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The function of eukaryotic genes is not solely determined by the information encoded linearly in its 

regulatory and structural sequences, but is also directly controlled by the three dimensional organization of 
DNA in chromatin, and its molecular interaction with its nuclear environment. This structural aspect of 
functional organization is particularly important for promoter regions where molecular interactions are 
determined primarily by local biophysical properties of DNA, such as local deformability or propensity to 
bind various regulatory factors. Biophysical properties of DNA, particularly those affecting the formation of 
chromatin structure, are often sequence-dependent, resulting in sequence patterns related to higher levels of 
chromatin organization in the genome [1-3] that are superimposed over the conventional functional codes 
(i.e. short regulatory elements and amino acid codons).  The interaction of DNA with histones to form 
nucleosomes defines the most primary level of spatial organization in the nucleus which affects gene 
regulation.  

 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

-600 -400 -200 0 200 400 600

800

805

810

815

820

825

830

835

position relative to start codon

local minimum 
deformation energy

frequency of selection
white = purifying
black = positive TATA-less genes

0

0.05

0.1

0.15

0.2

0.25

790

795

800

805

810

815

820

825

830

835

TATA-containing genes

 
 

Figure 1. Frequency of purifying and positive natural selection (histograms)on local minimum deformation energy (lines) 
detected using the RM test in TATA-containing and TATA-less genes in yeast 

 
The computational prediction of nucleosome positioning has seen significant recent advances over the 

last several years. These advances have recently included the introduction of a new structural modeling 
approach for estimating the energy required to deform any given DNA sequence to the nucleosome (i.e.  
estimating a deformation energy from a given sequence)[4-5]. The advent of this structural modeling 
approach now allows for in silico investigation of the molecular evolution of biophysical properties of the 
DNA polymer that are responsible for the higher order organization of chromatin in the genome. In this 
work, we incorporate this structural model of deformation of the DNA polymer into a statistical test [6], 
referred to as the repositioned mutation (RM) test, which is specifically designed to detect natural selection 
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(i.e. either functional conservation or adaptive evolution) acting on sequence-dependent nucleosome 
formation. We investigate the basic patterns of molecular evolution acting upon deformation energies of 
coding and non-coding DNA throughout the yeast genome in both stress-induced (TATA-containing) and 
constitutively-expressed (TATA-less) genes (Figure 1). We also detect significantly elevated functional 
conservation (i.e. purifying selection) of higher deformation energy occurring in conjunction with lower 
nucleosome occupancy on non-coding DNA throughout the yeast genome (Figure2, note:occupancy data 
from [7]). We then use computer simulations to validate our approach and to investigate hypothetical coding 
and regulatory constraints on the ability of deformation energy to either neutrally or adaptively evolve.  We 
present strong evidence that the local presence of the genetic code has greatly restricted the ability of the 
DNA polymer to evolve the dynamic nucleosome organization typically observed in core promoter regions 
(Figure 3). We also show that the constraint imposed by the genetic code has almost certainly inhibited the 
evolution of biophysical properties of DNA necessary for its regulatory function whereas constraints related 
to some regulatory codes have not. Because the regulatory function of non-coding DNA is determined 
ultimately by molecular interactions which are, in turn, affected by the ability of a given stretch of DNA to 
deform to the nucleosome core, the potential role of sequence-dependent biophysical properties of the DNA 
polymer in molecular evolution should no longer be ignored.    

 
 
 

Figure 2. Signif icant dif ferences in mean local minimum 
deformation energy of  functionally conserved chromatin (p 
< 0.025, n = 9625) and non-conserved chromatin (p > 0.025, 
n = 110596) exhibits strong correspondence to a signif icant 
dif ference in experimentally-determined nucleosome
occupancy (from [7]).  Error bars indicate mean 1 SE.           

Figure 3. Directional Selection of   Local Minimum Deformation Energy (LMDE) 
with and without coding region constraint. Average increase  in LMDE of the 
DNA polymer plotted as a function of potential  mutation rate (i.e. mutation rate 
before coding constraint is applied). Only mutations that increase LMDE were 
accepted.   
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