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Three Principles of Biological
States: Ecology and Cancer
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Molecular Information Theory Group
Center for Cancer Research
Gene Regulation and Chromosome Biology Laboratory
National Cancer Institute
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Information Theory: One-Minute Lesson
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Information of EcoRlI DNA Binding
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Information of EcoRlI DNA Binding

EcoRI - restriction enzyme
EcoRI binds DNA at® GAATTC 3°

EcoRI sites




Information of EcoRlI DNA Binding

EcoRI - restriction enzyme
EcoRI binds DNA at® GAATTC 3°

information required: EcoRlI sites
6 bases 2 bits per base= |12 bits
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Measured speci ¢ binding constant:
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Energy Dissipation by EcoRI

Measured speci ¢ binding constant:

Kspec=1:6 10° -

Average energy dissipated by one molecule as it binds:

Gepec = kT INKgpec  (Joules per binding)
The Second Law of Thermodynamics as a conversion factor:
Enin = kgTIn2  (joules per bit)
Number of bits that could have been selected:

Renergy = G =Enin
= IogzKSpeC ( SO SIMPLE!

= |17.3 bits per binding
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Information/Energy = E ciency of EcoRl

EcoRI could have made 17.3 binary choices

...but it only made 12 choices. 27

E ciency Is " :

"WORK' DONE / ENERGY DISSIPATED £ 17
bits per binding _0-7

17:3 bits per binding 0-
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Information/Energy = E ciency of EcoRI = 70%

EcoRI could have made 17.3 binary choices
...but it only made 12 choices. 27
E ciency is ” :
"WORK' DONE / ENERGY DISSIPATED S 1
12 bits per binding _ E
17:3 bits per binding 0-
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The e ciency is 70%.
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Information/Energy = E ciency of EcoRI = 70%

EcoRI could have made 17.3 binary choices EcoRI sites
... but it only made 12 choices. 2_; --Al
E ciency is ’ 3
"WORK' DONE / ENERGY DISSIPATED £ 17
12 bits per binding E vl
. —— =07 :
17:3 bits per binding Oodam< o
o¢

The e ciency is 70%.

18 out of 19 DNA binding proteins give  70% e ciency.
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Rhodopsin Shape Change
Dark State

P. Scheerer et al. Nature 455, 497-502(2008) doi:10.1038maD7330


http://www.ncbi.nlm.nih.gov/pubmed/18818650
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Rhodopsin Shape Change
Dark State After Photon - Light State

P. Scheerer et al. Nature 455, 497-502(2008) doi:10.1038maD7330
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P. Scheerer et al. Nature 455, 497-502(2008) doi:10.1038maD7330
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Rhodopsin Shape Change
Dark State After Photon - Light State

P. Scheerer et al. Nature 455, 497-502(2008) doi:10.1038maD7330


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

Rhodopsin Shape Change
Dark State After Photon - Light State

g% 30%

4 =

P. Scheerer et al. Nature 455, 497-502(2008) doi:10.1038maD7330


http://www.ncbi.nlm.nih.gov/pubmed/18818650
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Why are molecular machines 70% e cient?

EcoRl sites
70% e ciency appears widely in biology: 2 .-AI
DNA - protein binding
rhodopsin
muscle

other systems

Why 70% e ciency?




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
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Pin motionx has a Gaussian distribution:
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Gaussians

Pin motionx has a Gaussian distribution:
1 (x_ )2 Py’
e 22
2 2 "
= mean, = standard deviation

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

Drunkard's walk: Galton's quincunx device!

p(x) = P

A ™ M [o] The_Amazing_Normal_Distribution_Function.flv
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http://www.youtube.com/watch?v=xDIyAOBa_yU
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Two Gaussians

1 x_ )2 2
e 77 e (1)
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p(x) = P
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Two Gaussians

1 (x )2

p(x) = P

dh

X

P(X,y)
M

2

e 22 [ e
2

p(X;y) = p(X)

2

(1)

(2)
(3)



Two Gaussians

p(x) = pzl >° T e (1)
(2)
p(X,y) pO;y) = p(X) (3)
A7) N
[
\y




Two Gaussians

p(x) = pzl 2e(XT)r2/ e (1)
(2)
p(X,y) p(xy) = p(x) (3)
/e (4)
! 2
/ 7\ / .
\y




Two Gaussians

p(x) = pzl >° T e (1)

(2)

p(X,y) pP(x;y) = p(x) (3)
/e (4)

/ e 0V (5)

X / e " (6)

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



Two Gaussians

1 x_ )2 2
e 77 | e (1)
2 2

p(x) = P

(2)

D(X,Y) p(xy) = p(x) (3)
/| eXx (4)
e (x2+y?) (5)

e (6)

/
/

If p(x;y) Is a constant,
thenr IS a constant.

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



Two Gaussians

1 x_ )2 2
e 77 | e (1)
2 2

(2)

D(X,Y) p(xy) = p(x) (3)
/| eXx (4)
e (x2+y?) (5)

e (6)

/
/

If p(x;y) Is a constant,
thenr IS a constant.

Circular distribution|

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



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
1.00A
D=1
0.90-
0.80-
0.70-

<0 R A A & 1N

0.50+

0.40+

0.304 D=4

0.201 D=8
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Normalized Radius




Good Sphere Packing

Good packing of spheres
gives a molecule

the capacity
to make selections e ciently




N Dimensional Sphere Separation

Degenerate Sphere
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N Dimensional Sphere Separation

Degenerate Sphere Forward Sphere
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Energy dissipated to escape the Degenerate Sphere must exbeeddise



N Dimensional Sphere Separation

Degenerate Sphere Forward Sphere
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Theoretical Isothermal E ciency

For molecular states of molecules withpace parts'
Py energy Is dissipated for nois¢y, and

Cy = dspacel0gy(Py=Ny + 1) machine capacity

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


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

Theoretical Isothermal E ciency

For molecular states of molecules withpace parts'
Py energy Is dissipated for nois¢y, and

Cy = dspacel0gy(Py=Ny + 1) machine capacity

t = 5 molecular e ciency

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


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

Theoretical Isothermal E ciency

For molecular states of molecules withpace parts'
Py energy Is dissipated for nois¢y, and

Cy = dspacel0gy(Py=Ny + 1) machine capacity

1.00 ~

0.69 +

0.55 1

0.46 -
0.40 1

0.00

The curve is an upper bound

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


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

Theoretical Isothermal E ciency

For molecular states of molecules withpace parts'
Py energy Is dissipated for nois¢y, and

Cy = dspacel0gy(Py=Ny + 1) machine capacity

1.00 ~

0.69 +

0.55 1

0.46 -
0.40 1

0.00

The curve is an upper bound

If Py=Ny =1 the e ciency is 70%!

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


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

Magnesium bound by EcoRI

O2P

: ozA O1 P) ‘ 3

@1.90»&
1.82A 2.07A \ A
1 .94A_,_.--""‘ 11.85A




Magnesium bound by EcoRI
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Mg?* bound to EcoRI has 6 coordination bonds
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O1P

2. D?A-
\ 1 QUA
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Mg?* bound to EcoRI has 6 coordination bonds

HYPOTHESIS: each bond either exists or not
so a bond counts as a single bit

The binding constant for M§" to EcoRI isKp =3:0 1.1 mM

Kurpiewskiet. al Structure 12: 1775-1788, 2004
Jen-Jacobson EMBO J, 15, 2870-2882, 1996
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Magnesium bound by EcoRI

O1P

2. D?A-
\ 1 QUA

194A 185A

Mg?* bound to EcoRI has 6 coordination bonds

HYPOTHESIS: each bond either exists or not
so a bond counts as a single bit

The binding constant for M§" to EcoRl isKp =3:0 1:1 mM

Eciency = gz%s5=0:72 0:05

Kurpiewskiet. al Structure 12: 1775-1788, 2004
Jen-Jacobson EMBO J, 15, 2870-2882, 1996



Ecosystem Evenness

Even ecosystem:
all species equally represented

evenness 100%

http://en.wikipedia.org/wiki/Noah%27s_Ark , http://en.wikipedia.org/wiki/Maize


http://en.wikipedia.org/wiki/Noah%27s_Ark
http://en.wikipedia.org/wiki/Maize

Ecosystem Evenness

Even ecosystem:
all species equally represented

evenness 100%

Uneven ecosystem:
one species dominates k

evenness 0%

http://en.wikipedia.org/wiki/Noah%27s_Ark , http://en.wikipedia.org/wiki/Maize


http://en.wikipedia.org/wiki/Noah%27s_Ark
http://en.wikipedia.org/wiki/Maize

Ecological E ciency = Evenness'

Family

Images: http://en.wikipedia.org/wiki, Flea, Nucleafamily, Gold sh, Cat, Dog
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Ecological E ciency = Evenness'
4 humans 1 dog 2 cats

Family

Shannon Diversity (= uncertainty) foM =5 species with probabilitiep; :
X

pilog,pi =1:72 Dbits per species
i=1

L
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Ecological E ciency = Evenness'
4 humans 2 cats

E

Family

X
H = pilog,pi =1:72 Dbits per species

-
Maximum Diversity: |
Hmax =log,M =2:32 Dits per species

Images: http://en.wikipedia.org/wiki, Flea, Nucleafamily, Gold sh, Cat, Dog
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Shannon Diversity (= uncertainty) foM =5 species with probabilitiep; :

X
H = pilog,pi =1:72 Dbits per species
i=1

Maximum Diversity:
Hmax =log,M =2:32 Dits per species

Normalized Shannon Diversity = \evenness":
J = H=Hmax =0:69

Images: http://en.wikipedia.org/wiki, Flea, Nucleafamily, Gold sh, Cat, Dog
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Evelyn Pielou's First Evenness Measure was 0:7!
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Normalized Shannon Diversity distribution of ground \estomat
from Pielou 1966

Pieloul966Theoret. Biol. (1966) 13, 131-144




Normalized Shannon diversity of Estuarine sh
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70 sh species from a
Georgia salt marsh estuar
Sapelo Sound, Georgia.

Dahlberg.Odum197@&m. Midland Nat., 83:382-392, 1970.




Tropical forest trees

Normalized Shannon Diversity
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Barro Colorado Island data havelO
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Condit.Yamakura200®cience, 288:1414-1418, 2000




Sponge microbiota

Normalized Shannon Diversity

0.90-
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040 | | | | | | | | | | 1
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Number

The mean and standard deviation &9 0:06.
Dashed line is an 2 = 0:69.

Schmitt. Taylor2012ISME J, 6:564-576, 2012




Serpentine Grassland

Jessica Green recorded the number of all plant species
In 256 subdivisions of an 8m 8m plot in Yolo county, CA.

Green.Ostling200&cology Letters, 6:919-928, 2003




Serpentine Grassland
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0.00

Normalized Shannon Diversity in serpentine grassland

Jessica Green recorded the number of all plant species
In 256 subdivisions of an 8m 8m plot in Yolo county, CA.

Compute the evenness for each subdivision

Green.Ostling200&cology Letters, 6:919-928, 2003




Serpentine Grassland

Normalized Shannon Diversity of Serpentine Grassland
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Plot the histogram of the 256 subdivisions.

Green.Ostling200&cology Letters, 6:919-928, 2003




Serpentine Grassland

Normalized Shannon Diversity of Serpentine Grassland
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Plot the histogram of the 256 subdivisions.

The evenness for the 256 subdivisionze®7 0:137
standard error of the mear@:009
Dashed line is dn 2 = 0:693

Green.Ostling200&cology Letters, 6:919-928, 2003




Serpentine Grassland

Normalized Shannon Diversity of Serpentine Grassland Normalized Shannon Diversity
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Plot the histogram of the 256 subdivisions.

The evenness for the 256 subdivisionze®7 0:137
standard error of the mear@:009
Dashed line is dn 2 = 0:693

The measured normalized Shannon diversity converges to nea
0.7 as the number of species increases per subdivision.

Green.Ostling200&cology Letters, 6:919-928, 2003




Why 70% Evenness Appears in Ecology? It's the Same Math!

McArthur's famous Cape May Warblers:
5 species sharing conifer trees - %E%‘k%“ B>
Why don't they con ict?

MacArthur1958Ecology, 39:599-619, 195&;ausel934d he Struggle for Existence




Why 70% Evenness Appears in Ecology? It's the Same Math!

McArthur's famous Cape May Warblers: %&%&ﬁ%

5 species sharing conifer trees -

Why don't they con ict? A A A A
Nest heights of warblers ﬁul ,f;—f N AN &
g .“_IA & .I‘:"l | I
Number of®
Nests
1: Ck_?_g_:'j

10 20 20 40 50 &0

15
10
5 Myrtle
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15

10 B.t.

10 20 30 40 S50 &0

15
s Blach~
5 burniar.
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20 a0 40 50 [:1#]
15
L braeasted
e
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Height of nests in feet

Fie. 8. Nesting heights of warhlers,
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Marine Reef Fish

Smoothing using Matlab reveals two peaks.

The x axis (species counts) is on a log scale.

The colors were selected to show the two peaks, which appear
around 0.70 and 0.55.

Stuart-Smith.Edgar2013Nature, 501:539-542, 2013




Marine Reef Fish

Smoothing using Matlab reveals two peaks.
The x axis (species counts) is on a log scale.

The colors were selected to show the two peaks, which appear
around 0.70 and 0.55.

Perspective view
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The Discovery of Class 2 Biological Systems!

t = 5 molecular e ciency

T. D. Schneider, Nucleic Acids Research (2010) 38: 5995-6006
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Environment State Evennes$?=N Class
Scrub unburned 0.73 0.821 - O ol Sy
Scrub burned 0.55 1.994
Steppe unburned 0.47 2.891
Steppe burned 0.45 3.177
The P=N ratio can be compute8ACKWARDS
from the evenness using
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with Newton's method o
assuming evenness is maximized for a gRseN.

The Class given in the table is the roundeeN value.

Class 3 has an evenness™8f*- = 0:46, between the Steepe values!

Hypothesis: Class 2 and Class 3 are stressed ecosystems
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Birds from Audubon Christmas Bird Count
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Human gut microbiota gavaged into mice

Bacterial diversity
0.90,

0.80 -

0.70 -

o.e0 +brrvo——+—"—-r-—+——
0123456 7 8 91011121314151617181920

Diet number

Faith et. al counted species of bacteria under di erent diet regimens.

Faith.Gordon2011Science, 333:101-104, 2011
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E ect of cipro oxacin on human gut microbiota diversity
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Pennsylvanian Community, 320 to 300 Ma
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Cambrian Burgess Shale Community, 510 to 505 Ma
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Trilobite to Brachiopod transition, 472 Ma
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The community was from the lower to the middle Ordovician.

Finnegan.Droser200Paleobiology, 31(3):480-502, 2005




Trilobite to Brachiopod transition, 472 Ma
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The community was from the lower to the middle Ordovician.
The data appear to indicate that the ecologies were eithes<Cl

1 or Class 3.
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White blood cell counts: healthy people
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CBC with di erential: (Neutrophil, Eosinophil, BasopHiym-
phocyte and Monocyte) were obtained for healthy volunteers

(n = 6241) and leukemia patientsn( = 6924). Data peak
at 0:61 0:8. at NIH in 2007.

Data were obtained fronhttp://btris.nih.gov/ in March 2013
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White blood cell counts: leukemia patients
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phocyte and Monocyte) were obtained for healthy volunteers

(n = 6241) and leukemia patientsn( = 6924). Data peak
at 0:61 0:8. at NIH in 2007.

Leukemia patients still peak0:6 but the distribution strongly
spreads to lower evenness suggesting this is a Class 2diseas

Data were obtained fronhttp://btris.nih.gov/ in March 2013
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Caenorhabditis elegans
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Caenorhabditis elegans cell divisions

Figure 8. The egg, seen i MNomarsla opiscs, froam pronaecle ar fuson o hatching

J. E. Sulston, Nobel Lecture, 200&tp://tinyurl.com/Sulston2002
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Caenorhabditis elegans Lineage

J. E. Sulstonet. al Developmental Biology 100, 64-119 (1983)



Caenorhabditis elegans Lineage

X = Cell died

J. E. Sulstonet. al Developmental Biology 100, 64-119 (1983)



Caenorhabditis elegans Lineage Evenness

Sex Stage Deaths Number of Cells H EvenneSP from Z
Counted Cell TypesM Counted (bits) In2
hermaphrodite L1 + 22 671 3.192 0:721 0:.008 0.028 3.630
hermaphrodite L1 - 21 558 3.051 0:701 0:009 0.007 0.855
hermaphrodite adult + 20 1090 3.136 0:728 0:005 0.035 7.682
hermaphrodite adult - 19 959 2.962 0:700 0:005 0.007 1.494
male L1 + 22 671 3.189 0:720 0:008 0.027 3.557
male L1 - 21 560 3.046 0:699 0:009 0.006 0.709
male adult + 20 1179 3.096 0:719 0:004 0.026 6.188
male adult - 19 1031 2.917 0:690 0:004 -0.003 -0.760

The Embryonic Cell Lineage of the Nematode Caenorhabditis elegans
J. E. Sulston, E. Schierenberg, J. G. White, and J. N. Thomson
Developmental Biology 100, 64-119 (1983)



Caenorhabditis elegans Lineage Evenness

Sex Stage Deaths Number of Cells H EvenneSP from Z
Counted Cell TypesM Counted (bits) In2
hermaphrodite L1 + 22 671 3.192 0:721 0:.008 0.028 3.630
hermaphrodite L1 - 21 558 3.051 0:701 0:009 0.007 0.855
hermaphrodite adult + 20 1090 3.136 0:728 0:005 0.035 7.682
hermaphrodite adult - 19 959 2.962 0:700 0:005 0.007 1.494
male L1 + 22 671 3.189 0:720 0:008 0.027 3.557
male L1 - 21 560 3.046 0:699 0:009 0.006 0.709
male adult + 20 1179 3.096 0:719 0:004 0.026 6.188
male adult - 19 1031 2.917 0:690 0:004 -0.003 -0.760

The Embryonic Cell Lineage of the Nematode Caenorhabditis elegans
J. E. Sulston, E. Schierenberg, J. G. White, and J. N. Thomson
Developmental Biology 100, 64-119 (1983)

L] Including dead cells always gives a large deviation from thedry 3 St. dev.
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Maybe cells die to avoid exceeding the channel capacity= Cell died
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Cancer Incidence WHO data 2007
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Same results in 1992 and 2007: cancer type evennesy ®6
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Same results in 1992 and 2007: cancer type evennesy ®6

Hypothesis:

Cancer is a proxy for cell types, tissues or cell control system
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Same results in 1992 and 2007: cancer type evennesy ®6

Hypothesis:
Cancer is a proxy for cell types, tissues or cell control system

Human development is &lass 1 biological system!
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 18, ages 85+
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 17, ages 80 to 84
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Evenness for both sexes, age group 16, ages 75 to 79
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 15, ages 70 to 74
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 14, ages 65 to 69
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 13, ages 60 to 64
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 12, ages 55 to 59
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 11, ages 50 to 54
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 10, ages 45 to 49
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 9, ages 40 to 44
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 8, ages 35 to 39
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 7, ages 30 to 34

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Number of Cancer Registries, WHO data 2007



Cancer Incidence WHO data 2007

Evenness for both sexes, age group 6, ages 25 to 29
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 5, ages 20 to 24
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 4, ages 15 to 19
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 3, ages 10 to 14
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 2, ages 5to 9
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Cancer Incidence WHO data 2007

Evenness for both sexes, age group 1, ages 0to 4
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Evenness for both sexes, ¢
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Cancer Incidence WHO data 2007

Evenness for both sexes, ¢
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Evenness for both sexes, ¢
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Separation of states

These Principles imply that the isothermal e ciency wilk be
0.69, 0.55, 0.46 ...
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