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When proteins structures were first solved many 
were surprised that the subunits of the 

macroscopic symmetric structures turned out to 
be asymmetric.
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Monomer Proteins 
are Rare

E. Coli  (Goodsel + Olson 2000)

Only 1/5th of proteins are monomers

Most frequent form is symmetric homo 
dimer
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Why?
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Evolution “creates” 
symmetry because it....

 ...benefits the organism
 ...is a side effect 
 ...sensitizes evolution
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The sad secret of 
arguments about 

evolutionary history

(Can’t truly quantitatively say how much any effect really mattered)
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Our Pre-evolutionary 
hypothesis
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Our Pre-evolutionary 
hypothesis

Evolutionary selection can’t favor anything that is not 
formed long enough to convey a fitness advantage.

only low binding energies are competent
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Our Pre-evolutionary 
hypothesis

Evolutionary selection can’t favor anything that is not 
formed long enough to convey a fitness advantage.

only low binding energies are competent

The sub-population of low energy random 
homo-dimer is overwhelmingly symmetric.

Quantitatively sufficient to account for the 
prevalence of dimer symmetry in the Protein Data 
Base.
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! 

S
dev
" dist(A,B') # dist(B,A')

Measuring “nearly” symmetric
C2 symmetry: atom pairs obey:

        Distance(A->B’) = Distance (B->A’)
 

Asymmetric

Symmetric

|A-B’| ! |A’-B| 

|A-B’| = |A’-B| 
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Random Docking

Sdev ≡
1
N

∑

N

|dist(A,B′)− dist(A′, B)|
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Random Docking

Sdev ≡
1
N

∑

N

|dist(A,B′)− dist(A′, B)|

Sdev=0
Symmetric

Sdev >> 0
Asymmetric
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Random Docking
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Randomly Docked Homodimers

More LessSymmetry

Perfect symmetry has vanishingly small probability
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Randomly Docked Homodimers

More LessSymmetry

Perfect symmetry has vanishingly small probability
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Randomly Docked Homodimers

More LessSymmetry

Perfect symmetry has vanishingly small probability

Ellipsiod
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Density of States

Sdev density of states asymptotically linear:

P (Sdev) ≈ const ∗ Sdev

R2
g
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Natural Homodimers are 
far more symmetric than 

random complexes 

Distribution 
of 796 
Natural 

Homodimers
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How does Symmetry 
Affect Binding Energy?
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Docking Energy Distribution

Randomly Docked Homodimers

More LessSymmetry

Perfect symmetry has vanishingly small probability
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Docking Energy Distribution

Symmetric case has same 
mean but wider variance
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Variance of the Energy

Real Mononmer w/ full 
potential

Close-packed ellipsoid 
w/ Lennard-Jones

σ2
asym ×






1 for Sdev " V an der Waals radius
1 + ρ for Sdev < RV dW

2 for Sdev == 0
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Symmetric Conformations:
half as many independent 

interactions but each occurs twice

E(A,B’) + E(A’,B)
Asymmetric

Symmetric

|A-B’| ! |A’-B| 

|A-B’| = |A’-B| 

Betting Twice as Much Half as Often, Doubles the Variance
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The Joint Distribution

P (E,Sdev) = P (E|Sdev)P (Sdev)
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The Joint Distribution

P (E,Sdev) = P (E|Sdev)P (Sdev)

Density of States
of Sdev

P (Sdev) ≈ const ∗ Sdev

R2
g
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The Joint Distribution

P (E,Sdev) = P (E|Sdev)P (Sdev)

Energy Distribution
given Sdev x

Density of States
of Sdev

P (Sdev) ≈ const ∗ Sdev

R2
g
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The Joint Distribution

P (E,Sdev) = P (E|Sdev)P (Sdev)

Energy Distribution
given Sdev x

P (E|Sdev) =
1

σ(Sdev)
√

2π
exp(

−E2

2σ(Sdev)2
)

Density of States
of Sdev

P (Sdev) ≈ const ∗ Sdev

R2
g
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VIII. Supplementary figures 

 

 

Figure S1: Distribution of interaction energy for symmetric and asymmetric 

arrangements after random docking without optimization. Asymmetric (black) 

complexes; symmetric complexes (green). 

 

 

 

Figure S2: Distribution of changes in interaction energy after mutation to all possible 

residues for asymmetric (black) and symmetric (red) complexes for the lowest 2.5% 

energy structures after full atom Monte Carlo Minimization of randomly docked 

complexes. 
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Figure S2: Distribution of changes in interaction energy after mutation to all possible 

residues for asymmetric (black) and symmetric (red) complexes for the lowest 2.5% 

energy structures after full atom Monte Carlo Minimization of randomly docked 

complexes. 
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“Function Competence”

Unless a dimer is formed a significant 
fraction of the time, it can’t perform any 
action useful to the organism

Evolutionary Selection will be blind to 
dimers with binding energies much greater 

than the entropic barrier, E’

P (Sdev|E < E′) = const×
∫ E′

−∞
P (E,Sdev)dE
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Not a math test.
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Family of curves for different entropic energy 
barriers E’

almost no adjustable parameters

const× Sdev

R2
gσ0

√
1 + exp

(
−S2

dev
2L2

)
∫ E′

−∞
exp

(
−E2

2σ2
0(1+exp

„
−S2

dev
2L2

«
)

dE

Symmetry distribution of 
function-competent dimers

P (Sdev|E < E′) =
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As barrier rises, the distribution becomes more 
symmetric

8 

Ubiquitin 1ogw 152 0.03 0.18/0.19 1.9 

Ribosome binding factor 1tif 118 0.03 0.29/0.35 2.9 

cheY 2chy 256 0.02 0.10/0.19 3.2 

Fatty acid binding protein 1lfo 252 0.01 0.10/0.15 2.6 

 

 

Figure 1: Emergence of symmetry from ensembles of randomly docked 

homodimeric complexes. a) Comparison of Sdev distributions for interacting 

spheres, complexes formed by randomly docking monomeric proteins, and 

native protein homo-dimers.  Solid blue:  numerical solution of supplementary 

equation 1 for contacting spheres; dashed blue, analytic solution (equation 1) 

for spheres at infinite distance; yellow (1hz6), green (1ogw), and brown (2chy), 

numerical results for random protein homo-dimer complexes generated by 

explicit protein docking; red line, Sdev distribution of 796 naturally occurring 

protein homo-dimer structures.  The y-axis is broken to accommodate the sharp 

peak near Sdev=0 for the naturally occurring complexes. b) Increase in 

symmetry in random homo-dimeric complexes with increasingly stringent 

P(Sdev | E<E’)

Distribution of 
Partial Symmetry
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Distribution of Symmetry

As binding 
barrier rises, 
the distribution 
becomes more 
symmetric

P(Sdev | E<E’)

Model

Simulation
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Symmetry “Phase Transition”

Strongest 
binders are 
nearly 100% 
symmetric

nearly all 
function-
competent 
complexes will 
be symmetric!
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Conclusions

Symmetry is merely a thermodynamic side-effect

not because of a specific functional advantage

Effect is always present and magnitude is sufficient 
to quantitatively explain observed symmetry bias.

Energy tail outcompetes declining density of states.
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