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Background 

Coevolution of Subunits 

Future Directions 

ID Alignment Model Log(L) Relative Prob.  Alpha ΣB.L. 

0 msaprobs PROTCATLG -8630.2 0.330 1.000 27.19 

1 msaprobs PROTCATWAG -8694.7 0.270 1.000 22.47 

2 msaprobs PROTCATJTT -8761.0 0.210 1.000 24.38 

3 msaprobs PROTGAMMALG -8882.0 0.110 1.519 27.11 

4 msaprobs PROTGAMMAWAG -8911.4 0.080 1.718 22.56 

5 msaprobs PROTGAMMAJTT -9003.6 0.000 1.714 24.55 

6 muscle PROTCATLG -8508.5 0.340 1.000 27.97 

7 muscle PROTCATWAG -8590.7 0.260 1.000 22.97 

8 muscle PROTCATJTT -8659.7 0.190 1.000 25.68 

9 muscle PROTGAMMALG -8720.2 0.130 1.649 27.62 

10 muscle PROTGAMMAWAG -8774.5 0.080 1.761 23.95 

11 muscle PROTGAMMAJTT -8852.2 0.000 1.778 26.13 

Ancestral sequences 
were inferred based on 
maximum likelihood 
phylogeny for three 
ancestors: MRCA(IB), 
MRCA(IAB), and MRCA(I). 
 
All calculations performed using 
Phylobot.6 Alignment method 
and evolutionary model 
highlighted in yellow (see left). 
Though all autotrophs express 
RuBisCO, only one evolutionary 
group expresses the small 
subunit. Its origins and function 
remain highly mysterious.  
 
 

Conserved Sequences 

1. Resurrect ancestral RuBisCO in vitro 

2. Functional analysis of ancestral RuBisCO activity 

The evolution of ancient organisms both shaped and was shaped by drastic global 
environmental changes such as the Great Oxygenation Event (GOE). This rapid 
atmospheric transition is believed to be broadly coincident with the diversification of 
cellular life on earth.1-3 The enzyme ribulose 1,5-bisphosphate carboxylase/
oxygenase (RuBisCO) catalyzes a key reaction of oxygenic photosynthesis. It is the 
primary catalyst of biological carbon fixation, but its carboxylase activity is plagued 
by a competing oxygenation reaction.3-5 Modern atmospheric oxygen levels are 
orders of magnitude greater than those of carbon dioxide, but this was not always 
the case. Thus this dual enzymatic activity of RuBisCO introduces an evolutionary 
conundrum: the enzyme partially responsible for creating the oxygenated 
atmosphere is greatly hindered by oxygen.5 Reconstruction of ancient RuBisCO 
phenotypes provides a greater understanding of how evolutionary changes in this 
protein are correlated with the oxygenation of the atmosphere. Previous work has 
been done to reconstruct ancestral RuBisCO large subunits. Here we present the 
reconstruction of the small subunit, which is more sequentially divergent, only 
present in one form of the enzyme, and not directly involved in catalysis.  
 

Did the large and small subunits of RuBisCO co-evolve? 

Ancestors were aligned with extant species to 
confirm that motifs conserved amongst extant 
species were similarly conserved amongst the 
ancestors.  

            ancestral large subunit  ancestral small subunit 

primer overlap primer overlap  
w/ vector 

primer overlap  
w/ vector 

Coevolution is typically thought about at the organismic level, 
but it can also be analyzed at the atomic scale. 
 
•  Small subunit (blue) termini maintain high level of contact 

with large subunit (gray) 

•  These terminal residues most likely to be positively selected 
 
•  Are contacted residues both positively selected? 

•  How are these changes related to the evolving atmosphere? 

 

8.   M. Biasini et al. (2014) Nucleic Acid Res, 42, 252-258. 
9.   C. Iancu et al. (2007) J Mol Biol, 372, 764-773. 
 

We will measure the biochemical activity of 
ancient RuBisCO enzymes under different 
atmospheric and environmental conditions 
to mimic the evolving atmosphere. 

Groups 1 ,2 , 3, and 4 
correspond to different 
enzymatic forms. These 
range from a dimer of 
large subunits (L2) to a 
hexadecamer with eight 
large and eight small 
subunits (L8S8). 

dN/dS Analysis 

Not all mutations are created equal. 
N = nonsynonymous mutation 
S = synonymous mutation 
 
dN/dS = 1   (no evidence of selection) 
dN/dS > 1   (evidence of positive selection) 
 
dN/dS calculated site-wise using codeml.7 

 
Due to poor resolution of protein 
crystal structures, these sites 
cannot be directly modeled. 

dN/dS calculations show which sites in an amino acid sequence may be 
under positive selection. These changes are often correlated with large 
scale environmental changes, such as the GOE. 

Ancestral Sequence 
Reconstruction 

Previous work has been done to reconstruct RuBisCO large subunit sequences. 
However form I proteins also contain a structural small subunit. We will reconstruct the 
small subunit in order to accurately assemble form I ancestral holoenzymes. 

How do we 
reconstruct the 
ancient protein? 

What we have What we need 

Adapted from Kacar et al., 2017, accepted. 
MRCA = most recent common ancestor  

Group  I Group  IA/B Group  IB 

Structural Modeling 
Ancestral structures were inferred by homology modeling.8  In this 
method, structural models for the ancestors were created based on 
extant small subunit templates. 
   

model: red algae 
66.12% sequence identity 

model: cyanobacteria 
64.95% sequence identity 

model: cyanobacteria 
69.39% sequence identity 

 
 There is strong support for 

the existence of MRCA(I), 
MRCA(IAB), and MRCA(IB). 
These ancestors were 
reconstructed in this study. 

Conserved sequences are also conserved in 
the ancestral small subunits. 

Termini of small subunit 
may be positively selected. 


