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Results

Markov ModelIntroduction

Maureen Stolzer, Alejandro Garces, Dannie Durand, Carnegie Mellon University

Markov chain Monte Carlo Simulation of Domain Architecture Evolution

Multidomain proteins are mosaics of sequence 
fragments that encode protein modules: 
structural or functional units called domains. 

Fig. 1

Novel domain architectures 
evolve by insertion, 
duplication, and deletion of 
domains (Fig. 1). Only a tiny 
fraction of possible domain 
combinations are observed in 
nature [1-3].  For example, the 
Ig domain frequently co-occurs 
with Fn3, but is never observed 
with the zinc finger domain.  

Here, we present a domain architecture (DA) 
simulator that is designed to capture these 
constraints. Simulators have been developed that 
model spatial variation in substitution processes 
[4], substitutions in specific domain families [5], 
and insertion, duplication, and deletion of 
sequence fragments [6].  However, to our 
knowledge, no existing simulator accounts for 
the domain co-occurence frequencies observed 
in nature.
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Fig. 2 State diagram showing the state 
D1D2…Dn (yellow).  Adjacent states corre-
spond to domain gain (blue) or loss (red).  
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We designed and implemented a 
Markov-chain simulation engine 
with data-driven transition 
probabilities. Each state corresponds 
to a DA, D1D2…Dn. State transitions 
correspond to formation of a new DA 
via the gain or loss of one domain.

The evolutionary trajectory of a 
DA is simulated using a Markov 
chain Monte Carlo (MCMC) 
strategy based on the Metropolis-
Hastings algorithm.

We assess our model empirically by comparing 7144 
simulated DAs with the 7144 unique DAs observed in 
5 primate genomes. The simulation was repeated for a 
range of evolutionary trajectory lengths. Simulated 
DAs recapitulated multiple properties of genuine DAs. 

Fig 3: Mean of simulated DA lengths 
(red) converge to the genuine mean 
(horizontal line) as the trajectory 
length increases. Green dots: 
Maximum length when tandem 
repeats are collapsed.

Fig 4: Lengths of simulated and true 
DAs strongly agree for except for the 
longest proteins.

Fig 5: Frequencies of each domain in 
the simulation compared to their 
frequencies in the training data. Red 
line: x=y. Table: Properties are highly 
correlated between simulated and 
genuine DAs.

At each time step, a new adjacent 
state is proposed and accepted or 
rejected according to ratio of state 
probabilities. State probabilities are 
estimated from bigram frequencies 
using a first-order Markov model. 
Domain statistics represented in this 
model are extracted from a corpus of 
lineage-specific DAs from the 
Superfamily database[7]. This data-
driven design captures the 
constraints on domain order and co-
occurrence observed in genuine data.

This suggests that stringent constraints act on 
the domain order and adjacency in a domain 
architecture; i.e,, the ordered list of domains 
encoded in the protein.

Discussion

Simulators are essential for the generation of data 
sets with “known” evolutionary histories for 
testing, validation, and comparison of 
evolutionary algorithms and software. This work 
expands the realm of evolutionary processes that 
are amenable to simulation.

Future directions: 
• Improve the simulation of long domain 

architectures. These proteins generally have 
either long arrays of tandem repeats or repeated 
sets of domains. This may be improved by 
extending the model to include
• Duplication events.
• Events acting on multiple domains at a 

time; i.e., insertion of a two-domain 
cassette.

• Examination of simulator performance accross 
the tree of life

• An integrated simulator encompassing
• gene events 
• domain architectures
• sequence  evolution

Summary
• We present the first domain architecture 

evolution simulator specifically designed to 
recapitulate constraints on domain order and 
co-occurrence.

• A two-event model (gain and loss) was 
sufficient to recapitulated multiple properties of 
genuine DAs. 

• Surprisingly, domains that are highly repetitive 
in genuine DAs are also highly repetitive in 
simulated DAs, suggesting many properties of 
repetitive domains can be recapitulated in a 
model that does not distinguish duplications 
from insertions

These include mean architecture length (Fig 3), the 
distribution of architecture lengths (Fig 4), single (Fig 5) 
and triplet domain frequencies (Table 1), and the 
propensity to participate in tandem arrays (Table 1).

Table 1: Properties Correlate
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