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Nucl. Acids Res.
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  1 ttattaatacaactcactataaggagag
  2 aaatcaatacgactcactatagagggac
  3 cggttaatacgactcactataggagaac
  4 gaagtaatacgactcagtatagggacaa
  5 taattaattgaactcactaaagggagac
  6 cgcttaatacgactcactaaaggagaca

 17 Bacteriophage T7 RNA polymerase binding sites
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Advanced Molecular Information Theory

Information versus Energy
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• EcoRI - restriction enzyme

• EcoRI binds DNA at 5′ GAATTC 3′

• 46 = 4096 possible DNA hexamers

• information required:
log2 4096 = 12 bits
or
6 bases × 2 bits per base = 12 bits
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Energy Dissipation by EcoRI

• Measured specific binding constant:

Kspec = 1.6× 105

• Average energy dissipated by one molecule as it binds:

∆G◦

spec = −kBT lnKspec (joules per binding)

• The Second Law of Thermodynamics as a conversion factor:

Emin = kBT ln 2 (joules per bit)

• Number of bits that could have been selected:

Renergy = −∆G◦/Emin

= kBT lnKspec/kBT ln 2

= log2Kspec ⇐ SO SIMPLE!

= 17.3 bits per binding
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EcoRI could have made 17.3 binary choices
. . . but it only made 12 choices.

Efficiency is
‘WORK’ DONE / ENERGY DISSIPATED

12 bits per binding

17.3 bits per binding
= 0.7

The efficiency is 70%.

18 out of 19 DNA binding proteins give ∼70% efficiency.
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70% efficiency appears widely in biology:

• DNA - protein binding

• rhodopsin
• muscle

• other systems

Why 70% efficiency?
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The curve is an upper bound

• If Py/Ny = 1 the efficiency is 70%!

http://www.ncbi.nlm.nih.gov/pubmed/20562221
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Genetic Code

Why is the Genetic Code Degenerate?
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The Genetic Code fits the theory!
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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× 109 amino acids
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U 477
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W 16751452
Y 40544232

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× 109 amino acids

Compute the uncertainty:

Haa = −
Y∑

aa = A

Paa log2 Paa bits per amino acid

= 4.170 bits per amino acid

That’s what is actually accomplished by translation.
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Since this comes from > 1 billion amino acids,
0.2% excess is significant!
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4.170/5.931 = 0.7031, so this makes the situation worse
and does not explain the discrepancy.
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4.170/5.931 = 0.7031, so this makes the situation worse
and does not explain the discrepancy.

• Translational error rate was not accounted for?
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Theory Violation! What’s missing?
Error rate of transcription/translation was not accounted for.
See if we can compute it.
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Compute Error Rate
Proper Computation:
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6
=

4.170−Herror
6

= ln 2
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Average probability of misincorporation, Perror determines the information lost:

Herror = [−Perror log2 Perror] + [−(1− Perror) log2(1− Perror)]
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Solving gives the theoretically predicted error rate of translation:

Perror = 0.94× 10−4 ≈ 1× 10−3
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Experimental data from Parker (1989) gave:

5× 10−5 to 3× 10−3,

average ≈ (1± 1)× 10−3
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The theory correctly predicts the error rate of translation
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Combine:
Frequencies of >1 billion amino acids
with
The known translational error rate, 1× 10

−3

(Haa −H(Perror))/6 = 0.69304765 = measured efficiency
ln(2) = 0.69314718 = theoretical efficiency

∆ = 0.00009953 = difference

The theory matches the data to 4 decimal places!
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. . . so the genetic code is optimally efficient molecular machine

• . . . so Py/Ny ≥ 1

• . . . so the amino acid states are distinct
high dimensional spheres

• . . . and there is good sphere packing:
the spheres do not intersect.

• The price for having distinct states is ‘degeneracy’.
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