67454442
77603281
48627269
83989735
27315242
69538797
65592630

119947552
27534150
53024966

10
61536653
49569998
71591890
918938484
69490771

397
80381739
15430467
37433671

Amino Acid Frequencies

Refine the Calculation

Obtain actual amino acid frequencies from the 50%
sequence identity non-redundant Protein Information

Resource (PIR) UniRef50 database, January 2011.
n = 1,240,702,008 = 1.2 x 10? amino acids



Amino Acid Frequencies

<S<CHLIXOTVOZZIrX—IOTmMIN>

105312381
17427433
67454442 Refine the Calculation
77603281
48627269 | Obtain actual amino acid frequencies from the 50%
83989735 | sequence identity non-redundant Protein Information

27315242 | Resource (PIR) UniRef50 database, January 2011.
69538797

65592680 | n = 1,240,702,008 = 1.2 x 10Y amino acids
119947552

27534150 | Compute the uncertainty:
53024966
10 Y
gégggggg Haa — Z Paa 10g2 Paa bits per amino acid
71591890 aa = A
91398484 = 4.170 bits per amino acid
69490771
397 That's what is actually accomplished by translation.
80381739
15430467
37433671




Compute the efficiency:

€r

4.170
6

Translational Efficiency

First base in codon

Second base in codon

U C A

Phe Ser Tyr
Phe Ser Tyr
Leu Ser och
Leu Ser amb

Leu Pro His
c Leu Pro His
Leu Pro Gin

Leu Pro Gin
lle Thr  Asn
A lle Thr  Asn
lle Thr Lys

Met Thr Lys

Val Ala Asp
G Val Ala Asp
Val Ala Glu
Val Ala Glu

G

Cys
Cys

OPXr0O0C OPOC OFPOC OP0OC

uopod ul aseq pAyL




Translational Efficiency

Compute the efficiency:

4.170

6
= 0.6949 Measured efficiency

€ =

First base in codon

@]

>

Second base in codon

U C A

Phe Ser Tyr
Phe Ser Tyr
Leu Ser och
Leu Ser amb

Leu Pro His
Leu Pro His
Leu Pro Gin
Leu Pro Gin

lle Thr  Asn
lle Thr  Asn
lle Thr Lys
Met Thr Lys

Val Ala Asp
Val Ala Asp
Val Ala Glu
Val Ala Glu

G

Cys
Cys

OPXr0O0C OPOC OFPOC OP0OC

uopod ul aseq pAyL




Translational Efficiency

Compute the efficiency:

Second base in codon

U C A G

Phe Ser Tyr Cys

o U Phe Ser Tyr Cys

6 Leu Ser och opa
p— —_— Leu Ser amb Tr

r p

6 Leu Pro His Arg

c Leu Pro His Arg

Leu Pro GIn Arg

Leu Pro GIn Arg

lle Thr Asn Ser
Thr Asn Ser

= 0.6949 Measured efficiency
€t = 0.6931 Theoretical maximum = 1n(2) le  Tor Lys A
0.0018 difference o VI Al A S

Val Ala Glu Gly
Val Ala Glu Gly

First base in codon

uopod ul aseq pAyL

OPXr0O0C OPOC OFPOC OP0OC

Since this comes from > 1 billion amino acids,
0.2% excess is significant!



Translational Efficiency

Compute the efficiency:

4.170
€ = —
6
= 0.6949 Measured efficiency
e¢ = 0.6931 Theoretical maximum = In(2)

0.0018 difference

Since this comes from > 1 billion amino acids,
0.2% excess is significant!

Theory violation! ... What’s Missing?

e Rare amino acids don't contribute much.

First base in codon

Second base in codon

U
Phe

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys

uopod ul aseq pAyL

OPXr0O0C OPOC OFPOC OP0OC




Translational Efficiency

Compute the efficiency:

4.170
€ = —
6
= 0.6949 Measured efficiency
e¢ = 0.6931 Theoretical maximum = In(2)

0.0018 difference

Since this comes from > 1 billion amino acids,
0.2% excess is significant!

Theory violation! ... What’s Missing?

e Rare amino acids don't contribute much.

e Removing the stop codons reduces the maximum from 6
bits to log, 61 = 5.931 bits and the efficiency would be
4.170/5.931 = 0.7031, so this makes the situation worse

and does not explain the discrepancy.

@]

>

First base in codon

@

Second base in codon

U

Phe
Phe

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys

uopod ul aseq pAyL

OPXr0O0C OPOC OFPOC OP0OC




Translational Efficiency

Compute the efficiency:

4.170
€ = —
6
= 0.6949 Measured efficiency
e¢ = 0.6931 Theoretical maximum = In(2)

0.0018 difference

Since this comes from > 1 billion amino acids,
0.2% excess is significant!

Theory violation! ... What’s Missing?

e Rare amino acids don't contribute much.

e Removing the stop codons reduces the maximum from 6
bits to log, 61 = 5.931 bits and the efficiency would be

4.170/5.931 = 0.7031, so this makes the situation worse
and does not explain the discrepancy.

e Iranslational error rate was not accounted for?

@]

>

First base in codon

@

Second base in codon

U

Phe
Phe

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys

uopod ul aseq pAyL

OPXr0O0C OPOC OFPOC OP0OC




Efficiency of the Genetic Code

Theory Violation! What's missing?
Error rate of transcription/translation was not accounted for.
See if we can compute it.

First base in codon

Second base in codon

U

Phe
Phe

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys
opa
Trp

OPXr0O0C OPOC OFPOC OP0OC

uopod ul aseq pAyL




Efficiency of the Genetic Code

Theory Violation! What's missing?
Error rate of transcription/translation was not accounted for.
See if we can compute it.

Compute Error Rate
Proper Computation:

_ Hyefore — Hafter _ 4.170 — Herror 1

6 6

€r

n2

First base in codon

Second base in codon

U

Phe
Phe

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys

OPXr0O0C OPOC OFPOC OP0OC

uopod ul aseq pAyL




Efficiency of the Genetic Code

Theory Violation! What's missing? Ve A
Error rate of transcription /translation was not accounted for. e S M

Leu Ser och

See if we can compute it. Tl

Leu Pro His
c Leu Pro His
Leu Pro Gin
Leu Pro Gin

lle Thr  Asn
Thr  Asn

Compute Error Rate
Proper Computation: AL

Val Ala Asp
_ Hpefore — Hafter _ 4.170 — Herror _ no | A A

First base in codon

€r

Second base in codon

G

Cys
Cys

OPXr0O0C OPOC OFPOC OP0OC

uopod ul aseq pAyL

6 6
Average probability of misincorporation, Perror determines the information

Herror = [—Perror logy Perror] + [—(1 — Perror) logs(1 — Perror)]




Efficiency of the Genetic Code

Theory Violation! What's missing?
Error rate of transcription/translation was not accounted for.
See if we can compute it.

Compute Error Rate
Proper Computation:

_ Hpefore — Hafter _ 4.170 — Herror .
6 6

€r

First base in codon

Second base in codon

U
Phe

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys

(%]
]
OPXr0O0C OPOC OFPOC OP0OC

uopod ul aseq pAyL

Average probability of misincorporation, Perror determines the information

Herror = [—Perror logy Perror] + [—(1 — Perror) logs(1 — Perror)]

Solving gives the theoretically predicted error rate of translation:

Perror = 0.94 x 1074 =~ 1 x 1072




Efficiency of the Genetic Code

Second base in codon

Theory Violation! What's missing? Loc oA o
Error rate of transcription/translation was not accounted for. L e T
. . Leu Ser och opa
See if we can compute it. Leu Ser amb Tip
Leu Pro His Arg

c Leu Pro His Arg

Leu Pro GIn Arg
Leu Pro GIn Arg

lle Thr Asn Ser

Compute Error Rate
Proper Computation:

Val Ala Asp Gly
_ Hbefore _ Hafter 4.170 — Herror Va Al Glu oy

— — 11’12 Val Ala Glu Gly

Thr Asn Ser
lle Thr Lys Arg
Met Thr Lys Arg

First base in codon
>
)

®
<
o
>
o

€r

uopod ul aseq pAyL

OPXr0O0C OPOC OFPOC OP0OC

6 6

Average probability of misincorporation, Perror determines the information lost:

Herror = [—Perror logy Perror] + [—(1 — Perror) logs(1 — Perror)]

Solving gives the theoretically predicted error rate of translation:

Perror = 0.94 x 1074 =~ 1 x 1072

Experimental data from Parker (1989) gave:

5x 107° to 3 x 10_3,
average ~ (1+1)x107°



Efficiency of the Genetic Code

Theory Violation! What's missing?
Error rate of transcription/translation was not accounted for.
See if we can compute it.

Compute Error Rate
Proper Computation:

_ Hpefore — Hafter _ 4.170 — Herror .
6 6

€r

Second base in codon

U
Phe

First base in codon

A

Tyr
Tyr
och
amb

His
His
GIn
GIn

Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys

OPXr0O0C OPOC OFPOC OP0OC

uopod ul aseq pAyL

Average probability of misincorporation, Perror determines the information

Herror = [—Perror logy Perror] + [—(1 — Perror) logs(1 — Perror)]

Solving gives the theoretically predicted error rate of translation:

Perror = 0.94 x 1074 =~ 1 x 1072

Experimental data from Parker (1989) gave:

5x 107° to 3 x 10_3,
average =~ (1+1) x 1073

The theory correctly predicts the error rate of translation




Combine:
Frequencies

Efficiency of the Genetic Code

of 1 billion amino acids

First base in codon

Second base in codon

U C A

Phe Ser Tyr
Phe Ser Tyr
Leu Ser och
Leu Ser amb

Leu Pro His

c Leu Pro His
Leu Pro Gin
Leu Pro Gin
lle Thr  Asn

A lle Thr  Asn
lle Thr Lys
Met Thr Lys

Val Ala Asp
G Val Ala Asp
Val Ala Glu
Val Ala Glu

G

Cys
Cys

OPXr0O0C OPOC OFPOC OP0OC

uopod ul aseq pAyL




Efficiency of the Genetic Code

Combine:

Frequencies of 1 billion amino acids

with

The known translational error rate, 1 x 1073

BcC

First base in codon

<<<K<<L === - CCUo
OCOD O@ODD® @M
espe o c22e 22337

OPXr0O0C OPOC OFPOC OP0OC

ulaseq pdiyL




Efficiency of the Genetic Code

Combine:

Frequencies of 1 billion amino acids

with

Second base in cod

U C A G
Phe Ser Tyr Cys U
U Phe Ser Tyr Cys C
Leu Ser och op A
Leu Ser amb Trp G
5 Leu Pro His Arg U
=e Leu Pro His Arg C
S Leu Pro GIn Arg A
c Leu Pro GIn Arg G
% lle Thr Asn Se U
Q5 lle Thr Asn Ser C
7 lle Thr Lys Arg A
T Met Thr Lys Arg G
Val Al Asp Gly U
G Vval Al Asp Gly C
Val Al Glu Gly A
Val Al Glu Gly G

ulaseq pdiyL

The known translational error rate, 1 x 1073

(Hao — H(Perror))/6

0.69304765 = measured efficiency




Efficiency of the Genetic Code

Second b d
U C A G
Phe Ser Tyr Cys U
U Phe Ser Tyr Cys C
Leu Ser och opa A
Leu Ser amb Trp G
5 Leu Pro His Arg U I
=e Leu Pro His Arg C 3
S Leu Pro GIn Arg A &S
c Leu Pro GIn Arg G g
- <= 2
COIIlblne. § lle  Thr Asn Ser U =
- = lle Thr Asn Ser C o
2™ lle Thr Lys Arg A 38
F : f 1 b. I I ' e .d I Met Thr Lys Arg G g
requencies o mion amino acids Val Aa Asp Gly U
G Vval Al Asp Gly C
" Val Al Glu Gly A
wit e g g

The known translational error rate, 1 x 1073

(Hao — H(Perror))/6
In(2)

0.69304765 = measured efficiency
0.69314718 = theoretical efficiency



Efficiency of the Genetic Code

Second base in cod
U C A G
Phe Ser Tyr Cys U
y Phe Ser Tyr Cys C
Leu Ser och op A
Leu Ser amb Trp G
5 Leu Pro His Arg U I
=e Leu Pro His Arg C 3
8§~ Leu Pro GIn Arg A S
c Leu Pro GIn Arg G g
n N ]
COlI lblne. § lle  Thr Asn Ser U =
- = lle Thr Asn Ser C o
2™ lle Thr Lys Arg A 38
F : f 1 b. I I ' e .d I Met Thr Lys Arg G g
requencies o mion amino acias Val Al Asp Gy U
G Vval Al Asp Gly C
" Val Al Glu Gly A
wit e g g

The known translational error rate, 1 x 1073

(Hao — H(Perror))/6
In(2)
A

0.69304765 = measured efficiency
0.69314718 = theoretical efficiency
0.000099530 = difference



Efficiency of the Genetic Code

d
@] C

<<<< ZT=== -
TOD oOOD® @O
Lpes o cccc cc
_‘
>
—
<
>
Q

ulaseq pdiyL

Combine:
Frequencies of 1 billion amino acids
with

First base in codon
>

®
OPXr0O0C OPOC OFPOC OP0OC

The known translational error rate, 1 x 1073

(Hao — H(Perror))/6
In(2)
A

0.69304765 = measured efficiency
0.69314718 = theoretical efficiency
0.000099530 = difference

The theory matches the data to 4 decimal places!
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Significance of 70% efficiency

e Establishes a novel mathematical field of biology
e 70% efficiency implies:

e Molecular machines function at channel capacity
e Molecular machines are coded
e Coding explains the low error rates in molecular biology

e Uses in research
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Significance of 70% efficiency

e Establishes a novel mathematical field of biology
e 70% efficiency implies:

e Molecular machines function at channel capacity
e Molecular machines are coded
e Coding explains the low error rates in molecular biology

e Uses in research

e Predict specific binding constants of proteins on DNA
from sequences

e Anomalies that do not match the theory unveil new phenomena

e Practical applications

¢ Understanding how molecules use energy

e Designing robust molecular devices that function with few errors
I.e. designing nanotechnologies at the engineering limit
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Web site:
TinyURL.com/tomschneider

Second base in codon

U C A G

Phe Ser Tyr Cys U
U Phe Ser Tyr Cys C
Leu Ser och opa A
Leu Ser amb Trp G
27 c Leu Pro His Arg U -
] =Ko Leu Pro His Arg C 3
_ S Leu Pro GIn Arg A S
- I= Leu Pro GIn Arg G 8
4 (9]
..@ 1_- % lle Thr Asn Ser U =
o 2 5 lle Thr Asn Ser C o
i <™ lle Thr Lys Arg A 8
_: T Met Thr Lys Arg G S
i Val Ala Asp Gly U
O_' G vVal Ala Asp Gly C
Val Ala Glu Gly A
g5’ Val Ala Glu Gly G


http://tinyuRL.com/tomschneider
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More Information Theory - 1

An Intuitive Approach

Information to chose one symbol from M symbols:

logy M (6)
—log, 1/ M.

1/M is like the probability of a symbol.

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

u; = — logy P;. (7)

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 (8)
Pailent = 1023/1024 (9)
Surprisal:
surprisalypy = —log,(1/1024) = 10 bits (10)
surprisalgiiant —log5(1023/1024) ~ 0 bits (11)

The average surprisal is called the uncertainty, H:

H = Ppipg > surprisalijne + Fgjlent X surprisalgjjent (12)

H = Pring X (_IOgQ(Pring)) + Psilent X (_IOgQ(PsiIent)) (13)
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More Information Theory - 3

For M symbols use the sum () ) notation:

M
H = ZPZ- X (surprisal forP;) (14)
i=1
M
= Y P x (—log, P) (15)
i=1
M

— Z P;log, P, bits per symbol (16)
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Information is a decrease in uncertainty

Hafter

R = Hpefore —

Example
equiprobable bases before:

Hp ofore = 2 bits/base

a sequence logo is computed from

(17)

1232 p53 binding sites

(18) i
,}\W
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More Information Theory - 4

Information is a decrease in uncertainty

1t = Hpefore — Hafter (17)
Example| a sequence logo is computed from
equiprobable bases before: 132 p53 binding sites
Hyofore = 2 bits/base (18) A
and 5! : AT
H ter uncertainty of bases giﬁ%‘oﬁﬂl—émgﬁ 333'

T
Z Pbase 1Og2 Pbase (]—9)

base=A

Note: with only one base, H o =0

so R = 2 bits/base.






Splice Junction Mutation by Sequence Walkers

* 60 * *70 *
S’ t|:| t t tt t t ttt 3
) ->

1 Ut 1 1donor 5.4 bits @60

x*6o * *70 *

5 at[@ot at ttatctogttt 3
->

1 Ut 1 1donor 2.4 bits @60

COL1A2 gene results in 50% exon skipping and Ehlers-Danlos syndrome
Rogan, Faux, Schneider, Human Mutation 12: 153-171 (1998)

http://alum.mit.edu/www /toms/papers/rfs


http://alum.mit.edu/www/toms/papers/rfs

Leaky Splice Junction Mutation

* *190 * *200

5’ []o t t ot 3’

Ut donor 8.8 bits @ 188
* x *190 * *200

5’ [E]o t tt 3’

Ut donor 5.7 bits @188

Lysosomal lipase gene [LIPA]

mild cholesterol ester storage disease with 4-9% enzymatic activity
Rogan, Faux, Schneider, Human Mutation 12: 153-171 (1998)

http://alum.mit.edu/www /toms/papers/rfs


http://alum.mit.edu/www/toms/papers/rfs

Polymorphic Variation Affects Splicing

* *440 * *450 * *460 * *470
5 t t t t t t gt t ttttttt] t tt 3
R
« + +« t t t ttttttett acceptor 10.9 bits @460
* * 440 * * 450 * * 460 * * 470
5 t t t t t t t gjt t tttt t] t tt 3
S
« + +« t t t t ttttett acceptor 9.0 bits @460
* * 440 * * 450 * * 460 * *470
5 1 t t t t t t t gt t tt t] t tt 3
Y [
« +« +« t t t t Tt ttttt acceptor 6.6 bits @460

Cystic fibrosis transmembrane regulator [CFTR]

Rogan, Faux, Schneider, Human Mutation 12: 153-171 (1998)

http://alum.mit.edu/www /toms/papers/rfs


http://alum.mit.edu/www/toms/papers/rfs

Cryptic Site Generation and Mutation of Natural Site

*5130 * *5140 * *5150 * *5160 *
5 1ttt t tttttttt ittt I:I tatctt ct 3’
(R
c et ttttttetetett acceptor 8.9 bits @5153
c et ttttttttett acceptor 12.7 bits @5154
*5130 * *5140 * *5150 l * *5160 *
5 1ttt t tttttttt ittt I___l tatctt ct 3’
pr
c et ttttttetetett acceptor 16.5 bits @5153
e et ttttttttett acceptor 4.5 bits @5154

Iduronidase synthetase gene [IDS]

Rogan, Faux, Schneider, Human Mutation 12: 153-171 (1998)

http://alum.mit.edu/www /toms/papers/rfs


http://alum.mit.edu/www/toms/papers/rfs

	El Duomo, Florence, Italy
	Information Theory: One-Minute Lesson
	Sequence Logo5- and Sequence Walker
	Sequence Walkers in the Lac Promoter
	Predicting splicing mutations using information theory
	Medical Applications of Sequence Walkers
	Discovering p53/p63/p73 controlled genes
	Discovering p53/p63/p73 controlled genes
	Discovery of a 7th Bacteriophage  Operator
	Bacteriophage  Oop promoter: controlled by CI/Cro?
	Bacteriophage  Oop promoter Cro site
	Predicting Small Open Reading Frames in E. coli
	Advanced Molecular Information Theory
	Information of EcoRI DNA Binding
	Energy Dissipation by EcoRI
	[]pdfmark=/DEST,linktype=anchor,View=/XYZ H.V,DestAnchor=efflinkInformation/Energy = Efficiency of EcoRI5- = 70%
	Theoretical Efficiency
	Lock and Key
	1 Dimension
	Bowles in 2 Dimensions
	Spheres in 3 Dimensions
	N Dimensional Sphere
	Spheres tighten in high dimensions
	Energy and velocity
	Sphere Packing
	hyperdirection
	two
	degenerate
	forward
	power
	noise
	criterion
	N Dimensional Sphere Separation
	consequences
	Genetic Code
	4-Efficiency of The Genetic Code
	Amino Acid Frequencies
	Translational Efficiency
	Efficiency of the Genetic Code
	Efficiency of the Genetic Code
	 Significance of 70% efficiency 
	
	
	Black Slide ——– 
	Version
	Proof that Py > Ny, < ln(2) 
	More Information Theory - 1
	More Information Theory - 2
	More Information Theory - 3
	More Information Theory - 4
	Black Slide ——– 
	Splice Junction Mutation by Sequence Walkers
	Leaky Splice Junction Mutation
	Polymorphic Variation Affects Splicing
	Cryptic Site Generation and Mutation of Natural Site

