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CHAPTER 1 

INTRODUCTION 

The fast growing quantities of molecular data have led to the development of bioinformatics [1]. 

As a collaborative discipline integrating computer science with biology, bioinformatics provides 

a variety of application tools for organizing and analyzing biological data. These vary from 

programs to analyze DNA sequences and gene expressions to protein structure predictions and 

protein interaction predictions. The analyses are on a large genome scale as well as are focused 

on specific genes. The work described here includes two major fields of bioinformatics, 

phylogenetic analysis and protein-protein interactions, and is focused on and applied to the septin 

gene family. 

The septin gene family 

Septin proteins were first found at the mother-bud neck of budding yeast Saccharomyces 

cerevisiae, where they are associated with a ring structure in the plasma membrane around the 

neck and are important for cytokinesis [2]. Later, septins were found in many other fungi in 

addition to S. cerevisiae, as well as in animals. Currently, septins have been identified in more 

than 20 organisms, including fungi, animals, and microsporidia [3]. No septins have been found 

in the plant kingdom. In animals, septins exist in a wide range of organisms, from sponges and 

nematodes, to fish and mammals. In fungi, septins were found in several different lineages, 

including chytridiomycetes, basidiomycetes and ascomycetes. Microsporidia has been regarded 

as a sister group of fungi or as extremely reduced fungi. Three septins were found in 

Encephalitozoon cuniculi, the first microsporidium that has had its whole genome sequenced. 

With the fast growth of genome sequencing projects, more septins are rapidly being identified.  
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Within each organism, the number of genes that belong to the septin family also varies a lot. In 

the organisms that have complete genomes, the number of identified septins can range from two 

in Caenorhabditis elegans to thirteen in Homo sapiens. In S. cerevisiae, where the septins were 

first identified, there are seven septins genes, Cdc3, Cdc10, Cdc11, Cdc12, Shs1, Spr3, Spr28. 

The protein products of the first five septin genes form a heteropentamer complex and assemble 

into the filaments of 10nm diameter [4].  

Together with associated proteins, septins form a collar structure during cell division along the 

axis of cell splitting [2, 5]. The filamentous septin ring structure has been found in a variety of 

places, such as fungal spores, germ tubes, bud neck, hyphae of filamentous fungi, pseudohyphal 

projections, mating projections, and the cell division plane of animal cells [6-9].  

Septins exist in a wide range of organisms. Their functions show both consistency and variability 

in different organisms. New functional roles are still being discovered. Some functions are 

connected and can’t completely be separated from one another. In some fungi, septins are 

required for bud or hyphae site selection [10, 11]. Another important septin function is to form a 

diffusion barrier at the neck, restrict the motion of plasma membrane proteins and divide cells 

into different compartments for polarity [12, 13]. Septins can also work as a scaffold to recruit 

proteins in the yeast morphogenesis check point and during sporulation [6, 13, 14]. Similar 

functions were also found in animal cell cytokinesis [15, 16].  In animals, septins show some 

additional functions, such as vesicle trafficking, tumorigenesis, apoptosis, and cell movement 

[17, 18]. Though septins have been studied for around 30 years, some discoveries are very new 

and there are still many aspects to explore.  

As proteins that are typically around 500 amino acids long, septins have some amino acid 

regions that are more conserved than others (Figure 1.1). Septins are P-loop GTPase proteins and 
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they are characterized by a GTPase domain, which contains three GTPase motifs, G1, G3 and G4 

[7, 19]. Septins belong to the TRAFAC class of P-loop super class [19]. More specifically, 

septins belong to the septin-like family, which includes septins, paraseptins and related GTPases.  

Efforts have been put into finding the origin of septins. The sequences of the septin gene family 

were found to be more similar to some bacterial GTPases than to other TRAFAC class members 

[19]. Leipe et al. suggested that the septin gene family arose by horizontal transfer from bacterial 

GTPases to eukaryotes and the patchy distribution in eukaryotes resulted from lineage-specific 

gene loss. If septins could be found in some lower eukaryotic organisms, it might suggest 

alternative explanations of septin origin. In addition to the conserved GTPase domain, there is 

also a septin unique domain right after the GTPase domain [4]. There are variable regions on the 

two ends of the sequence. At the C-terminus, there is a coiled-coil region which is involved in 

protein-protein interactions [20]. At the N-terminus, septins have a variable region and a 

polybasic region before the GTPase domain. 

Phylogenetic analysis and sequence conservation 

Evolution is a branching process starting from one origin. Over time, populations may become 

extinct, change and divide into different branches. Phylogenetics is the study of evolution. It tries 

to reconstruct the lineage history by using tree diagrams to represent the relationships of different 

species. 

There are various computational methods to reconstruct evolutionary history. “Distance 

methods” calculate the overall similarity of sequences by using matrices containing pair wise 

distance values and then clustering the closest. “Character-based methods" include parsimony, 

maximum likelihood and bayesian inference methods. They carry out calculations on each of the 

individual residues. Parsimony method builds trees for each nucleotide position and selects the 
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shortest tree that contains smallest number of overall changes. Maximum likelihood method uses 

explicit sequence evolutionary models and finds a tree that has the highest probability to give 

rise to the observed data. Distance and parsimony methods are usually very fast but have many 

limitations. The maximum likelihood method has lower variances and is more robust to 

violations, but it is computationally intensive. 

Bayesian inference produces a posterior probability distribution of trees by using Markov Chain 

Monte Carlo (MCMC) simulation, based on the prior probability and the observed data [21, 22]. 

Through the implementation of the MCMC algorithm, Bayesian inference increases the analysis 

speed, and allows more extensive searches than previously possible, although it is still 

computationally intensive [23]. It is preferable for large datasets. 

Conserved regions of a sequence are usually of interest to people as they may imply important 

sites that are kept during evolution. There are many computational methods for identifying 

conserved motifs.  Entropy, which measures the uncertainty associated with a random variable, is 

a simple but effective statistic [24].  

Protein co-evolution 

Mutations can create changes in protein sequences. Some mutations cause the loss of essential 

protein functions that are required by the organism to survive. Natural selection removes less 

favorable mutations, and accumulates advantageous ones.  

Many proteins work as units in a large interaction network. If the interactions between proteins 

are abolished by a mutation and the proteins fail to execute required functions, the mutations are 

deleterious. However, if compensatory mutations happen elsewhere which can restore the 

protein-protein interaction, that mutation is no longer selected against and thus two mutations 
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may be kept together during evolution. This type of correlated mutation process is called co-

evolution.  

These co-evolving mutations are important but are often neglected. At the amino acid sequence 

level, we may find low levels of conservation if we look at only one column in a multiple 

alignment. However, those sites might be very important to proteins. They may be crucial for 

protein tertiary structure, stabilization and interaction. 

There have been efforts to detect correlated mutations computationally and experimentally [25-

29].  Mutual information (MI) has been used to identify sites of correlated mutations in 

homologous sequence alignments [30]. Though MI is insensitive, requiring many sequences, the 

large number of currently available homologous sequences for many proteins makes it a good 

method to explore protein co-evolution. Other methods that have been applied to explore protein 

co-evolution include correlation statistics, phylogenetic trees, and bayesian and maximum 

likelihood estimation techniques [25, 26, 31-36]  

Co-evolution of amino acid residues may help to predict protein 3D structures. Compensating 

mutations may occur when residues, which interact closely in 3D distance, mutate 

simultaneously and still keep the interactions. Calculating the interaction potential between pairs 

of amino acids is a useful tool [36, 37]. One can also build pairing preference matrices at protein-

protein interfaces [38, 39]. Secondary structure data and information from correlated mutations 

in primary sequences have been used to predict protein residue contacts [29, 40]. Computational 

techniques, including neural networks, support vector regression and likelihood matrix have been 

used [38, 41, 42]. However some of the prediction methods have restrictions on input data, and 

the accuracy of all these prediction methods were still low. For example, the neural network 
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method can only achieve a prediction accuracy rate around 20%-30% and maximum likelihood 

around 20% for residue contacts. [29, 41]. 

Septin protein interactions and co-evolution 

Co-evolution analysis is useful for those proteins that are somewhat conserved, but still show 

sequence variation. The septin protein sequences have sequence identities ranging from 

approximately 5% to 90%. As mentioned above, septins localize at many different parts of the 

cell, depending on the cell stage and organism. Septins can work as a scaffold to recruit other 

proteins. Thus, septins can interact with a variety of different proteins. Septins play important 

roles in cytokinesis and are considered to be a novel cytoskeletal component. The septum band in 

Aspergillus nidulans is a dynamic structure composed of actin, septin and formin [43]. Proteins 

involved with cytoskeleton proteins are good candidates for proteins that co-evolve with septins. 

Experimental data are not available yet to show the exact interactions between septins and 

cytoskeleton proteins. Experimental techniques such as yeast two hybrid and immuno-

colocalizations are used to find these interactions. Co-evolution analysis could computationally 

help to narrow down the possible interaction candidate proteins and more specifically the 

interacting sites, thus making it easier to design experiments.  

Overview of this study 

This dissertation includes three individual but related parts. Chapter 2 contains a phylogenetic 

analysis of the septin family. It suggests the classification of septins by sequence homology and 

identifies some conserved sites for septins. In Chapter 3, a new computational method designed 

to detect protein co-evolution and residue contacts is presented. It shows the use of mutual 

information for detecting correlated mutations in protein co-evolution and the design of a matrix 
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for predicting residues in close 3D distance. Chapter 4 presents work that is based on the 

previous two chapters, the applications of the techniques described in Chapter 3 to the septin 

family. We study co-evolution among different septin family members as well as between 

septins and proteins such as myosin and formin. Our studies suggested some interesting sites for 

further experimental analysis.  
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Figure 1.1. Septin sequence structure.  The number of amino acids in septin sequences range 

from about three hundred to six hundred. Septins contain the conserved GTP_CDC binding 

domain with three motifs: G1, GxxxxGK[ST]; G3, DxxG; and G4, xKxD. Most septins have a 

short polybasic region preceding the G1 motif and a septin unique region after the G4 motif [4]. 

Some septins have a coiled-coil domain at the C terminus. 
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CHAPTER 2 

ANALYSIS OF SEPTINS ACROSS KINGDOMS REVEALS ORTHOLOGY AND NEW 

MOTIFS1 

                                                 
1 Pan, F., Malmberg, R.L. and Momany, M. (2007) Analysis of septins across kingdoms reveals orthology and new 
motifs, BMC evolutionary biology, 7, 103 
Reprinted here with permission of publisher 
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ABSTRACT 

Septins are cytoskeletal GTPase proteins first discovered in the fungus Saccharomyces 

cerevisiae where they organize the septum and link nuclear division with cell division. More 

recently septins have been found in animals where they are important in processes ranging from 

actin and microtubule organization to embryonic patterning and where defects in septins have 

been implicated in human disease. Previous studies suggested that many animal septins fell into 

independent evolutionary groups, confounding cross-kingdom comparison.   

In the current work, we identified 162 septins from fungi, microsporidia and animals and 

analyzed their phylogenetic relationships.  There was support for five groups of septins with 

orthology between kingdoms. Group 1 (which includes S. cerevisiae Cdc10p and human Sept9) 

and Group 2 (which includes S. cerevisiae Cdc3p and human Sept7) contain sequences from 

fungi and animals.  Group 3 (which includes S. cerevisiae Cdc11p) and Group 4 (which includes 

S. cerevisiae Cdc12p) contain sequences from fungi and microsporidia. Group 5 (which includes 

Aspergillus nidulans AspE) contains sequences from filamentous fungi. We suggest a modified 

nomenclature based on these phylogenetic relationships.  Comparative sequence alignments 

revealed septin derivatives of already known G1, G3 and G4 GTPase motifs, four new motifs 

from two to twelve amino acids long and six conserved single amino acid positions. One of these 

new motifs is septin-specific and several are group specific.   

Our studies provide an evolutionary history for this important family of proteins and a 

framework and consistent nomenclature for comparison of septin orthologs across kingdoms.  

BACKGROUND 

Septins were first identified in the budding yeast Saccharomyces cerevisiae where they have 

been very well-characterized [2].  In S. cerevisiae five septins, Cdc3p, Cdc10p, Cdc11p, Cdc12p 
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and Shs1p, polymerize to form a ring at the mother-bud neck where they are important for bud 

site selection and cytokinesis.  Two other yeast septins, Spr3p and Spr28p, are expressed during 

sporulation [44, 45]. Yeast septins have been shown to function as a scaffold organizing the 

division site and coordinating nuclear and cellular division. Septins have also been shown to act 

as a barrier, preventing diffusion of RNA and proteins between mother and daughter cells [2, 

46].  

Though not as well-characterized as those in yeast, septins in other fungi also appear to organize 

sites of cell division and new growth [47].  Septins have been found in a variety of animal 

tissues.  In addition to acting as a diffusion barrier, animal septins are implicated in vesicle 

trafficking, apoptosis and cell movement [48].  In mammals septins appear to regulate membrane 

and cytoskeleton organization and abnormal septins have been linked with cancer and 

neurodegeneration [49-51].   

Septins are P-loop GTPase proteins [19].  P-loop GTPases, including kinesin, myosin and ras 

proteins share at least five conserved motifs designated G1 to G5 within the GTP-binding 

domain [52]. The G1 motif, defined by the consensus element GxxxxGK[ST], forms a flexible 

loop which interacts with the phosphate group of the nucleotide [19, 52, 53]. The G2 motif is 

conserved within individual GTPase families, but not across the whole class [52]. The G3 motif 

contains several hydrophobic residues followed by DxxG [19, 52, 53]. This region binds Mg2+ 

and can interact with β and γ phosphates of GTP [19, 52, 54]. The G4 motif, NKxD, is important 

for GTP binding specificity [19, 55]. The G5 motif is found in some, but not all, members of the 

P-loop GTPase class [52].  

Septins clearly contain the G1, G3 and G4 motifs [7] (Fig. 1). Septins purified from Drosophila, 

Xenopus and Saccharomyces have been shown to bind or hydrolyze GTP though the biological 
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significance of these activities and the specific functions of these motifs are not yet clear [56-58].  

N-terminal to the GTPase domain, septins contain a polybasic region that has been shown to bind 

phosphoinositides [20, 59].  C-terminal to the GTPase domain, a 53 amino acid septin element 

conserved among many septins has been previously identified [60].  Most septins also contain a 

C-terminal extension predicted to form coiled-coils and shown to be needed for interactions 

between certain septins [20, 61, 62].  

Previously fungal septins were placed into groups based on phylogenetic analysis [63] and 

mammalian septins were placed into groups based on primary sequence similarity [48]. 

Kinoshita [64] used  phylogenetic analysis of two fungal yeast species and three animal species 

to conclude that orthologous relationships existed within fungal or animal septins, but not 

between fungal and animal septins making it impossible to compare model fungi and less 

tractable animals [64].  Recent genome projects provide an excellent opportunity to better 

understand the evolutionary relationships of septins.  Here we identify 162 septins from 36 fungi, 

microsporidia and animals.  Based on phylogenetic analysis we place the septins into five 

groups, two of which clearly contain orthologous fungal and animal septins. We also present 

three modified GTPase motifs, four new motifs and six individual amino acid positions which 

have been conserved among fungal, microsporidial and animal septins.  Our results suggest that 

it should be possible to apply lessons learned from a subset of septins in model organisms to 

septins from mammals. 

RESULTS 

Database searches identified 166 septin-related sequences 

We used the Cdc3p sequence of Saccharomyces cerevisiae, one of the best-studied septins, to 

query GenBank with the PSI-BLAST program and detected 876 sequences. From the PSI-
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BLAST list we identified 166 unique potential septin sequences based on an e-value lower than 

e-3, the presence of the G1, G3 and G4 GTPase motifs and other sequence similarities (Table 

2.1). In our designation, the first three letters represent the species from which the sequence 

came (e.g. Sce represents Saccharomyces cerevisiae). Three septin sequences appeared to be 

truncated and were eliminated from further consideration (AbiSep, DyaSep2, and ZroCDC). We 

individually checked each of the remaining 163 potential septin sequences for the presence of the 

GTP_CDC domain [65].  

Three of the 163 sequences were predicted to have only half of the GTP_CDC consensus domain 

and were designated “septin-like” (Gla, GzeHyp7 and NcrHyp7) (Table 2.1).  In addition to 

septin sequences, our PSI-BLAST search with the Cdc3p query returned myosins and kinesins. 

A phylogenetic tree was built with representative septins, myosins, kinesins and ras GTPase 

family proteins to determine the relationship of the septin-like sequences to other GTPases. The 

three septin-like sequences did not group with any of the other GTPase superfamilies examined 

(data not shown). A BLAST search with the septin-like sequences did not give significant hits 

from any known protein families. This suggested that the septin-like sequences represent either 

ancient or diverged septins, or that they belong to an unknown protein family that shares some 

motifs with septins. The septin-like sequence found in Giardia lamblia is potentially illuminating 

for the evolution of this protein family because of Giardia's position as a basal eukaryote. 

The remaining 160 potential septin sequences grouped within a clade clearly separated from the 

other GTPase clades (data not shown).  We designated these 160 sequences septins. After our 

PSI-BLAST search we became aware of two additional septins, human Sept 13 (HsaSept13) and 

Ustilago maydis Cdc10 (UmaCdc10), through reading of the literature [66, 67]. We included 

these sequences for a total of 162 septins. Consistent with previous reports, we found septins in 
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animals and fungi, but not in plants. Three septins were also found in the microsporidium 

Encephalitozoon cuniculi.  We used a septin from E. cuniculi (EcuSepI, GenBank:gi|19075150) 

to query GenBank with PSI-BLAST a second time, and did not find any new potential septins. 

 Phylogenetic Analysis 

Bayesian analysis of all septins: To investigate the evolutionary history of the septin gene family, 

we used the MrBayes program [68] to construct a phylogenetic tree for all 162 septins, rooting 

the tree with the S. cerevisiae myosin Myo2p.  The septins could be grouped into five major 

clades (Fig. 2). Two clades contained fungal and animal septins (Groups 1 and 2); two clades 

contained fungal and microsporidial septins (Groups 3 and 4); one clade contained only fungal 

septins (Group 5). Group 1 consisted of two subgroups, 1A and 1B. Subgroup 1A further 

partitioned into one fungal clade and one animal clade supported by 0.96 credibility. The animal 

septins in Group 1A were closer to fungal Cdc10-type septins than to other animal septins. 

Group1A provides the strongest evidence for orthologous relationships between fungal and 

animal septins, suggesting the ancestral septin that gave rise to members of Group 1A originated 

before the fungal/animal split.  Orthologous relationships between fungal septins in Group 2A 

and animal septins in Group 2B were supported with 0.78 credibility.  Group 3 contained fungal 

and microsporidial septins.  Though the credibility for Group 3 was only 0.55, all sequences 

except SpoSpn5, fell within a large clade with 0.85 credibility suggesting that the ancestral septin 

which gave rise to Group 3 arose before the fungal/ microsporidial split. Group 4 also contained 

fungal and microsporidial septins.  Though it had a moderate credibility score of 0.76, sequences 

from Group 4 consistently fell within this clade.  The small clade containing microsporidial 

septins EcuSep1 and EcuSep2 and fungal septin CalSpr3 had 0.98 credibility suggesting that the 

ancestral septin which gave rise to Group 4 also arose before the fungal/ microsporidial split.  
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Group 5, the smallest group, contained septins solely from filamentous fungi.  The lack of 

orthologs from budding or fission yeast suggests that Group 5 septins either arose early in fungal 

evolution and were lost from yeasts or arose relatively late in fungal evolution.  

Fungal septins:  Ascomycetes with completed genome sequences had five to eight septins while 

basidiomycetes had four or five (Table 2.1).  All fungi had single Group 1 and Group 2 septins. 

In contrast, at least some fungi had multiple Group 3, Group 4 and Group 5 septins. In particular, 

ascomycetous yeasts had three Group 3 septin paralogs.  U. maydis and Eremothecium gossypii 

are the only two filamentous fungi in our study that lacked a Group 5 septin.  

Animal septins:  In the animals with completed genomes, nematodes had two or three septins, 

insects had four or five, fish had six and mammals had twelve or thirteen septins (Table 2.1).  All 

animal septins fell within Groups 1 or 2, with Group 2B often showing the most expansion. The 

nematode Caenorhabditis elegans contained one septin from Group 1B and one from Group 2B.  

C. briggsae also had a single Group1B septin, but contained two Group 2B septins.  The insect 

Anopheles gambiae contained a single Group 1B septin and three Group 2B septins, while 

Drosophila melanogaster had an additional Group 1B septin.  The zebrafish Danio rerio 

contained a septin from Group 1A along with two septins from Group 1B and three from Group 

2B.  The mammals Mus musculus and Rattus norvegicus contained three Group 1A septins and 

five Group 2B septins. Homo sapiens contained three Group 1A septins and six Group 2B 

septins.  M. musculus and R. norvegicus had five Group 1B septins while H. sapiens had four 

Group1B septins.  Martinez and Ware previously divided mammalian septins into groups 

designated I-IV [48, 69, 70]; those groups fell within our Groups 1A, 1B and 2B as indicated in 

Figure 2.2.  
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Microsporidial septins:  E. cuniculi, the single microsporidium with a completed genome 

included in our study, had three septins.  E. cuniculi contained a single Group3 sequence and two 

Group 4 sequences. In contrast to all fungi and animals in our study, E. cuniculi contained no 

sequences from Groups 1 or 2.   

Validation of tree topology using maximum likelihood:  Maximum likelihood non-parametric 

bootstrapping is not ideal for large datasets; bootstrap values decrease as the taxon number 

increases [71] and the fast bootstrap methods without branch-swapping typically applied to large 

datasets may not be reliable at nodes with weak support [72].  None-the-less, because the nodes 

near the base of our Bayesian tree were weakly supported, we also constructed a phylogenetic 

tree using maximum likelihood methods. We used the PhyML program with 1024 bootstrap 

replicates to construct a phylogenetic tree with all 162 septins.  The maximum likelihood tree 

gave the same basic tree topology as the Bayesian tree.  For Groups 2, 3 and 5 maximum 

likelihood support values were similar to Bayesian support values (Fig.2, 78% versus 0.78, 51% 

versus 0.55 and 49% versus 0.55, respectively).  For Group 4 the likelihood support value was 

higher than the Bayesian value (91% versus 0.76).  For Group 1 the likelihood support value was 

much lower than the Bayesian support value (38% versus 0.8).  However, support for Groups 1A 

and 1B was very similar by both methods (100% versus 0.96 and 100% versus 1.0). 

Proposed names:  Many of the septins we identified are listed as hypothetical proteins in 

GenBank or have been named after less related septins.  We propose to name septins after the 

most closely related well-characterized septin within the same group (Table 2.1).  The clades 

upon which proposed names are based are strongly supported and far from the base of the tree 

(Fig.2). Using this system, fungal and microsporidial septins from Groups 1-4 would be named 

Cdc3, Cdc10, Cdc11, Cdc12, Shs1, Spr3 or Spr28 after the most closely related S. cerevisiae 
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septin and those from Group 5 would be named AspE after the A. nidulans septin.   The only 

exception would be fungal septins from S. pombe, which would continue to be called Spn1-7 

because cell division cycle mutants bearing the Cdc name, but not correlating to the S. cerevisiae 

numbers, have been isolated independently.  Mammalian and fish septins from Groups 1 and 2 

would be named Sept1-13 after the human septins.  Nematode septins would be named Unc59 

and Unc61 after the C. elegans septins and insect septins would be named Pnut, Sep1, Sep2, 

Sep4, and Sep5 after D. melanogaster septins.  

Domains and Motifs 

To identify common motifs, we aligned all 162 septins and analyzed sequence patterns using the 

Weblogo program [24, 73]. In the following sections, septin amino acid positions are referenced 

to Cdc3p of S. cerevisiae.   

GTPase domains: The G1 motif (GxxxxGK[ST]; SceCdc3 126-133) was the most conserved 

among the septin motifs (Table 2.2a). Glycines (G) were found in the first and sixth position in 

99%-100% and in the fourth position in 94% of septins. Either K or R occupied the seventh 

position in 98%.  All animal septins, all Group 1A fungal septins and all Group5 septins had a 

perfect consensus G1 motif.  Eight fungal and microsporidial septins from Groups 2, 3 and 4 had 

derivatives of the consensus G1 motif (Supplementary Table 2.1). Our analysis also revealed that 

the two positions immediately following the G1 motif (SceCdc3 134-135) were [TS][LF] in 

96%-97% of septins (Table 2.2a).  A Prosite search using the extended G1 as query also 

identified other GTPases, so this extended G1 motif is not septin-specific.  

The two consensus amino acids in the established GTPase G3 motif (DxxG; SceCdc3 204-207) 

were found in 83%-94% of septins.  Our analysis also showed that the G3 motif consensus for 

septins could be further modified to DT[PV]GxG (SceCdc3 204-209) with each additional 
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position conserved in 86%-93% of septins (Table 2.2).  Modified G3 motifs were found in all 

groups except for the animal and fungal Group 1A (Table S2.1). 

In the G4 GTPase motif (NKxD, SceCdc3 286-289) N286 was often replaced by A, S, or G.  K 

and D (SceCdc3 287 and 289) were found in 91% and 99% of septins, respectively. Perfect G4 

consensus sequences were found in animal Group 1B and fungal Groups 2A and 4 and in fungi 

in Group 1A.  Derived G4 motifs were found in fungal Groups 3 and 5 and in animal members of 

Group 1A and 2B.  We also detected the pattern NxxPxI (SceCdc3 280-285) immediately 

upstream of the established G4 motif, with each of the three conserved amino acids in 91%-98% 

of septins. A Prosite search using this extended G4 pattern as query identified other GTPases, so 

it is not septin-specific. 

Coiled-coil domains: The coiled-coil is a common structural motif that forms a super helix with 

heptad repeats and mediates protein-protein interactions [74, 75]. It exists in a broad range of 

proteins involved in numerous cellular processes [76]. Coiled-coil motifs have previously been 

identified at the C-terminus of the S. cerevisiae septins Cdc3 and Cdc12 where they are required 

for septin association and function [60].  A C-terminal coiled-coil has also been identified in 

Cdc11, but it is dispensable for function. Cdc10 is shorter than the other S. cerevisiae septins and 

lacks the C-terminal coiled-coil.  We analyzed all 162 septin sequences for predicted coiled-coil 

domains using the COILS (http://www.ch.embnet.org/software/COILS_form.html) [77] and 

Multicoil programs (http://multicoil.lcs.mit.edu/cgi-bin/multicoil) [78].  Every member of the 

fungal Group 2A (Cdc3p) and the closely related animal Group 2B contained a predicted coiled-

coil domain (Table 2.1).  Similarly, all members of the fungal and microsporidial Group 4 

(Cdc12p) contained the predicted coiled-coil.  None of the animal or fungal septins in Group 1A 

(Cdc10p) had a predicted coiled-coil, while all the animal septins in the sister clade Group 1B 

http://www.ch.embnet.org/software/COILS_form.html
http://multicoil.lcs.mit.edu/cgi-bin/multicoil
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(M_II) had a predicted coiled-coil. None of the nine septins in the filamentous fungal Group 5 

(AspE) were strongly predicted to have the coiled-coil; however, NcrHyp6, MgrHyp6, CneHyp5 

and Gzehyp5 had weakly predicted coiled-coil domains (average probability across different 

window sizes <0.7, rather than 1). Though most members of the fungal and microsporidial 

Group 3 (Cdc11p) had a predicted C-terminal coiled-coil, five of the twenty-nine septins in 

Group 3 had no predicted coiled-coil (EcuSep3, CalSpr28, EgoHyp6, KlaHyp7 and SpoSpn7).   

Interestingly, the ascomycetes that have a Group 3 septin lacking a predicted coiled-coil contain 

two other Group 3 paralogs with predicted coiled-coils.  However, the microsporidium E. 

cuniculi has only a single Group 3 septin. 

New septin motifs:  The Weblogo program assigned bitscores to amino acids in the established 

G1, G3 and G4 GTPase motifs ranging from a low of 2.7 (SceCdc3 position 204) to a high of 4.3 

(SceCdc3 position 126).  By considering relative frequency and using positions with bitscores 

above 2.7, we identified four new septin motifs and designated them Sep1- 4 (Table 2.2, b) and 

six new conserved single amino acid positions (Table 2.2, c).  The Sep1 motif, ExxxxR 

(SceCdc3 position 237-242) is located between the established G3 and G4 domains (Figure 2.1) 

with each of the two consensus amino acids conserved in 96-98% of septins. A Prosite search of 

the NCBI protein database using the Sep1 motif returned many proteins that were neither septins 

nor GTPases.  The Sep2 motif, DxR[VI]Hxxx[YF]F[IL]xP (SceCdc3 247-259) is located 

between the G3 and G4 GTPase domains (Figure 2.1). Each consensus amino acid was present in 

88%-96% of septins.  A Prosite search with the Sep2 motif identified only septins, but not all 

septins, making this motif potentially useful for identification of new septin sequences.  Four 

septins with a P rather than a V or I at position 250 are all in the SceSpr28 subclade of Group3.  

The Sep3 motif, GxxLxxxD (SceCdc3 261-268), is between the G3 and G4 GTPase domains 



21 

(Figure 2.1).  Each consensus amino acid was present in 86%-96% of septins. A Prosite search 

with the Sep3 motif returned GTPases including septins. In position 264, the hydrophobic L is 

often conservatively replaced by I or V.  Only members of Group5 have the charged residue D at 

264. The Sep4 motif, WG (SceCdc3 364-365), is in the C-terminus within the previously 

identified “septin unique element” and before the coiled-coil (Figure 2.1). The amino acids at 

these two positions were conserved in 92% of septins. A Prosite search with the Sep5 motif 

showed that it was also found in some other GTPases and hence is not septin-specific. 

In addition to the four septin motifs, we detected six positions that contained single consensus 

amino acids in 86%-94% of septins (Table 2.2, c).  One of these positions, upstream of the G1 

GTPase motif in the polybasic region (SceCdc3 117; Figure 2.1), had a G in 99% of animal 

septins.  In fungal septins it was moderately conserved except for four of the Group 5 septins 

where a P was substituted. The remaining five conserved single amino acid positions were after 

the G4 motif (SceCdc3 295, 300, 339, 360, and 396). In position 295, 94% of septins had the 

acidic residues D or E.  However, in five septins from Group 5 the basic H residue was 

substituted.  

Splice variants: Mammalian septins exhibit complex expression patterns and can produce a large 

number of splicing variants [67]. The human septin, SEPT9, spans a 240kb region, contains 17 

exons, and is predicted to have 18 different transcripts encoding 15 polypeptides [79]. All of the 

conserved positions identified in our study were predicted to be retained in all variants encoded 

by SEPT9.  Indeed, all splicing of human septin transcripts so far reported occurs in the regions 

encoding N- or C- termini and not in the regions encoding the conserved core of the protein. 
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DISCUSSION 

Evolution  

The origin of the septins in eukaryotes depends upon the interpretation of the septin-like 

sequence we found in Giardia lamblia.  If this is considered a primitive septin, then a septin-like 

ancestor existed before the diplomonads arose.  This septin-like ancestor was retained in the 

diplomonads, animals, fungi and microsporidia, but lost in plants.  If the G. lamblia septin-like 

sequence is part of a separate GTPase family that shares some motifs with septins, then septins 

may have entered the common ancestor of animals, fungi and microsporidia via a horizontal 

gene transfer from bacteria, as proposed by Leipe [19].   

Which ever origin is correct, our phylogenetic analysis suggests that septins might have evolved 

as follows (Figure 2.3): The ancestral septin sequence duplicated before the divergence of 

animals and fungi to become the ancestral Group 1 and Group 2 septins.  The ancestral Group 1 

septin duplicated and one paralog lost the C-terminal coiled-coil extension.  Animals and fungi 

retained this shortened Group 1 paralog which gave rise to Group 1A septins.  The longer 

paralog containing the C-terminal extension was lost from fungi, but retained in animals giving 

rise to Group 1B septins.  Within fungal species there is a single Group 1 paralog, however in 

many animals, especially mammals, extensive duplication gave rise to multiple Group 1 

paralogs.  The ancestral Group 2 septin was retained in both animals and fungi giving rise to 

Group 2A and Group 2B septins.  Fungi have single paralogs of Group 2 septins, while most 

animals, especially mammals, have multiple paralogs.  In the lineage leading to fungi and 

microsporidia, the ancestral Group 1 and Group 2 septins duplicated giving rise to Group 3 and 

Group 4 septins.  Unlike the single fungal paralogs of Group 1 and Group 2, Group 3 and Group 

4 septins duplicated and diverged, giving rise to multiple paralogs, especially in the ascomycetes.  
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In the lineage leading to microsporidia, Group 1 and Group 2 septins were lost.  This is 

consistent with recent views that microsporidia evolved from fungi [80].  Group 5 septins, found 

only in filamentous fungi, either arose early in fungal evolution and were lost in yeasts or arose 

relatively recently.  

Motifs  

Polybasic domain and Septin element: To be considered septin motifs, we required that 

sequences be at least as conserved as the GTPase motifs. While this stringent cut-off 

undoubtedly eliminated moderately-conserved or clade-specific sequences, it guaranteed the 

significance of identified positions. Only one amino acid (SceCdc3 117G) within the ten amino 

acid polybasic region previously shown to bind phosphoinositides (Figure 2.1; SecCdc3 110-

120) [59] was conserved enough across all septins to be considered a septin motif in our analysis. 

Similarly, only 6 amino acids (sep1 motif and 2 conserved single amino acid positions) within 

the previously defined 53 amino acid “septin unique element” (SceCdc3 360-413) [62] meet our 

cut-off for septin motifs.   

GTPase: Septins have been shown to bind and hydrolyze GTP [62]. Many lines of evidence 

suggest that guanine-nucleotide binding by septins is needed for their polymerization; however, 

low rates of nucleotide exchange and hydrolysis in vitro have led to questions about the 

significance of the GTPase activity. Consistent with the importance of guanine nucleotide 

binding for septin function, our analysis showed that the G1 GTPase motif, which forms the loop 

that interacts with the phosphate group of the nucleotide, and the G4 motif, which is important 

for GTP-binding specificity, were highly conserved, with 154 of 162 (95%) septins matching the 

respective consensus sequences (Supplementary Table 2.1).  In contrast the G3 motif, which 

binds to the Mg2+ ion, matched the consensus for 135 of 162 (83%) septins.  
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Coiled-coil: In S. cerevisiae all septins except for Cdc10p (Group 1A) are predicted to have a C-

terminal region containing a coiled-coil, a motif implicated in protein-protein interactions. Like 

Cdc10p, all Group 1A septins are missing the C-terminal region that contains the coiled-coil. 

Group 1B septins are all predicted to contain C-terminal coiled-coils.  In elegant work, Versele 

and Thorner [60] showed that S. cerevisiae Cdc3p and Cdc12p associate through their C-termini 

and that Cdc11p and Cdc12p associate independently of their C-termini. In our analysis all 

Group 2 (Cdc3p) and Group 4 (Cdc12p) septins were predicted to contain C-terminal coiled-

coils, while 5 of 29 Group 3 (Cdc11p) septins were not predicted to contain C-terminal coiled-

coils.  This pattern of conservation suggests that C-terminal coiled-coil interactions might be 

important for the association of all Group 2 (Cdc3p) septins with Group 4 (Cdc12p) septins 

while interactions outside the C-terminus might be important for the association of all Group 2 

with Group 3 septins.  Animals lack Group 4 septins, but Group 1B septins likely play the same 

role in polymerization by interacting with Group 2 septins.  Indeed, mammalian Sept6 (Group 

1B) and Sept7 (Group 2B) have been shown to interact via their C-termini leading Versele and 

Thorner to suggest that the Sept6-Sept7 complex is the animal counterpart of the Cdc3p-Cdc12p 

complex [62].  Group 5 septins, found in filamentous fungi, lack or have weakly predicted 

coiled-coils, suggesting that C terminal regions are not important for their interactions. 

CONCLUSIONS 

We analyzed 162 septins from microsporidia, fungi and animals. Septins were grouped into five 

classes, modified nomenclature based on these five classes was suggested and there was strong 

evidence for orthology between septins from different kingdoms.  In addition to derivatives of 

already known G1, G3 and G4 GTPase motifs, four new motifs and six conserved single amino 

acid positions were identified. Though first discovered and best-studied in the yeast S. cerevisiae 
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it has become increasingly clear that the septins are important in animals.  Earlier work based on 

septins from only five species suggested that there were no clear orthologs between the septins in 

fungal systems and those in mammals [64] confounding extrapolation from simple to more 

complex systems.  With the availability of many more sequences, our work clarifies the 

relationships among septins and points to which comparisons are likely to be most informative. 

METHODS 

Database Searches 

We used the 520-residue Saccharomyces cerevisiae septin protein Cdc3p (GenBank: gi|2507385) 

as the initial query sequence for PSI-BLAST searches against the non-redundant database (All 

non-redundant GenBank CDS translations+RefSeq Proteins+PDB+SwissProt+PIR+PRF) at 

NCBI [81] (http://www.ncbi.nlm.nih.gov). PSI-BLAST performs iterative profile searches by 

generating position specific scoring matrices to achieve high sensitivity. Three iterations were 

run with default parameters (Expect Value 10, Word Size 3, Blosum62, Gap Opening Penalty 11, 

Gap Extension Penalty 1, and With Inclusion Threshold 0.005) until no new septin or septin-like 

sequences were found.  We examined each sequence retrieved from the PSI-BLAST output and 

removed duplicated and obviously incomplete sequences. We classified the remaining sequences 

as septins or septin-like proteins by examining the three GTP motifs of septins [64]: G1 

(GxxxxGK[S/T]), G3 (DxxG) and G4 (xKxD) and their phylogenetic relationships with other 

septins. 

Protein Alignments 

We used CLUSTALX1.8 (ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/) for protein multiple 

sequence alignment [82]. Default parameters were used, as no significant differences were 

observed when we tested different parameter combinations. Protein weight matrix Gonnet 250, 

http://www.ncbi.nlm.nih.gov
ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX/
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with Gap Opening Penalty 10 and Gap Extension Penalty 0.1 was used for pairwise alignments. 

Protein weight matrix Gonnet, with Gap Opening 10 and Gap Extension 0.2 was used for 

multiple alignments. We manually modified the multiple alignment output from ClustalX with 

the Bioedit program (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). We used Weblogo 

Version 2.8.1 (http://weblogo.berkeley.edu/) to show the consensus structure of the sequences 

[24, 73]. Bit scores from the output were also used to help identify conserved regions. 

Reconstruction of Phylogenetic Trees 

We used MrBayes v3.1 (http://mrbayes.csit.fsu.edu/index.php) for phylogenetic analysis [68]. 

The amino acid model was estimated using the setting “aamodelpr=mixed” allowing the program 

to test and use the best fitting model for the dataset from 9 fixed rate protein models. We used 

1,500,000 running generations, sample frequency of 200 and burn in period set to 40,000 to keep 

only the stationary phase samples. The chain number was set to 4 with 1 cold chain and 3 heated 

chains with heating coefficient λ=0.2. Two independent analyses were run simultaneously and 

converged. The consensus type was set to halfcompact. The myosin sequence from 

Saccharomyces cerevisiae Myo2p (gi|6324902) was used as outgroup. We also used PhyML [83] 

for maximum likelihood with bootstrap analysis of 1,024 replicates.  The JTT amino acid 

substitution model was used. The proportion of invariant sites was estimated by maximizing the 

phylogeny likelihood.  The number of relative substitution rate categories was set to 4 with 

gamma distribution parameter equal to 1. Tree topology, branch lengths and rate parameters 

were optimized. 

Domain and Secondary Structure Predictions 

We checked each sequence for domains with the Simple Modular Architecture Research Tool 

(http://smart.embl-heidelberg.de/) [65, 84]. An NCBI Conserved Domain Search was also used 

http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://weblogo.berkeley.edu/
http://mrbayes.csit.fsu.edu/index.php
http://smart.embl-heidelberg.de/
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[85]. Sequences were searched for coiled-coil domains with the COILS program at 

http://www.ch.embnet.org/software/COILS_form.html [77]; default parameters were used. 

Results from Multicoil were also considered (http://multicoil.lcs.mit.edu/cgi-bin/multicoil) [78]. 

Sequences with average probability above 0.7 were considered to have coiled-coil domains. 

Secondary structure was predicted using PSIPRED 

(http://bioinf.cs.ucl.ac.uk/psipred/psiform.html)  [86]. 
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Figure 2.1. Typical septin structure.  Septin sequences range from about three hundred to six 

hundred amino acids. Septins contain the conserved GTP_CDC binding domain with three 

motifs: G1, GxxxxGK[ST] (amino acids 126-135 in S. cerevisiae Cdc3p); G3, DxxG (amino 

acids 204-209 in S. cerevisiae Cdc3p); and G4, xKxD (amino acids 280-289 in S. cerevisiae 

Cdc3p). The previously described polybasic region (amino acids 110-120 in S. cerevisiae Cdc3p; 

[20, 60]) is shown as a black box and the previously described “septin unique element” (amino 

acids 360-413  in S. cerevisiae Cdc3p [60]); is shown as a grey box.  S1-S4 mark positions of 

new septin motifs (Table 2.2b; amino acid 237-242, 247-259, 261-268, 364-365 in S. cerevisiae 

Cdc3p) and lines below diagram show conserved single amino acid positions (Table 2.2c; amino 

acids 117, 295, 300, 339, 360, 396 in S. cerevisiae Cdc3p).  Many septins also have a predicted 

coiled-coil domain at the C-terminus (amino acids 476-507 in S. cerevisiae Cdc3p; [60]). 



29 

 

 



30 

Figure 2.2. Overview phylogenetic tree of septin gene family. Half-compat consensus phylogram 

of 1.5 million generations of the MCMC analysis of the Bayesian phylogenetic analysis, 

discarding 400,000 generations as burn-in. Nodal numbers in front of the slash are posterior 

probabilities for Bayesian analysis. At the nodes where the tree topology agrees with the 

Bayesian analysis, numbers after the slash are bootstrap percentages from maximum likelihood 

bootstrap analysis using 1024 replicates. Red branches indicate animal lineage, green indicate 

fungal lineage and blue indicate microsporidia. Names in parenthesis under Group names 

indicate the best characterized fungal septin (CDC10, CDC3, CDC11 and CDC12, ASPE) or the 

mammalian septin classification of Martinez and Ware (2004) (MI, MII, MIII). See figures 2.3-

2.5 for species names. 
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Figure 2.3. Group 1 septin phylogenetic tree. Group 1 from figure 2.2 enlarged to show species 

names. Red branches indicate animal lineage and green indicate fungal lineage. 
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Figure 2.4. Group 2 septin phylogenetic tree. Group 2 from figure 2.2 enlarged to show species 

names. Red branches indicate animal lineage and green indicate fungal lineage. 
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Figure 2.5. Groups 3, 4 and 5 septin phylogenetic tree. Group 1 from figure 2.2 enlarged to show 

species names. Green branches indicate fungal lineage and blue indicate microsporidial lineage. 
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Figure 2.6. Postulated septin evolution. Summary phylogeny of 31 species used in this study. 

This tree summarizes the evolution of the septins in the 31 organisms whose septins were 

identified and used in this study [50–53]. Red branches indicate animal lineages and green 

branches indicate fungal lineages. The table on the right of the tree indicates different groups of 

septin genes. Group 1 is red, group 2 is orange, group 3 is yellow, group 4 is green, and group 5 

is blue. A triangle means the complete genome sequence was not available when the initial 

search was executed, so some septins might not have been identified due to incomplete sequence 

information. 
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Table 2.1. Septin and septin-like sequences analyzed. 

GI* Name in 
Paper† 

Proposed 
Name* Alias‡ Clade/ 

Species§ Group¶ G ║ C**

gi|2244629 AbiSep / sepA F Agaricus bisporus Tr + + 
gi|31198659 AgaHyp1 Pnut  A Anopheles gambiae 2B + + 
gi|31202059 AgaHyp2 Sep2  A Anopheles gambiae 1B + + 
gi|31206631 AgaHyp3 Sep1  A Anopheles gambiae 2B + + 
gi|31204715 AgaHyp4 Sep4  A Anopheles gambiae 2B + + 
gi|13398364 AniAspA Cdc11  F Aspergillus nidulans 3 + + 
gi|1791305 AniAspB Cdc3  F Aspergillus nidulans 2A + + 

gi|34811845 AniAspC Cdc12  F Aspergillus nidulans 4 + + 
gi|34148975 AniAspD Cdc10  F Aspergillus nidulans 1A + - 
gi|34811843 AniAspE AspE  F Aspergillus nidulans 5 + - 
gi|45645169 BtaCdc10 /  A Bos taurus 2B + + 
gi|39580970 CbrHyp1 Unc59b CBG20268 A Caenorhabditis briggsae 2B + + 
gi|39589843 CbrHyp2 Unc61 CBG04550 A Caenorhabditis briggsae 1B + + 
gi|39584450 CbrHyp3 Unc59a CBG19777 A Caenorhabditis briggsae 2B + + 
gi|17509405 CelUnc59 /  A Caenorhabditis elegans 2B + + 
gi|32566810 CelUnc61 /  A Caenorhabditis elegans 1B + + 
gi|729090 CalCdc3 /  F Candida albicans 2A + + 
gi|729064 CalCdc10 /  F Candida albicans 1A + - 

gi|21435770 CalCdc11 /  F Candida albicans 3 + + 
gi|21435778 CalCdc12 /  F Candida albicans 4 + + 
gi|21435802 CalSep7 Shs1 SHS1 F Candida albicans 3 + + 
gi|46442449 CalSpr28 /  F Candida albicans 3 + - 
gi|46444553 CalSpr3 /  F Candida albicans 4 + + 
gi|50286825 CglHyp1 Cdc3  F Candida glabrata 2A + + 
gi|50284895 CglHyp2 Cdc12a  F Candida glabrata 4 + + 
gi|50288449 CglHyp3 Cdc10  F Candida glabrata 1A + - 
gi|50289749 CglHyp4 Cdc12b  F Candida glabrata 4 + + 
gi|50287113 CglHyp5 Cdc11  F Candida glabrata 3 + + 
gi|50288341 CglHyp6 Shs1  F Candida glabrata 3 + + 
gi|50291973 CglHyp7 Spr3  F Candida glabrata 4 + + 
gi|50286937 CglHyp8 Spr28  F Candida glabrata 3 + + 
gi|18476091 CimSep1 Cdc11  F Coccidioides immitis 3 + + 
gi|24637104 CimSep2 Cdc3  F Coccidioides immitis 2A + + 
gi|24637108 CimSep3 Cdc10  F Coccidioides immitis 1A + - 
gi|24473756 CimSep4 AspE  F Coccidioides immitis 5 + - 
gi|50257384 CneHyp1 Cdc3  F Cryptococcus neoformans 2A + + 
gi|50259101 CneHyp2 Cdc12  F Cryptococcus neoformans 4 + + 
gi|50258769 CneHyp3 Cdc10  F Cryptococcus neoformans 1A + - 
gi|50257720 CneHyp4 Cdc11  F Cryptococcus neoformans 3 + + 
gi|50260201 CneHyp5 AspE  F Cryptococcus neoformans 5 + - 
gi|41055580 DreHyp1 Sept7 zgc:56383 A Danio rerio 2B + + 
gi|32822794 DreHyp2 Sept8 wu:fb22a03 A Danio rerio 1B + + 
gi|41152396 DreHyp4 Sept5 zgc:73218 A Danio rerio 2B + + 

gi|40538786 DreMsf Sept9 MLL septin-like 
fusion A Danio rerio 1A + - 

gi|45709377 DreNedd5 Sept2 zgc:63587 A Danio rerio 2B + + 
gi|47086783 DreSept6 / zgc:66071 A Danio rerio 1B + + 
gi|50420949 DhaHyp1 Cdc3  F Debaryomyces hansenii 2A + + 
gi|50426961 DhaHyp2 Cdc12  F Debaryomyces hansenii 4 + + 
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gi|50425027 DhaHyp3 Cdc10  F Debaryomyces hansenii 1A + - 
gi|50426163 DhaHyp4 Spr3  F Debaryomyces hansenii 4 + + 
gi|50418421 DhaHyp5 Cdc11  F Debaryomyces hansenii 3 + + 
gi|50414330 DhaHyp6 Shs1  F Debaryomyces hansenii 3 + + 
gi|730352 DmePnut /  A Drosophila melanogaster 2B + + 

gi|17647925 DmeSep1 /  A Drosophila melanogaster 2B + + 
gi|17738071 DmeSep2 /  A Drosophila melanogaster 1B + + 
gi|24642597 DmeSep4 / CG9699 A Drosophila melanogaster 2B + + 
gi|21356243 DmeSep5 /  A Drosophila melanogaster 1B + + 
gi|38047705 DyaSep2 /  A Drosophila yakuba Tr - + 
gi|19075150 EcuSep1 Spr3a ECU01_1370 M Encephalitozoon cuniculi 4 + + 
gi|19074995 EcuSep2 Spr3b ECU11_1950 M Encephalitozoon cuniculi 4 + + 
gi|19173204 EcuSep3 Cdc11 ECU09_0820 M Encephalitozoon cuniculi 3 + - 
gi|45198629 EgoHyp1 Cdc3  F Eremothecium gossypii 2A + + 
gi|45190841 EgoHyp2 Cdc12  F Eremothecium gossypii 4 + + 
gi|45184824 EgoHyp3 Cdc10  F Eremothecium gossypii 1A + - 
gi|45191046 EgoHyp4 Cdc11  F Eremothecium gossypii 3 + + 
gi|45199089 EgoHyp5 Spr3  F Eremothecium gossypii 4 + + 
gi|45201271 EgoHyp6 Spr28  F Eremothecium gossypii 3 + - 
gi|45185071 EgoHyp7 Shs1  F Eremothecium gossypii 3 + + 
gi|14041182 GcySep1 /  A Geodia cydonium 2B + + 
gi|29249771 Gla /  P Giardia lamblia Slk - - 
gi|46121875 GzeHyp1 Cdc3  F Gibberella zeae 2A + + 
gi|46126005 GzeHyp2 Cdc12  F Gibberella zeae 4 + + 
gi|46135811 GzeHyp3 Cdc11  F Gibberella zeae 3 + + 
gi|46123315 GzeHyp4 Cdc10  F Gibberella zeae 1A + - 
gi|46128665 GzeHyp5 AspE  F Gibberella zeae 5 + - 
gi|46122029 GzeHyp6 AspE2  F Gibberella zeae 5 + - 
gi|46139179 GzeHyp7 /  F Gibberella zeae Slk + + 
gi|16604248 HsaSept1 /  A Homo sapiens 2B + + 

gi|4758158 HsaSept2 / Nedd5,Pnutl3,D
iff6,KIA0158 A Homo sapiens 2B + + 

gi|22035572 HsaSept3 /  A Homo sapiens 1A + - 

gi|4758942 HsaSept4 / 

H5,Bradion,Pnu
tl2,ARTS,MAR

T,hCDCrel-
2,Septin-M 

A Homo sapiens 2B + + 

gi|9945439 HsaSept5 / Pnutl,hCDCrel-
1 A Homo sapiens 2B + + 

gi|22035577 HsaSept6 / Sept2,KIA0128 A Homo sapiens 1B + + 
gi|4502695 HsaSept7 / hCdc10 A Homo sapiens 2B + + 

gi|41147049 HsaSept8 / KIA0202 A Homo sapiens 1B + + 

gi|6683817 HsaSept9 / 

AF17q25, MSF, 
SepD1, Ov/Br 
septin, Pnutl4, 

KIA0991 

A Homo sapiens 1A + - 

gi|18088518 HsaSept10 / Sep1-like A Homo sapiens 1B + + 
gi|8922712 HsaSept11 / FLJ10849 A Homo sapiens 1B + + 

gi|23242699 HsaSept12 / FLJ25410 A Homo sapiens 1A + - 
gi|113418512 HsaSept13 /  A Homo sapiens 2B + + 
gi|50306547 KlaHyp1 Cdc3  F Kluyveromyces lactis 2A + + 
gi|50309827 KlaHyp2 Cdc12  F Kluyveromyces lactis 4 + + 
gi|50311269 KlaHyp3 Cdc10  F Kluyveromyces lactis 1A + - 
gi|50303889 KlaHyp4 Spr3  F Kluyveromyces lactis 4 + + 
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gi|50304439 KlaHyp5 Cdc11  F Kluyveromyces lactis 3 + + 
gi|50311965 KlaHyp6 Shs1  F Kluyveromyces lactis 3 + + 
gi|50311291 KlaHyp7 Spr28  F Kluyveromyces lactis 3 + - 
gi|13358928 MfaHyp1 Sept5  A Macaca fascicularis 2B + + 
gi|38110101 MgrHyp1 Cdc3  F Magnaporthe grisea 2A + + 
gi|38106951 MgrHyp2 Cdc12  F Magnaporthe grisea 4 + + 
gi|38109157 MgrHyp3 Cdc10  F Magnaporthe grisea 1A + - 
gi|38100755 MgrHyp4 Cdc11  F Magnaporthe grisea 3 + + 
gi|38100224 MgrHyp5 AspE  F Magnaporthe grisea 5 + - 
gi|38110686 MgrHyp6 AspE2  F Magnaporthe grisea 5 + - 
gi|6453576 MciSepA / sepA F Mucor circinelloides 4 + + 
gi|8567344 MmuSept1 / Diff6 A Mus musculus 2B + + 
gi|6754816 MmuSept2 / Nedd5 A Mus musculus 2B + + 

gi|6755468 MmuSept3 / mKIAA0991,G 
septin A Mus musculus 1A + - 

gi|6755120 MmuSept4 / M-Septin,H5 A Mus musculus 2B + + 
gi|6685763 MmuSept5 / Cdcrel-1,Pnutl1 A Mus musculus 2B + + 

gi|20178348 MmuSept6 /  A Mus musculus 1B + + 
gi|9789726 MmuSept7 / Cdc10 A Mus musculus 2B + + 

gi|39930477 MmuSept8 / mKIAA0202 A Mus musculus 1B + + 

gi|28204888 MmuSept9 / Sint1, E-septin,  
SLP-a A Mus musculus 1A + - 

gi|26345492 MmuSept10a /  A Mus musculus 1B + + 
gi|38082026 MmuSept10b / 1700016K13Rik A Mus musculus 1B + + 
gi|26324430 MmuSept11 / D5Ertd606e A Mus musculus 1B + + 
gi|20891621 MmuSept12 / 4933413B09Rik A Mus musculus 1A + - 
gi|32417050 NcrHyp1 Cdc3  F Neurospora crassa 2A + + 
gi|32404966 NcrHyp2 Cdc12  F Neurospora crassa 4 + + 
gi|32404320 NcrHyp3 Cdc10  F Neurospora crassa 1A + - 
gi|32422439 NcrHyp4 Cdc11  F Neurospora crassa 3 + + 
gi|32417420 NcrHyp5 AspE  F Neurospora crassa 5 + - 
gi|32411577 NcrHyp6 AspE2  F Neurospora crassa 5 + - 
gi|32411845 NcrHyp7   F Neurospora crassa Slk - - 
gi|5725417 PbrPbs1 Cdc11 pcd1 F Pyrenopeziza brassicae 3 + + 

gi|34859284 RnoSept1 / LOC293507 A Rattus norvegicus 2B + + 
gi|16924010 RnoSept2 /  A Rattus norvegicus 2B + + 
gi|9507085 RnoSept3 / G-septin A Rattus norvegicus 1A + - 

gi|32423788 RnoSept4 / 
LOC287606,EG

3RVC,EG3-
1RVC 

A Rattus norvegicus 2B + + 

gi|16758814 RnoSept5 / 
Gp1bb,CDCrel-
1, PNUTL1ai, 
CDCrel-1AI 

A Rattus norvegicus 2B + + 

gi|34932994 RnoSept6 / LOC298316 A Rattus norvegicus 1B + + 
gi|12018296 RnoSept7 / Cdc10 A Rattus norvegicus 2B + + 
gi|34870727 RnoSept8 / LOC303135 A Rattus norvegicus 1B + + 
gi|13929200 RnoSept9 / Slpa,E-Septin A Rattus norvegicus 1A + - 
gi|34882181 RnoSept10a / LOC309891 A Rattus norvegicus 1B + + 
gi|34872099 RnoSept10b / LOC288622 A Rattus norvegicus 1B + + 
gi|34876531 RnoSept11 / LOC305227 A Rattus norvegicus 1B + + 
gi|34868752 RnoSept12 / LOC363542 A Rattus norvegicus 1A + - 
gi|6323346 SceCdc3 /  F Saccharomyces cerevisiae 2A + + 
gi|6319847 SceCdc10 /  F Saccharomyces cerevisiae 1A + - 
gi|6322536 SceCdc11 /  F Saccharomyces cerevisiae 3 + + 
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gi|6321899 SceCdc12 /  F Saccharomyces cerevisiae 4 + + 
gi|6319976 SceShs1 / Sep7 F Saccharomyces cerevisiae 3 + + 
gi|6320424 SceSpr28 /  F Saccharomyces cerevisiae 3 + + 
gi|6321496 SceSpr3 /  F Saccharomyces cerevisiae 4 + + 

gi|19115666 SpoSpn1 /  F Schizosaccharomyces pombe 2A + + 
gi|19114071 SpoSpn2 /  F Schizosaccharomyces pombe 1A + - 
gi|13638491 SpoSpn3 /  F Schizosaccharomyces pombe 3 + + 
gi|19114478 SpoSpn4 /  F Schizosaccharomyces pombe 4 + + 
gi|19114952 SpoSpn5 /  F Schizosaccharomyces pombe 3 + + 
gi|19075714 SpoSpn6 / SPCC584.09 F Schizosaccharomyces pombe 4 + + 
gi|15214304 SpoSpn7 / SPBC19F8.01c F Schizosaccharomyces pombe 3 + - 
gi|20177379 SdoSeptl /  A Suberites domuncula 2B + + 
gi|33302067 UmaCdc10 /  F Ustilago maydis 1A + - 
gi|46099680 UmaHyp1 Cdc3  F Ustilago maydis 2A + + 
gi|46099269 UmaHyp2 Cdc12  F Ustilago maydis 4 + + 
gi|46099354 UmaHyp3 Cdc11 Sep3 F Ustilago maydis 3 + + 
gi|34784614 XlaHyp1 Sept12 MGC68931 A Xenopus laevis 1A + - 
gi|12003372 XlaSeptA Sept2  A Xenopus laevis 2B + + 
gi|50551445 YliHyp1 Cdc3  F Yarrowia lipolytica 2A + + 
gi|50549207 YliHyp2 Cdc10  F Yarrowia lipolytica 1A + - 
gi|50551749 YliHyp3 Cdc12  F Yarrowia lipolytica 4 + + 
gi|50553330 YliHyp4 Cdc11a  F Yarrowia lipolytica 3 + + 
gi|50549013 YliHyp5 Spr28  F Yarrowia lipolytica 3 + + 
gi|50547965 YliHyp6 Cdc11b  F Yarrowia lipolytica 3 + + 
gi|50557032 YliHyp7 Spr3  F Yarrowia lipolytica 4 + + 
gi|13940377 ZroCDC / er001-c F Zygosaccharomyces rouxii Tr + - 

 

* Genbank identification numbers, http://www.ncbi.nlm.nih.gov . 

† The first three letters represent genus and species names. The last letters represent current 

septin protein name.   

* Proposed names based on first- or best-characterized septin in each clade.  

‡Alias designations from Genbank and [66, 67] 

§ A represents animals; F represents fungi; M represents microsporidia.  

¶ Group names are assigned according to phylogenetic analysis shown in Figure 2.2. tr, 

truncated; slk, septin-like. 

║ Presence of full length GTP_CDC detected by the SMART program. 

** Predicted coiled-coil at C terminus.  

http://www.ncbi.nlm.nih.gov
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Table 2.2. Conserved motifs and single residues in septins. 

a. Established Motifs and Extensions 
Amino 

acid 
Frequency 
(162 total) Bitscore Other Residues+ 

G1 motif (SceCdc3 126-135) 
G 162(100%) 4.3 / 
x / / / 
x / / / 
G 152(94%) 3.6 N(4) 
x / / / 
G 160(99%) 4.2 / 

[KR] 158(98%) 3.4/ 0.4 / 
[ST] 154(95%) 2/1.1 / 
[TS]* 157(97%) 3.4/ 0.3 A(3) 
[LF]* 156(96%) 1.9/1.2 M(3) 

G3 motif (SceCdc3 204-209) 

D 135(83%) 2.7 
E(6),N(4), S(4), 

L(3), T(3) 
T* 141(87%) 3.1 A(7),S(5) 

[PV]* 139(86%) 2.1/ 0.3 E(6), H(3) 
G 153(94%) 3.8 N(4 ) 
x* / / / 
G* 150(93%) 3.7 E(6) 

G4 motif (SceCdc3 280-289) 
N* 156(96%) 3.8 T(5) 
x* / / / 
x* / / / 
P* 159(98%) 4 L( 2) 
x* / / / 
I* 147(91%) 3.3 L(9), V(5) 
x / / / 
K 148(91%) 3.4 R(11) 
x / / / 
D 160(99%) 4 / 

* Modifications of previously defined motifs. 

+ Most common examples of other residues; not all possibilities shown. 
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b. New Septin Motifs 
Amino 

acid Frequency Bitscore Other Residues+ 
Sep1 motif (SceCdc3 237-242) 

E 156(96%) 3.9 D(5) 
x / / / 
x / / / 
x / / / 
x / / / 
R 158(98%) 3.9 T(2) 

Sep2 motif (SceCdc3 247-259) 
D 156(96%) 3.9 E(2) ,G(2)  
x / / / 
R 150(93%) 3.5 H(5) 

[VI] 155(96%) 1.9/1 P(4) 
H 153(94%) 3.6 D(4), Q(4) 
x / / / 
x / / / 
x / / / 

[YF] 156(96%) 3.2/0.3 L(5) 
F 147(91%) 3.3 L(9) 

[IL] 153(94%) 2.9/0.3 V(8) 
x / / / 
P 142(88%) 3.1 A(10), S(3) 

Sep3 motif (SceCdc3 261-268) 
G 140(86%) 3 S(6 ) 
x / / / 
x / / / 
L 151(93%) 3.2 D(5), I(4), V(3) 
x / / / 
x / / / 
x / / / 
D 156(96%) 3.9 E(6) 

Sep4 motif (SceCdc3 364-365) 
W 149(92%) 3.7 D(4) 
G 149(92%) 3.6 / 

+ Most common examples of other residues; not all possibilities shown. 

c. Single Conserved Position 
SceCdc3 
Position 

Amino 
Acid Frequency Bitscore Other Residues+ 

117 G 140(86%) 3.3 P(4) 
295 [ED] 152(94%) 3.1/0.2  H(5) 
300 K 150(93%) 3.6 R(9) 
339 P 150(93%) 3.5 D(6) 
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360 R 150(93%) 3.4 / 
396 T 150(93%) 3.4 S(5) 

+ Most common examples of other residues; not all possibilities shown. 
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Supplementary Table 2.1. Septin Derived GTPase Motifs* 
 

a. G1 GTPase Domain: GxxxxG[KR][ST] 
Groups Sequence Derived Motifs 

2A CalCdc3 GesglGKA 
3 CalSpr28 GvndlGKK 

2A DhaHyp1 GesglGKK 
4 EcuSep2 GrrglGTS 
3 NcrHyp4 GasgtGES 
3 PbrPbs1 GsslsPLV 
3 SpoSpn7 GssytSYQ 
3 YliHyp6 GpggsGRA 

 
 

b. G3 GTPase Domain: DxxG 
Groups Sequences Derived Motifs 

3 CalCdc11 DtpN 
2A CalCdc3 TapG 
3 CalSpr28 VtnN 
4 CalSpr3 EtvN 
4 CglHyp2 DtpA 
3 CglHyp6 MtlG 
3 CglHyp8 ImeG 

2A DhaHyp1 StpG 
3 DhaHyp6 DtpN 

2B DreHyp1 (missing) 
1B DreSept6 NtvG 
4 EcuSep2 TyhE 
3 EgoHyp6 LapG 
5 GzeHyp6 TrkR 

1B HsaSept10 NtvG 
1B HsaSept6 StvG 
3 KlaHyp7 LipG 

1B MmuSept10a NtvG 
1B MmuSept10b KtvG 
1B MmuSept6 StvG 
1B RnoSept10a NtvG 
1B RnoSept10b KtvG 
1B RnoSept6 StvG 
3 SceShs1 MthG 
3 SceSpr28 LfpG 
3 SpoSpn7 EvnG 
3 YliHyp5 EgpG 
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c. G4 GTPase Domain: xKxD† 

Groups sequence Derived Motifs 
5 CneHyp5 sNvE 
5 GzeHyp6 aRaD 

1A HsaSept12 aRaD 
1A Mmusept12 aRaD 
5 NcrHyp6 sQaD 

1A RnoSept12 aRaD 
2B SdoSept1 iKcP 
3 SpoSpn7 gNsN 

 
*Upper case represents previously identified conserved positions. 

† Loss of asparagine in the G4 motif NKxD is a feature for septin family, so the motif is 

represented by xKxD. 
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CHAPTER 3 

PROTEIN CO-EVOLUTION AND ITS APPLICATIONS IN RESIDUE CONTACT 

PREDICTION2 

                                                 
2 Fangfang Pan, Dongsheng Che, Michelle Momany, Liming Cai, and Russell L. Malmberg. Submitted to 
Proteins:structure, function, bioinformatics 
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ABSTRACT 

Predicting protein 3D structure from primary sequence is a fundamental problem in 

computational biology, and building a residue physical contact map is a key step. The physical 

interactions between residues determine protein structure and functions, and those often involve 

highly conserved residues. However, residues can also mutate in a correlated way to preserve 

important interactions. Thus, co-evolving residues are one special group of residues worth 

studying for physical interactions. The rapid increase in the number of available protein 

sequences and structures allows the application of the mutual information statistic to protein co-

evolution. We focused on 48 pairs of interacting proteins from the Protein Complex 

Crystallization Database and used mutual information to study residue co-evolution. Our analysis 

showed that, on average, co-evolving residue pairs were physically closer to each other than 

background. We derived protein co-evolving residue preference matrices using those co-

evolving residues, and observed the existence of some individual residue pairing preferences. We 

also derived contact scoring matrices for co-evolving residues, and developed a new method to 

computationally predict whether co-evolving residue pairs are proximal or distant. Preliminary 

prediction results indicate the potential applicability of our approach to protein structure analysis. 
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INTRODUCTION 

Predicting residue physical interactions in proteins with computational approaches has been of 

great interest as the experimental approaches, such as X-ray crystallography and NMR 

spectroscopy, are usually time consuming and have many limitations. It can help to reconstruct 

protein 3D structure if a residue physical interaction map is accurately predicted. Accurately 

identified residue physical contacts between proteins can predict important binding sites for 

protein-protein interactions.  

Compared to the studies of general protein interactions, detecting exact interacting regions or 

even individual physically interacting positions is more challenging and usually requires more 

information. Previously secondary structures and the specific chemical and physical 

characteristics of the interface have been used to differentiate interacting interfaces from other 

protein surface regions[29, 40, 87]. Residue contact potentials (CP), derived from the known 

interactions, have also been used to indicate physical contacts between individual residues[39]. 

Computational techniques, such as neural network, support vector regression and likelihood 

matrices, were applied in the contact potential problem [38, 41, 42]. One promising approach is 

to consider the occurrence of co-evolution by looking at correlated mutations in proteins. 

Residues can co-evolve to maintain important interactions. 

Correlations between pairs of residues have been the focus of RNA structure studies as 

functional RNA polymers evolved with the constraint of keeping stable internal base pairings 

rather than conserved primary sequences. Statistics from information theory were successfully 

applied in the co-variation study of ribosomal RNA [88]. Similar methods have also started to be 

applied exploring correlated mutations in homologous protein sequences [30, 34, 89-93]. Some 
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characteristics of co-evolving residues, including a smaller physical distance between them than 

average, have been observed [90]. Co-evolution has also been used to single out the right 

docking solution [34]. Thus, extracting correlated mutations by information theory and analyzing 

pairing preferences are potentially useful to predict contacts of co-evolving residues.  

Recently, a large number of sequences have become available with the progress of genomics. 

This enables us to apply a mutual information (MI) based approach to study protein co-

evolution, including co-variation between different proteins in a complex. In this paper, we 

introduce a new method to predict residue contacts from protein co-evolution. We built pairing 

preference matrices based on the co-evolving residues we identified by using information theory. 

We showed how to derive contact scoring matrices based on co-evolving pairing preferences. 

We propose a simple but novel prediction method using our contact scoring matrices. We believe 

that our method is complementary to other contact prediction approaches, as our method focuses 

mainly on co-evolving residues which are otherwise too variable to be discovered by current 

methods. We hope that our contact scoring matrices and prediction method can be used to detect 

some interacting residues of proteins.  
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METHODS 

We summarize our method into two major stages. In stage 1, we collected the available data, 

aligned multiple sequences and analyzed mutual information (MI) (Figure. 3.1). In stage 2, we 

built co-evolving preference matrices, and proposed a new method for predicting proximal co-

evolving residues. All procedures were automated except for manual adjustment of sequence 

alignments.  

Collect protein-protein complexes 

We focused our analysis on protein-protein complexes whose structures have been solved. The 

Protein Complex Crystallization Database (PCCD) contains 659 published unique protein–

protein complexes [94]. Using the entries in PCCD, we retrieved sequences and structural 

information from the Protein Data Bank (PDB) (www.pdb.org). Many complexes have more 

than one identical chain for each polymer. Each chain was checked and only one chain from each 

set of identical chains in a polymer was kept to represent that polymer sequence. 

Search for homologous sequences 

For each protein complex, polymer sequences extracted from PDB by the above step were used 

as queries in BLASTP searches for homologs, run against the non-redundant database on NCBI 

[95]. Default parameters were used. There was usually more than one hit in an organism from 

one blast search due to the large size of some protein families. BLASTP results were sorted by 

organism names, and the sequence with the lowest e-value in each organism was used as the 

closest homolog of the query.  
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Filter protein complexes 

We considered protein-protein complexes extracted above only when two requirements were 

satisfied: 1) The corresponding homologs from the same organism (iso-organismal homologs) 

existed for both chains; 2). The total number of organisms satisfying (1) was greater than 125. 

Figure 3.1 shows an example of extracting homologous sequences for a rat protein complex. By 

filtering 659 complexes in PCCD, we obtained 48 pairs of such complexes.  

Align sequences and merge alignments of two polymers 

ClustalW was used to align the homologous sequences of each chain [96]. The BioEdit program 

was used to aid the manual editing of alignments 

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Protein alignments of any two chains from the 

same protein complex (protein with the same PDB ID) were merged to a single file so that MI 

could be calculated between and within chains at the same time (Figure 1).  

Search for co-evolving residues 

Mutual information has been applied in identifying co-evolving residues. It has been a concern in 

such analysis to separate phylogenetic influence from compensatory mutations [25, 36, 89, 93, 

97]. To decrease the background noise, we used the approach of mutual information normalized 

by joint pair entropy to find co-evolving residues [90]. Briefly, for a given pair of columns (x, y) 

in a multiple alignment, we first calculated the values of entropy for column x and y, H(x) and 

H(y), the joint pair entropy H(x, y) and the mutual information MI(x, y) as follows: 

∑
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where p(xi) and p(yj) are the probabilities of amino acid i and j respectively. We then considered 

the pair of column (x, y) was co-evolving only if H(x) and H(y) were greater than 0.3 and the Z-

score (the units of standard deviation from the mean) of NMI was greater than 4 [90]. Using a 

criterion of Z score= 4 picks the top 3*10-5 positions with high mutual information, which means 

these positions have higher mutual information than the remaining 99.997% of positions in the 

dataset. We chose this Z score to be very stringent because of the large number of comparisons 

made. 

For these predicted co-evolving residue pairs, we grouped them into two categories depending on 

whether two columns were from the same chain or two chains. For those co-evolving residues 

from the same chain, we called them type W (Within) co-evolving residues. Otherwise, we called 

them type B (Between) co-evolving residues. Figure 1 illustrates an example of two types of co-

evolving residues. 

Calculate physical distances of amino acids 

The 3D coordinates of atoms in each polymer sequence were extracted from PDB to calculate 

the physical distance between any two amino acids. Given the 3D coordinates (x, y, z) of two 

atoms A and B, the physical distance between them was calculated as:  

2
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2
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2
)( BzAzByAyBxAxBA −+−+−=−

rr        (5) 

The shortest distance between any pair of non-hydrogen atoms of two amino acids was used to 

represent the physical distance of these two amino acids.  
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Build residue pairing preference matrices 

We obtained co-evolving positions as described in the previous section, and derived a 20 by 20 

matrix to reflect the co-evolving pairing preferences of amino acids. We regarded pairing as 

symmetric; there was no difference between an (A, C) pair and a (C, A) pair, for example. 

Instead of using residue frequencies directly, we also took the residue compositions into 

consideration. We calculated the pairing likelihood between two amino acids i and j using the log 

odds: 
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where Oij was the number of observed co-evolving residue pairs between amino acids i and j (i,  j 

= 1, 2, … 20),  ni (or nj) was the number of co-evolving residue pairs with at least one residue 

being amino acid i (or j), and N was the total number of observed co-evolving residues. 

Depending on what type of co-evolving residues was used, we built three types of matrices by 

using co-evolving residues of type W only, type B only and all co-evolving residues.    

Build contact scoring matrices 

To determine which co-evolving residues were more likely to be physically close and possibly 

interact directly, we derived possible contact scoring matrices.  Specifically, we first built two 

pairing preference matrices, one matrix built from co-evolving residues considered to be in 

contact (i.e., the pair-wise distances of all co-evolving residues were within a physical distance 

cutoff d). The other matrix was built from those considered not in contact (i.e., the pair-wise 

distances of all co-evolving residues were greater than d). We then calculated the score s (i, j) in 

the contact scoring matrix as follows: 
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Because there is no one single accepted distance cutoff to clearly define physical interactions of 

amino acids at the atomic level, we tested cutoff distances of 4Å, 5Å, 6Å, 7Å, 8Å to derive five 

contact scoring matrices.  

Predict interacting co-evolving residues 

After identifying co-evolving residues with the normalized mutual information approach, we 

predicted whether two positions in a multiple sequence alignment were in contact or not by 

evaluating the scores of co-evolving pairs from the contact scoring matrix. The average score 

(AS) was used to estimate whether two positions were in contact. It was defined as follows: 
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where si was the score for a residue pair i, and k was the total number of sequences in the 

alignment. A suitable threshold T was chosen and compared with the value of AS to determine 

the co-evolving positions were in physical contact or not. The co-evolving positions were 

considered to be in contact if AS was less than T, otherwise, they were considered to be distant. 

Validate prediction  

We used a 10-fold cross validation approach to assess our contact scoring matrices and the 

prediction accuracy of our method. In particular, we divided all co-evolving residue data with 

distance information from 48 protein complexes into ten sets. Each time, nine sets were used as 

training data to build up a contact scoring matrix as described above. The remaining one set was 

used as testing data to see whether the co-evolving residues were in real contact or not. This 

process continued until all ten sets were evaluated. True positives (TP) were calculated as the 

number of co-evolving positions in contact predicted to be in contact; false negatives (FN) were 
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the number of co-evolving positions that are in contact but predicted not to be contact; true 

negatives (TN) were the number of distant co-evolving positions predicted to be distant; false 

positives (FP) were the number of distant co-evolving positions but predicted to be contact. 

Sensitivity (Sens) and specificity (Spec) were defined as follows: 

FNTP
TPSens
+

=         (9) 

FPTN
TNSpec
+

=        (10) 

RESULTS 

Forty-eight qualified complexes 

We checked the 659 protein-protein complexes from the Protein Complex Crystallization 

Database (PCCD), and narrowed our analyses to 48 protein-protein pairs after the filtering 

process as described in Methods (Figure 1). Each of these subunit pairs met our analysis 

requirements: each complex pair was different than the others and had a resolved protein 3D 

structure; the two polypeptide chains in one pair from the same complex were different; the 

number of iso-organismal homologs for both units in one complex pair was at least 125. Table 

3.1 lists the PDB IDs and chain IDs of the 48 protein subunit pairs. A ribbon drawing example of 

complex 1AR1 is shown in supplementary Figure 3.1. 

Co-evolving residues tend to be closer than average in physical distance 

Co-evolving residues within a protein have been shown to often be close in 3D structure 

experimentally and in computational analysis [90, 98]. We tested whether this was true for our 

data including the co-evolving pairs that interact between proteins in one complex. Co-evolving 

residues within a protein sequence were denoted as type W (Within); while those two different 
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chains were denoted as type B (Between). We identified co-evolving residues from 48 multiple 

alignments as described in Methods. Supplementary Figure 3.2(a) shows that neighboring 

residues in the primary sequence were correlated and MIs of the neighboring residues were often 

high. We wanted to focus on the protein co-evolution constrained by protein 3D structure but not 

by the neighboring effects. Therefore, we excluded those co-evolving positions which were 

neighboring. In our study, we treated two columns were neighboring if they were separated by 

five residues or less.   

We calculated the physical distances both of any two residue pairs (used as background) and of 

the co-evolving residue pairs from 48 protein-protein complexes. The physical distances between 

co-evolving residues could vary to a maximum 255 Å. The histogram in Supplementary Figure 

3.3(a) shows the distance distribution of 7360 co-evolving residue pairs (including both type W 

and B). Among those data, 3152 co-evolving pairs were type B (Supplementary Figure 3.3(b)). 

While some co-evolving residues were physically too far away to have direct physical 

interactions, the average physical distance of co-evolving residue pairs was shorter than the 

average background distance. As shown in Table 3.2, the mean distance of all co-evolving 

residues was 33Å, compared with the distance of 40Å for background residues. The physical 

distance of all co-evolving residues was significantly shorter than that of the background using 

either t-test or Mann-Whitney-Wilcoxon test (p<0.0001). The physical distance of type B co-

evolving residues was also significantly shorter when compared to the background distance 

calculated from all between-unit residues (p<0.0001). The mean distance between type B 

residues was 47Å compared to the background distance of 58Å (Table 3.3).  

Though the mean distance was still too large to suggest physical interactions directly, our 

analysis indicated that the co-evolving residues were physically closer to each other than 
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random, including those residue pairs between two proteins. Thus, co-variation information of 

protein residues could possibly be used as a feature to identify the residues that are more likely to 

be in close contact, when combined with other information.  

Amino acid compositions and pairing preferences of co-evolving residues 

We first investigated whether there was any bias in amino acid composition for the co-evolving 

residues by calculating the composition percentage of each amino acid. Amino acid 

compositions were calculated for all 566,997 co-evolving residues in the multiple alignment files 

of 48 protein complexes. They were compared to the background composition of all 6,896,622 

residues in the same alignment files. In general, there were no differences between the 

compositions of co-evolving residues and those of background residues (Figure 3.2). The 

correlation between the composition of co-evolving residues and the background was 0.95. This 

was similar to the correlations observed comparing residues at protein interfaces with the whole 

proteins, which were usually greater than 0.8 [39]. However, some amino acids, such as aspartic 

acid, cysteine, histidine, and asparagine, had slightly higher compositions in co-evolving 

residues. The two residues that had the greatest composition differences between co-evolving 

residues and the background were glycine and tyrosine, which had 15% less than and 47% more 

than the background composition (Supplementary Table 3.1).  

A common method to represent pairing preferences is to build amino acid pairing matrices [38, 

39, 99]. We used different types of co-evolving residues, i.e., both type W and B, type W only 

and type B only  to build 20 by 20 pairing matrices (Supplementary tables 3.2~3.4). These 

matrices show the preferences of amino acid pairs that are more or less likely to co-evolve 

together. We checked the co-evolving preferences in all three matrices. We found that main 

diagonal values were often positive for all co-evolving residues and type B co-evolving residues. 
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Among those, methionine, cysteine and lysine had very strong preferences to co-evolve with 

themselves (Supplementary Table 3.2). Off diagonal B type pair (F, W) and W type pair (Y, Q) 

also had very positive values. The preference differences from the type B only and type W only 

matrices were obvious, some extreme values could reach as low as -8 (Supplementary tables 3.3 

and 3.4). Interestingly, most values of residue pairings between histidine and other amino acids 

were highly negative in type B matrix. Overall, there were some stronger preferences for 

particular co-evolving pairs. 

Contact scoring matrices 

Our analysis has shown that co-evolving residues could be physically distant as well as close, 

though the average distance of co-evolving residues was shorter than that of background. To 

detect the directly interacting residues, we divided co-evolving residues into two groups, a direct 

physical contact group and a more distant group. We then derived contact scoring matrices as 

described in Methods. Table 3.3 shows one scoring matrix using 8Å as a physical interaction 

cutoff. The score values in the matrix reflect the propensity of a pair of co-evolving amino acid 

residues to be physically close or distant. The higher the values in a table cell, the more likely 

those two co-evolving residues are in close contact. For example, the score of the C-W pair was 

2.66, indicating they are highly likely found in physical contact. The score of the C-C pair was -

7.18, indicating they are more likely found at a distance. 

Cross validation of prediction 

To evaluate the overall performance of our prediction method, we did a ten-fold cross validation 

for co-evolving residues in the multiple alignments for 48 protein complexes. We divided all co-

evolving residue data into ten parts, and used nine parts to build a contact scoring matrix. The 

remaining one part was used to evaluate our prediction. We tested the data by using matrices 
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with different distance cutoffs (4Å, 5Å, 6Å, 7Å, 8Å), and evaluated the performance based on 

sensitivity and specificity.  

We used different threshold values (T = -0.3, -0.2, -0.1, 0) to test our prediction performance. As 

we can see in Table 3.4, sensitivity decreased and specificity increased as the threshold value 

increased. For example, this method correctly identified 63% pairs with physical interactions and 

32% of distant pairs with T = -0.3 and the 8Å matrix. In contrast, it could identify 25% 

contacting pairs and 71% non-contacting pairs with T = 0. Depending on different application 

goals, those parameters could be changed to best fit the problem. 

DISCUSSION AND CONCLUSIONS 

Correlated sequence changes are sufficient to detect the right interactions amongst many wrong 

alternatives within proteins [34]. We have presented a new approach to predict residue contact 

potentials based on information theory. Our analysis on co-evolving residues showed that the 

average 3D distance between co-evolving residues was shorter than average. Further analysis has 

shown that the existence of strong pairing preferences of residues, although there were few 

preferences in residue composition. We also built residue contact scoring matrices used to 

predict the closeness/distance for those co-evolving positions. Our idea of building scoring 

matrices for residue contact prediction is analogous to using BLOSUM or PAM matrices in 

BLAST searches for homologs. Validation of our predication method suggested the usefulness of 

our approach in predicting physically interacting residues.  

Our derived contact scoring matrix and proposed prediction approach could be very helpful for 

predicting mutagenesis targets. Suppose two proteins are known to interact and one would like to 

know where the interaction residues/sites are. In addition to the conserved protein domains, the 
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researcher could first identify the co-evolving positions between these two proteins by using 

mutual information from multiple sequence alignment. The likelihood of two co-evolving 

positions to be in proximity could be predicted by applying our prediction scoring matrices. This 

could be used to help narrow down and differentiate the huge number of possible pairing 

residues for further mutagenesis analysis.  

Our method is mainly based on mutual information in the multiple alignments. The use of mutual 

information requires a large number of sequences from different species in one alignment [90], 

leading to only a few number of qualified proteins. In our study, only 48 protein-protein 

complexes were qualified. In addition, the use of mutual information in multiple alignments for 

structure prediction relies on the assumption that the important protein 3D and quaternary 

structure be kept similar during evolution in different species, while the primary sequences show 

enough variation to be useful. This requires that in the protein alignment, the species are 

relatively close in their evolutionary relationship to keep the proteins physically of the same 

shape and functions.  

Ideally, we need to use two types of co-evolving residues (i.e., type B only and type W only) to 

derive two kinds of contact scoring matrices for predicting residue contacts. We analyzed the co-

evolution both within and between different subunits in protein complexes, and found that there 

were some distinctive pairing preferences for these two groups. We thus believe that the type B 

contact matrix should be a better matrix used for predicting type B co-evolving positions, and 

similarly for the type W matrix. In our study, only 48 protein-protein complexes were used. 

There were not enough pairs of physically close co-evolving residues (such as 8Å) for type B or 

W alone to construct a contact scoring matrix. When there is sufficient data, a prediction matrix 
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for both types could be established and it might help to better predict the quaternary structures of 

some important proteins. 

In summary, we have derived contact scoring matrices and developed a framework to predict 

physical contact of co-evolving amino acids. We hope that our matrix can more accurately 

capture the relationships of contact residues as more data become available, and our prediction 

can provide additional useful information to the traditional docking and threading methods. 
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Figure 3.1. An illustration of stage 1 of our method using a rat protein complex as an example.  

The rat protein complex has two interacting chains, 1 and 2. Only iso-organismal homologs were 

kept. Only five sequences in each alignment are shown here for simplicity. In the merged 

alignment, columns a and b are from the same chain, those co-evolving residues are denoted as 

type W (Within); while c and d are from two different chains, and thus they are denoted as type 

B (Between). 
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Figure 3.2. Amino acid compositions for all residues (background) and for co-evolving residues. 

The x-axis lists the twenty amino acid sorted by back-ground composition at increasing order. 

The y-axis is the composition percentage for each amino acid. 
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Table 3.1. The PDB IDs and subunit designators of 48 hetero-complex pairs used in this study 

1AIP_FH 1EFU_DC 1IXR_CB 1KKL_JC 1L0L_EA 1OKK_DA 1RJ9_BA 1W85_HG
1AR1_AB 1EZV_AD 1JW9_BD 1KYI_XR 1L0L_EB 1Q90_BC 1T9G_DS 1W85_JG
1DKG_DB 1EZV_AE 1JZD_BC 1L0L_BA1MG9_AB 1QLA_ED 1TID_DC 1W85_JH
1E6E_DC 1F80_CF 1KB9_AD1L0L_DA 1O94_BE 1QLE_AB 1TYG_GC 1W88_JG
1E7P_KJ 1GPW_EF 1KB9_AE 1L0L_DB 1O95_BF 1QLE_CA 1UBK_SL 1WDK_BD

1EBD_BC 1HT2_HD 1KF6_NM 1L0L_DE 1OFH_CN 1QLE_CB 1VF5_NQ 1XB2_AB

*The first four letters are the PDB ID and the last two letters are the 2 chain names in the 

complex as designated in PDB. Some protein complexes (eg. 1L0L) have multiple interacting 

chains and each interaction was considered as one pair 
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Table 3.2. Basic statistical results for physical distance analysis 

  Number Mean (Å) Median (Å) Maximum (Å) P value 
All co-evolving pairs 7360 33.31 29.65 254.87 
All background pairs 9133588 40.34 33.77 324.24 <0.0001 

Type B co-evolving pairs 3125 46.83 43.28 254.87 
Background between pairs 3907261 57.63 48.18 324.24 <0.0001 

Type W co-evolving pairs 4235 23.34 21.90 69.45 
Background within pairs 5226327 27.42 25.89 113.41 <0.0001 

Type B: Between subunits in a protein complex 

Type W: Within subunits in a protein complex 
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Table 3.3. Contact scoring matrix using 8 Å as a cutoff 

- I V L F C M A G T S W Y P H E Q D N K R 
I -0.07 -0.08 0.19 -0.65 -0.39 -0.13 0.08 -0.34 0.01 -0.07 -0.64 -0.38 -0.13 -0.49 0.43 0.09 0.60 -0.10 -0.49 0.70
V -0.08 -0.88 0.02 -0.27 -1.16 0.43 0.27 -0.04 0.65 0.38 -0.50 -0.23 -0.49 -1.18 -0.19 0.10 0.45 0.32 -0.36 -0.14
L 0.19 0.02 -0.97 0.32 -0.03 -0.21 -0.06 -0.13 0.98 -0.53 -5.07 -0.63 0.82 0.01 -0.52 -0.54 -0.11 0.49 0.33 0.14
F -0.65 -0.27 0.32 -0.30 -0.84 -0.43 -0.28 -0.55 -0.62 -0.58 -1.58 -1.26 -0.47 0.39 0.64 0.22 0.62 -0.22 1.04 0.90
C -0.39 -1.16 -0.03 -0.84 -7.18 -0.03 0.53 0.43 0.69 -0.48 2.66 -0.46 -5.20 0.58 -0.41 0.66 -0.50 -0.71 -0.67 -0.08
M -0.13 0.43 -0.21 -0.43 -0.03 -0.08 -0.80 1.11 -0.11 -0.45 -0.90 0.38 0.05 -0.96 0.61 0.18 -1.71 -0.04 -1.14 -1.17
A 0.08 0.27 -0.06 -0.28 0.53 -0.80 -0.03 -0.32 0.37 -0.33 0.78 0.42 0.12 -0.46 -0.41 0.46 0.09 -0.04 -0.02 0.08
G -0.34 -0.04 -0.13 -0.55 0.43 1.11 -0.32 -0.99 0.12 0.79 0.14 -0.06 0.43 -0.92 -0.25 0.48 -0.19 -0.02 0.37 -0.50
T 0.01 0.65 0.98 -0.62 0.69 -0.11 0.37 0.12 -1.54 -0.38 0.80 -0.08 -0.64 0.16 -1.39 0.23 0.23 0.60 -1.16 -1.27
S -0.07 0.38 -0.53 -0.58 -0.48 -0.45 -0.33 0.79 -0.38 -0.97 0.03 0.35 0.04 -0.78 0.25 0.50 0.22 0.09 0.62 0.40
W -0.64 -0.50 -5.07 -1.58 2.66 -0.90 0.78 0.14 0.80 0.03 -6.63 -0.93 -4.77 1.32 -0.52 -0.90 -0.90 -0.20 -0.92 -5.32
Y -0.38 -0.23 -0.63 -1.26 -0.46 0.38 0.42 -0.06 -0.08 0.35 -0.93 -1.95 -0.50 -1.20 0.89 1.26 0.49 -0.83 0.53 0.06
P -0.13 -0.49 0.82 -0.47 -5.20 0.05 0.12 0.43 -0.64 0.04 -4.77 -0.50 -1.63 -0.97 -0.21 0.41 0.28 0.71 -0.47 -0.70
H -0.49 -1.18 0.01 0.39 0.58 -0.96 -0.46 -0.92 0.16 -0.78 1.32 -1.20 -0.97 -2.84 1.57 -1.72 -0.46 0.79 -0.73 1.50
E 0.43 -0.19 -0.52 0.64 -0.41 0.61 -0.41 -0.25 -1.39 0.25 -0.52 0.89 -0.21 1.57 -0.92 -0.06 -0.16 -0.88 0.69 0.03
Q 0.09 0.10 -0.54 0.22 0.66 0.18 0.46 0.48 0.23 0.50 -0.90 1.26 0.41 -1.72 -0.06 -1.71 -1.03 -0.55 -0.55 -1.51
D 0.60 0.45 -0.11 0.62 -0.50 -1.71 0.09 -0.19 0.23 0.22 -0.90 0.49 0.28 -0.46 -0.16 -1.03 -0.74 0.25 -0.04 0.32
N -0.10 0.32 0.49 -0.22 -0.71 -0.04 -0.04 -0.02 0.60 0.09 -0.20 -0.83 0.71 0.79 -0.88 -0.55 0.25 -1.81 0.32 -0.02
K -0.49 -0.36 0.33 1.04 -0.67 -1.14 -0.02 0.37 -1.16 0.62 -0.92 0.53 -0.47 -0.73 0.69 -0.55 -0.04 0.32 -0.71 -0.28
R 0.70 -0.14 0.14 0.90 -0.08 -1.17 0.08 -0.50 -1.27 0.40 -5.32 0.06 -0.70 1.50 0.03 -1.51 0.32 -0.02 -0.28 -1.23

The residues are arranged according to their hydrophobicity, using the Kyte and Doolittle 

hydropathy index [100] 
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Table 3.4. Sensitivity and specificity for distance cutoff 4~8Å and score cutoff T -0.3~0 

 
  T= -0.3  T= -0.2  T= -0.1  T= 0 
  Sens. Spec.  Sens. Spec.  Sens. Spec.  Sens. Spec. 

4Å 0.46 0.60 0.40 0.69 0.26 0.79 0.19 0.85 
5Å 0.53 0.52 0.40 0.64 0.32 0.75 0.24 0.83 
6Å 0.51 0.48 0.42 0.60 0.33 0.71 0.23 0.81 
7Å 0.60 0.41 0.48 0.52 0.36 0.63 0.26 0.74 
8Å 0.63 0.32  0.51 0.45  0.38 0.57  0.25 0.71 

The median of all ten cross validation rounds was used in the corresponding cell to represent the 

overall sensitivity and specificity. 
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Supplementary Figure 3.1. A co-evolving and interacting network on cytochrome c oxidase. 

Graph was prepared with Pymol(DeLano, W.L. The PyMOL Molecular Graphics System (2002) 

DeLano Scientific, Palo Alto, CA, USA. http://www.pymol.org). We have found instances where 

high mutual information indicated co-evolution with multiple other residues in a constraint 

network. One example is cytochrome c oxidase (PDB_ID 1AR1). Cytochrome c oxidase (COX) 

is a large protein complex found in the mitochondrion and bacteria. It is an electron receptor at 

the terminal of electron transport chain in respiration [101]. We were able to identify 59 residue 

pairs that have high mutual information between units, out of which, 9 pairs had physical 

distance less than 8Å. One interesting subgroup is shown in Supplementary Figure 1. The 

Phe101(red) in subunit II has high mutual information with 5 different residues in subunit I, 

leu334, thr335, gln337, ala338 and arg400 (green). The site is far away from the Heme/Cu 

reaction center, but should be a very interesting site for further analysis. 

http://www.pymol.org
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Supplementary Figure 3.2. MI distribution across residue distances in primary sequences. (a) The 

average normalized mutual information distribution. The x-axis is the linear primary sequence 

distance between any two residues within a protein sequence; the y-axis is the average 

normalized mutual information for all the residues of that distance category (eg. 1 residue apart, 

etc). (b) Enlarged part of figure 3(a) where the linear distance is from 1 to 100 residues apart. (c) 

The number of available MI data calculated for each distance category. The farther apart the two 

residues, the less data are available. 
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Supplementary Figure 3.3. 3D distance histograms for residue pairs with high mutual 

information in 48 complexes. X-axis is the 3D distance between two residues with high mutual 

information, and y-axis is the percentage of residue pairs that fall in that distance category. 

Arrow points to the background average (BA) distance. (a) All residue pairs from both B and W 

types. (b) Residue pairs of B type. 
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Supplementary Table 3.1. Amino acid composition for co-evolving residues and background 

 G K D V A P L E I R M T F S Q W N H C Y 

Background 0.082 0.058 0.058 0.078 0.102 0.045 0.089 0.072 0.062 0.053 0.029 0.054 0.035 0.051 0.035 0.008 0.033 0.021 0.010 0.024

Co-evolving 0.069 0.049 0.050 0.071 0.093 0.041 0.085 0.071 0.062 0.053 0.029 0.057 0.037 0.057 0.040 0.010 0.043 0.029 0.015 0.037

Difference -0.013 -0.009 -0.008 -0.007 -0.009 -0.004 -0.003 -0.002 0.000 0.000 0.001 0.002 0.002 0.006 0.005 0.002 0.010 0.009 0.005 0.014

Difference Ratio -0.159 -0.150 -0.140 -0.091 -0.088 -0.079 -0.037 -0.024 0.000 0.003 0.022 0.041 0.056 0.113 0.151 0.205 0.305 0.411 0.447 0.572
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Supplementary Table 3.2. Symmetric amino acid pairing preference table for all co-evolving residues.  

- I V L F C M A G T S W Y P H E Q D N K R 

I 0.25 -0.11 0.04 0.06 0.03 -0.30 -0.30 -0.20 0.10 -0.24 -0.18 -0.27 -0.09 -0.25 -0.14 -0.16 -0.22 -0.08 -0.07 -0.32
V -0.11 0.30 -0.06 -0.05 -0.02 -0.42 -0.06 -0.12 0.15 -0.22 -0.05 -0.55 -0.32 -0.06 -0.14 -0.32 -0.41 -0.23 -0.18 -0.17
L 0.04 -0.06 -0.18 -0.64 0.14 -0.30 0.03 -0.32 -0.14 -0.18 -0.57 -0.20 0.12 -0.38 0.04 0.09 0.08 -0.15 0.02 -0.45
F 0.06 -0.05 -0.64 0.52 -0.02 -0.60 -0.04 0.21 -0.08 -0.33 0.78 -0.30 -0.29 -0.01 0.08 0.08 -0.05 -0.34 -0.23 -0.01
C 0.03 -0.02 0.14 -0.02 1.91 -0.28 0.03 0.14 -0.57 -0.36 0.17 -0.34 -0.59 0.23 -0.20 -0.59 -0.85 -0.09 0.40 -0.07
M -0.30 -0.42 -0.30 -0.60 -0.28 1.10 -0.19 -0.21 0.02 -0.15 -0.23 -0.02 -0.34 -0.14 -0.17 -0.12 -0.45 -0.39 -0.03 -0.21
A -0.30 -0.06 0.03 -0.04 0.03 -0.19 0.08 0.10 -0.10 -0.13 0.18 -0.40 -0.16 -0.26 -0.61 -0.51 -0.40 -0.05 -0.26 -0.07
G -0.20 -0.12 -0.32 0.21 0.14 -0.21 0.10 -0.19 0.16 -0.02 0.27 -0.01 -0.15 0.02 -0.03 -0.01 -0.23 -0.64 -0.14 0.02 
T 0.10 0.15 -0.14 -0.08 -0.57 0.02 -0.10 0.16 0.21 -0.21 -0.54 -0.41 -0.45 0.05 -0.39 -0.50 -0.09 -0.47 -0.07 -0.09
S -0.24 -0.22 -0.18 -0.33 -0.36 -0.15 -0.13 -0.02 -0.21 0.54 -0.35 0.16 -0.16 -0.36 -0.22 0.13 -0.10 -0.46 -0.23 -0.09
W -0.18 -0.05 -0.57 0.78 0.17 -0.23 0.18 0.27 -0.54 -0.35 0.90 0.01 -0.45 -0.07 0.33 -0.37 0.14 -0.30 0.25 -0.06
Y -0.27 -0.55 -0.20 -0.30 -0.34 -0.02 -0.40 -0.01 -0.41 0.16 0.01 0.66 0.20 0.39 -0.40 0.11 0.15 0.05 -0.31 -0.05
P -0.09 -0.32 0.12 -0.29 -0.59 -0.34 -0.16 -0.15 -0.45 -0.16 -0.45 0.20 0.32 0.25 -0.15 0.34 -0.30 0.19 -0.45 -0.06
H -0.25 -0.06 -0.38 -0.01 0.23 -0.14 -0.26 0.02 0.05 -0.36 -0.07 0.39 0.25 0.18 -0.28 -0.48 0.06 0.37 -0.02 -0.19
E -0.14 -0.14 0.04 0.08 -0.20 -0.17 -0.61 -0.03 -0.39 -0.22 0.33 -0.40 -0.15 -0.28 0.39 -0.16 -0.10 0.08 -0.13 -0.12
Q -0.16 -0.32 0.09 0.08 -0.59 -0.12 -0.51 -0.01 -0.50 0.13 -0.37 0.11 0.34 -0.48 -0.16 0.48 0.04 0.07 -0.64 -0.02
D -0.22 -0.41 0.08 -0.05 -0.85 -0.45 -0.40 -0.23 -0.09 -0.10 0.14 0.15 -0.30 0.06 -0.10 0.04 0.76 -0.35 -0.44 -0.01
N -0.08 -0.23 -0.15 -0.34 -0.09 -0.39 -0.05 -0.64 -0.47 -0.46 -0.30 0.05 0.19 0.37 0.08 0.07 -0.35 0.37 0.31 -0.31
K -0.07 -0.18 0.02 -0.23 0.40 -0.03 -0.26 -0.14 -0.07 -0.23 0.25 -0.31 -0.45 -0.02 -0.13 -0.64 -0.44 0.31 1.59 -0.24
R -0.32 -0.17 -0.45 -0.01 -0.07 -0.21 -0.07 0.02 -0.09 -0.09 -0.06 -0.05 -0.06 -0.19 -0.12 -0.02 -0.01 -0.31 -0.24 0.53 



81 

Supplementary Table 3.3. Symmetric amino acid pairing preference table for type W co-evolving residues.  

- I V L F C M A G T S W Y P H E Q D N K R 

I -0.91 -0.01 0.48 -0.44 0.06 -0.44 -0.31 -0.16 0.06 0.10 -0.57 -0.25 -0.59 0.13 -0.24 -0.49 0.03 -0.35 0.18 -0.19
V -0.01 -0.91 0.58 0.28 -0.16 0.23 -0.48 -0.12 0.67 0.32 0.16 -0.11 0.10 0.78 0.06 0.34 0.18 -0.41 0.22 -0.03
L 0.48 0.58 -1.34 -0.73 0.16 -0.37 0.10 -0.12 0.52 0.43 0.09 0.15 0.14 -0.49 -0.30 0.13 0.89 -0.38 0.06 -0.48
F -0.44 0.28 -0.73 -1.11 0.63 -0.87 0.05 0.29 -0.24 0.25 -0.01 -0.35 -0.28 -1.67 0.22 0.58 -0.02 -0.64 -0.20 -0.18
C 0.06 -0.16 0.16 0.63 -1.15 -0.72 -1.17 -0.27 -0.15 -0.16 -7.64 -0.33 -0.17 -1.96 -0.92 0.17 -0.08 -0.04 0.98 -0.66
M -0.44 0.23 -0.37 -0.87 -0.72 0.34 -0.01 0.45 0.01 0.22 0.59 0.18 -0.62 0.11 -0.58 -0.06 -0.07 -0.87 0.05 -0.08
A -0.31 -0.48 0.10 0.05 -1.17 -0.01 -0.75 0.51 -0.12 0.14 0.72 -0.41 -0.44 -0.55 -1.07 -0.53 -0.06 -0.65 -0.12 -0.02
G -0.16 -0.12 -0.12 0.29 -0.27 0.45 0.51 -1.55 0.37 0.46 0.53 0.14 0.13 0.56 0.24 0.61 -0.03 -0.99 0.07 0.22 
T 0.06 0.67 0.52 -0.24 -0.15 0.01 -0.12 0.37 -0.90 -0.42 -0.57 -0.11 -0.23 -0.40 -0.51 -0.48 0.88 -0.21 -0.07 0.03 
S 0.10 0.32 0.43 0.25 -0.16 0.22 0.14 0.46 -0.42 -1.29 -0.31 -0.07 0.20 -0.85 -0.20 0.52 0.67 -1.04 -0.12 0.01 
W -0.57 0.16 0.09 -0.01 -7.64 0.59 0.72 0.53 -0.57 -0.31 -8.64 0.25 -0.58 0.18 0.39 -1.55 0.08 -1.04 -0.60 -0.66
Y -0.25 -0.11 0.15 -0.35 -0.33 0.18 -0.41 0.14 -0.11 -0.07 0.25 -3.06 0.71 -0.16 -0.10 1.04 0.85 -1.05 -0.04 0.24 
P -0.59 0.10 0.14 -0.28 -0.17 -0.62 -0.44 0.13 -0.23 0.20 -0.58 0.71 -0.60 0.17 0.23 0.79 0.22 -0.47 0.12 -0.17
H 0.13 0.78 -0.49 -1.67 -1.96 0.11 -0.55 0.56 -0.40 -0.85 0.18 -0.16 0.17 -0.49 0.24 -0.80 -0.59 0.97 0.07 0.09 
E -0.24 0.06 -0.30 0.22 -0.92 -0.58 -1.07 0.24 -0.51 -0.20 0.39 -0.10 0.23 0.24 -0.83 0.19 0.20 0.90 0.21 -0.14
Q -0.49 0.34 0.13 0.58 0.17 -0.06 -0.53 0.61 -0.48 0.52 -1.55 1.04 0.79 -0.80 0.19 -1.06 0.56 0.62 -0.27 -1.23
D 0.03 0.18 0.89 -0.02 -0.08 -0.07 -0.06 -0.03 0.88 0.67 0.08 0.85 0.22 -0.59 0.20 0.56 -1.43 0.25 -0.21 -0.37
N -0.35 -0.41 -0.38 -0.64 -0.04 -0.87 -0.65 -0.99 -0.21 -1.04 -1.04 -1.05 -0.47 0.97 0.90 0.62 0.25 -0.08 0.34 0.19 
K 0.18 0.22 0.06 -0.20 0.98 0.05 -0.12 0.07 -0.07 -0.12 -0.60 -0.04 0.12 0.07 0.21 -0.27 -0.21 0.34 -0.76 -0.19
R -0.19 -0.03 -0.48 -0.18 -0.66 -0.08 -0.02 0.22 0.03 0.01 -0.66 0.24 -0.17 0.09 -0.14 -1.23 -0.37 0.19 -0.19 -1.09
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Supplementary Table 3.4. Amino acid pairing preference table for type B co-evolving residues.  

- I V L F C M A G T S W Y P H E Q D N K R 

I 1.05 -0.05 -0.32 0.21 0.24 -0.82 -1.06 -0.50 -0.22 -0.28 -0.08 -0.63 0.08 -1.36 0.28 0.07 -0.24 -0.74 0.00 -0.13
V -0.05 0.96 -0.41 -0.16 0.25 -0.62 -0.52 -0.79 -0.36 -0.27 0.05 -0.62 -0.77 -1.07 0.10 -0.24 -0.31 -0.50 -0.25 -0.13
L -0.32 -0.41 0.55 -0.16 0.39 -0.69 -0.26 -1.17 -0.57 -0.58 -0.90 -0.11 -0.02 -1.23 -0.09 0.49 -0.11 -0.76 -0.28 -0.32
F 0.21 -0.16 -0.16 1.55 -0.30 -0.14 -0.72 0.01 -0.44 -1.17 1.50 -0.06 -0.41 -1.20 -0.31 -0.19 0.09 -0.98 -0.38 -0.56
C 0.24 0.25 0.39 -0.30 2.98 0.61 0.06 0.29 -0.89 -1.47 -0.53 -1.87 -0.13 -0.15 0.31 -1.02 -0.63 -1.28 0.48 -2.37
M -0.82 -0.62 -0.69 -0.14 0.61 1.83 -0.67 -1.07 -0.35 -0.63 0.10 -0.52 -0.49 -1.09 -0.25 0.27 -0.84 -0.91 0.11 -0.10
A -1.06 -0.52 -0.26 -0.72 0.06 -0.67 0.67 -0.02 -0.57 -0.41 -0.16 -1.51 -0.46 -1.32 -1.13 -0.53 -0.72 -1.05 -0.54 -0.35
G -0.50 -0.79 -1.17 0.01 0.29 -1.07 -0.02 0.64 -0.31 -0.53 -1.21 -0.87 -0.72 -1.65 -0.02 -0.80 -0.58 -0.72 -0.26 -0.44
T -0.22 -0.36 -0.57 -0.44 -0.89 -0.35 -0.57 -0.31 1.06 -0.70 -0.41 -0.54 -0.89 -1.43 -0.11 -0.32 -0.29 -0.94 0.08 0.05 
S -0.28 -0.27 -0.58 -1.17 -1.47 -0.63 -0.41 -0.53 -0.70 1.34 -0.19 -0.27 0.05 -1.60 -0.16 0.15 -0.29 -1.29 -0.18 0.13 
W -0.08 0.05 -0.90 1.50 -0.53 0.10 -0.16 -1.21 -0.41 -0.19 1.12 0.76 -0.06 -1.07 0.38 -0.54 0.27 -1.21 0.55 -0.58
Y -0.63 -0.62 -0.11 -0.06 -1.87 -0.52 -1.51 -0.87 -0.54 -0.27 0.76 1.66 -0.82 -1.42 -0.47 0.27 0.61 -0.98 -0.65 -1.09
P 0.08 -0.77 -0.02 -0.41 -0.13 -0.49 -0.46 -0.72 -0.89 0.05 -0.06 -0.82 0.91 -0.93 0.11 0.67 -0.16 -1.21 -0.74 0.08 
H -1.36 -1.07 -1.23 -1.20 -0.15 -1.09 -1.32 -1.65 -1.43 -1.60 -1.07 -1.42 -0.93 0.58 -1.11 -1.56 -0.88 0.11 -1.05 -1.51
E 0.28 0.10 -0.09 -0.31 0.31 -0.25 -1.13 -0.02 -0.11 -0.16 0.38 -0.47 0.11 -1.11 0.93 -0.38 -0.30 0.13 -0.31 -0.21
Q 0.07 -0.24 0.49 -0.19 -1.02 0.27 -0.53 -0.80 -0.32 0.15 -0.54 0.27 0.67 -1.56 -0.38 1.33 -0.06 0.51 -0.52 -0.23
D -0.24 -0.31 -0.11 0.09 -0.63 -0.84 -0.72 -0.58 -0.29 -0.29 0.27 0.61 -0.16 -0.88 -0.30 -0.06 1.51 -0.24 -0.71 -0.13
N -0.74 -0.50 -0.76 -0.98 -1.28 -0.91 -1.05 -0.72 -0.94 -1.29 -1.21 -0.98 -1.21 0.11 0.13 0.51 -0.24 0.88 0.95 0.04 
K 0.00 -0.25 -0.28 -0.38 0.48 0.11 -0.54 -0.26 0.08 -0.18 0.55 -0.65 -0.74 -1.05 -0.31 -0.52 -0.71 0.95 1.38 -0.39
R -0.13 -0.13 -0.32 -0.56 -2.37 -0.10 -0.35 -0.44 0.05 0.13 -0.58 -1.09 0.08 -1.51 -0.21 -0.23 -0.13 0.04 -0.39 1.18 
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Supplementary Table 3.5. Contact scoring matrix for all co-evolving residues using 4 Å as cutoff 

- I V L F C M A G T S W Y P H E Q D N K R 

I -0.07 0.23 0.69 -0.47 -1.69 -1.59 0.61 -1.52 -0.32 0.23 -5.43 0.00 -1.28 0.99 -0.82 0.61 0.07 -0.01 0.15 0.06 
V 0.23 -0.29 -0.06 -0.54 -0.92 0.73 -0.18 -1.04 1.48 0.84 -0.10 -0.87 -0.73 -0.89 -0.45 -0.50 0.31 -0.16 0.18 0.69 
L 0.69 -0.06 -1.33 -1.63 -3.20 0.28 -0.15 -2.04 1.73 -0.44 -1.39 -0.70 -1.35 0.19 -0.75 -1.19 -0.45 0.98 -0.44 1.45 
F -0.47 -0.54 -1.63 -2.74 -0.53 -0.69 -0.54 -0.26 -2.17 -0.87 -1.77 -1.49 0.33 -0.82 -0.07 -0.18 -0.76 -0.21 0.45 -0.35
C -1.69 -0.92 -3.20 -0.53 -7.17 -1.46 -1.58 -1.98 -1.44 -4.94 -0.05 -1.15 -4.98 0.31 -5.24 1.98 -0.29 -0.15 0.59 2.28 
M -1.59 0.73 0.28 -0.69 -1.46 0.12 0.02 -0.68 0.26 -0.51 -1.33 -1.12 1.53 0.34 0.30 -0.86 -5.10 1.11 -1.41 -1.61
A 0.61 -0.18 -0.15 -0.54 -1.58 0.02 0.23 0.03 0.98 -0.52 -1.39 -1.80 -0.86 -0.42 -0.53 1.17 -0.08 1.10 0.46 -0.46
G -1.52 -1.04 -2.04 -0.26 -1.98 -0.68 0.03 -1.47 -0.51 1.47 -5.15 -2.85 0.29 0.13 -1.95 2.02 -0.32 -0.71 0.45 0.03 
T -0.32 1.48 1.73 -2.17 -1.44 0.26 0.98 -0.51 -1.59 -0.15 0.35 -1.24 -1.54 -0.28 -1.60 0.67 -2.15 -0.71 -0.47 -0.63
S 0.23 0.84 -0.44 -0.87 -4.94 -0.51 -0.52 1.47 -0.15 -2.07 0.98 -1.87 -1.76 1.32 0.87 1.18 -1.11 0.59 1.75 -0.09
W -5.43 -0.10 -1.39 -1.77 -0.05 -1.33 -1.39 -5.15 0.35 0.98 -6.65 -0.38 -5.07 -0.86 -1.71 -4.60 -0.08 1.13 -1.31 0.13 
Y 0.00 -0.87 -0.70 -1.49 -1.15 -1.12 -1.80 -2.85 -1.24 -1.87 -0.38 -2.43 -1.76 -0.31 2.40 0.65 1.32 0.03 1.06 -0.73
P -1.28 -0.73 -1.35 0.33 -4.98 1.53 -0.86 0.29 -1.54 -1.76 -5.07 -1.76 -3.33 -1.12 1.20 -0.37 -0.56 -1.29 -0.92 -1.25
H 0.99 -0.89 0.19 -0.82 0.31 0.34 -0.42 0.13 -0.28 1.32 -0.86 -0.31 -1.12 -3.33 0.52 -0.54 1.41 2.37 -1.20 -0.20
E -0.82 -0.45 -0.75 -0.07 -5.24 0.30 -0.53 -1.95 -1.60 0.87 -1.71 2.40 1.20 0.52 -0.28 -1.55 -0.54 -2.27 0.90 -0.16
Q 0.61 -0.50 -1.19 -0.18 1.98 -0.86 1.17 2.02 0.67 1.18 -4.60 0.65 -0.37 -0.54 -1.55 -2.71 -0.67 -2.10 -1.09 -1.45
D 0.07 0.31 -0.45 -0.76 -0.29 -5.10 -0.08 -0.32 -2.15 -1.11 -0.08 1.32 -0.56 1.41 -0.54 -0.67 -2.40 0.48 0.52 0.26 
N -0.01 -0.16 0.98 -0.21 -0.15 1.11 1.10 -0.71 -0.71 0.59 1.13 0.03 -1.29 2.37 -2.27 -2.10 0.48 -2.55 -1.09 -0.45
K 0.15 0.18 -0.44 0.45 0.59 -1.41 0.46 0.45 -0.47 1.75 -1.31 1.06 -0.92 -1.20 0.90 -1.09 0.52 -1.09 -1.15 -1.04
R 0.06 0.69 1.45 -0.35 2.28 -1.61 -0.46 0.03 -0.63 -0.09 0.13 -0.73 -1.25 -0.20 -0.16 -1.45 0.26 -0.45 -1.04 -1.42
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Supplementary Table 3.6. Contact scoring matrix for all co-evolving residues using 5 Å as cutoff 

- I V L F C M A G T S W Y P H E Q D N K R 

I 0.19 0.67 0.73 -0.73 -2.21 -0.78 0.53 0.48 -0.34 -0.26 -5.43 -0.25 -1.53 0.48 -1.24 0.31 0.30 -0.04 -0.16 -0.40
V 0.67 -0.55 0.13 0.30 -1.14 0.45 -0.23 -0.60 1.35 0.64 -0.01 -1.12 -0.67 -1.15 -0.80 -0.71 0.55 -0.04 -0.05 0.34 
L 0.73 0.13 -1.18 -0.31 -2.90 0.17 0.14 -2.06 1.68 -0.59 -1.63 -0.73 -1.06 -0.11 -0.89 -1.02 0.11 0.84 0.44 1.14 
F -0.73 0.30 -0.31 -1.16 -0.85 -1.03 0.00 -0.03 -1.63 -1.52 -1.56 -1.84 -0.04 -1.72 -0.73 -0.59 -1.19 -0.26 0.19 -0.90
C -2.21 -1.14 -2.90 -0.85 -7.17 -1.62 -1.24 -2.06 -1.17 -1.56 0.34 -0.93 -1.01 -0.16 0.48 1.77 -1.01 -0.43 0.35 2.02 
M -0.78 0.45 0.17 -1.03 -1.62 0.15 -0.39 -1.38 -0.15 -1.41 -1.36 -1.54 1.03 -0.51 -0.59 -1.35 -2.49 1.14 -2.09 -2.66
A 0.53 -0.23 0.14 0.00 -1.24 -0.39 0.29 -0.17 1.02 -0.78 -1.31 -1.77 -0.69 -0.61 -1.06 1.16 -0.02 0.94 0.34 -0.53
G 0.48 -0.60 -2.06 -0.03 -2.06 -1.38 -0.17 -0.04 -0.22 1.06 -1.01 0.13 -0.13 -0.42 -1.54 1.50 -0.15 0.17 0.41 -0.20
T -0.34 1.35 1.68 -1.63 -1.17 -0.15 1.02 -0.22 -1.35 -0.36 0.36 -1.26 -1.27 -0.70 -1.28 0.50 -1.71 -0.80 -0.68 -0.82
S -0.26 0.64 -0.59 -1.52 -1.56 -1.41 -0.78 1.06 -0.36 -0.50 1.04 -1.30 -2.17 0.64 -0.14 1.53 -0.70 0.08 1.12 -0.39
W -5.43 -0.01 -1.63 -1.56 0.34 -1.36 -1.31 -1.01 0.36 1.04 -6.64 -0.31 -5.06 -0.80 -1.90 -4.60 -0.39 1.11 -1.05 -0.40
Y -0.25 -1.12 -0.73 -1.84 -0.93 -1.54 -1.77 0.13 -1.26 -1.30 -0.31 -2.57 -1.20 -0.87 1.91 1.30 0.97 0.81 0.79 -1.13
P -1.53 -0.67 -1.06 -0.04 -1.01 1.03 -0.69 -0.13 -1.27 -2.17 -5.06 -1.20 -2.97 -1.60 0.59 -0.48 1.21 1.11 -0.19 -0.48
H 0.48 -1.15 -0.11 -1.72 -0.16 -0.51 -0.61 -0.42 -0.70 0.64 -0.80 -0.87 -1.60 -2.19 1.03 -0.89 0.77 1.83 -0.56 -0.89
E -1.24 -0.80 -0.89 -0.73 0.48 -0.59 -1.06 -1.54 -1.28 -0.14 -1.90 1.91 0.59 1.03 -0.48 0.85 0.16 -3.11 0.39 -0.22
Q 0.31 -0.71 -1.02 -0.59 1.77 -1.35 1.16 1.50 0.50 1.53 -4.60 1.30 -0.48 -0.89 0.85 -2.54 -0.89 -2.29 -1.25 -1.52
D 0.30 0.55 0.11 -1.19 -1.01 -2.49 -0.02 -0.15 -1.71 -0.70 -0.39 0.97 1.21 0.77 0.16 -0.89 -0.74 0.00 0.11 -0.32
N -0.04 -0.04 0.84 -0.26 -0.43 1.14 0.94 0.17 -0.80 0.08 1.11 0.81 1.11 1.83 -3.11 -2.29 0.00 -1.88 -1.21 1.06 
K -0.16 -0.05 0.44 0.19 0.35 -2.09 0.34 0.41 -0.68 1.12 -1.05 0.79 -0.19 -0.56 0.39 -1.25 0.11 -1.21 -0.39 -0.86
R -0.40 0.34 1.14 -0.90 2.02 -2.66 -0.53 -0.20 -0.82 -0.39 -0.40 -1.13 -0.48 -0.89 -0.22 -1.52 -0.32 1.06 -0.86 -1.77
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Supplementary Table 3.7. Contact scoring matrix for all co-evolving residues using 6 Å as cutoff 

- I V L F C M A G T S W Y P H E Q D N K R 

I 0.10 0.66 0.62 -0.86 0.21 -0.84 0.42 0.37 -0.44 -0.49 -5.42 -0.35 -1.46 0.47 -1.26 0.27 0.26 -0.16 -0.39 -0.67
V 0.66 -0.64 0.18 0.19 -1.09 0.61 -0.30 -0.67 1.25 0.66 0.09 -0.91 -0.61 -1.02 -0.79 -0.19 0.41 -0.18 -0.26 0.04 
L 0.62 0.18 -1.29 -0.48 -2.87 0.13 0.26 -2.05 1.57 -0.78 -1.54 -0.85 -1.10 0.07 -0.92 -1.07 0.10 0.85 1.18 0.84 
F -0.86 0.19 -0.48 -1.37 -0.88 -1.06 -0.15 0.16 -0.11 -1.51 -1.54 -1.84 0.15 -1.66 -0.53 -0.65 -0.77 -0.41 0.26 -0.89
C 0.21 -1.09 -2.87 -0.88 -7.17 -1.56 -1.20 -0.44 -1.11 -1.68 0.45 -0.84 -0.93 0.00 0.53 1.72 0.55 -0.48 0.05 1.72 
M -0.84 0.61 0.13 -1.06 -1.56 0.17 -0.50 -1.35 -0.28 -1.54 -1.25 -1.74 0.94 -0.48 -0.68 -1.39 -1.48 0.84 -2.15 -2.78
A 0.42 -0.30 0.26 -0.15 -1.20 -0.50 0.17 -0.28 0.92 -0.97 -1.22 -1.71 -0.70 -0.66 -1.05 1.11 0.42 0.75 0.24 0.36 
G 0.37 -0.67 -2.05 0.16 -0.44 -1.35 -0.28 -0.12 -0.29 1.15 -0.25 0.63 0.15 -0.38 -1.56 1.43 0.19 0.09 0.17 -0.52
T -0.44 1.25 1.57 -0.11 -1.11 -0.28 0.92 -0.29 -1.45 -0.49 0.29 -0.17 -1.21 -0.55 -1.30 0.63 -1.27 1.28 -0.92 -0.77
S -0.49 0.66 -0.78 -1.51 -1.68 -1.54 -0.97 1.15 -0.49 -0.74 0.76 -1.59 0.32 0.46 -0.30 1.29 0.56 0.21 1.46 1.28 
W -5.42 0.09 -1.54 -1.54 0.45 -1.25 -1.22 -0.25 0.29 0.76 -6.64 -0.17 -5.06 -0.59 -1.04 -4.59 -0.38 1.10 -1.05 -0.48
Y -0.35 -0.91 -0.85 -1.84 -0.84 -1.74 -1.71 0.63 -0.17 -1.59 -0.17 -2.46 -0.89 -0.70 1.93 1.29 0.82 0.66 0.66 -1.24
P -1.46 -0.61 -1.10 0.15 -0.93 0.94 -0.70 0.15 -1.21 0.32 -5.06 -0.89 -2.91 -1.43 0.60 -0.56 1.07 1.07 -0.37 -0.59
H 0.47 -1.02 0.07 -1.66 0.00 -0.48 -0.66 -0.38 -0.55 0.46 -0.59 -0.70 -1.43 -2.17 1.15 -0.71 0.72 1.72 -0.68 -0.92
E -1.26 -0.79 -0.92 -0.53 0.53 -0.68 -1.05 -1.56 -1.30 -0.30 -1.04 1.93 0.60 1.15 -0.44 0.88 0.05 -3.10 0.26 -0.23
Q 0.27 -0.19 -1.07 -0.65 1.72 -1.39 1.11 1.43 0.63 1.29 -4.59 1.29 -0.56 -0.71 0.88 -2.32 -0.98 -2.32 -1.28 -1.62
D 0.26 0.41 0.10 -0.77 0.55 -1.48 0.42 0.19 -1.27 0.56 -0.38 0.82 1.07 0.72 0.05 -0.98 -1.02 0.51 -0.13 -0.68
N -0.16 -0.18 0.85 -0.41 -0.48 0.84 0.75 0.09 1.28 0.21 1.10 0.66 1.07 1.72 -3.10 -2.32 0.51 -1.91 -1.51 0.70 
K -0.39 -0.26 1.18 0.26 0.05 -2.15 0.24 0.17 -0.92 1.46 -1.05 0.66 -0.37 -0.68 0.26 -1.28 -0.13 -1.51 -0.55 0.33 
R -0.67 0.04 0.84 -0.89 1.72 -2.78 0.36 -0.52 -0.77 1.28 -0.48 -1.24 -0.59 -0.92 -0.23 -1.62 -0.68 0.70 0.33 -2.09
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Supplementary Table 3.8. Contact scoring matrix for all co-evolving residues using 7 Å as cutoff 

- I V L F C M A G T S W Y P H E Q D N K R 

I -0.01 0.42 0.39 0.04 0.09 -0.56 0.18 -0.17 -0.32 -0.16 -5.61 -0.78 -1.16 0.06 0.54 0.10 0.12 -0.22 -0.27 -0.27
V 0.42 -0.74 0.10 -0.04 -1.58 0.47 -0.37 -0.90 1.00 0.50 -0.30 -1.00 -0.63 -1.04 -0.16 -0.13 0.38 -0.21 -0.20 -0.05
L 0.39 0.10 -1.11 0.50 -2.69 0.48 0.17 -1.37 1.28 -0.81 -1.66 -0.89 -1.23 0.92 -0.78 -0.72 0.08 1.17 1.14 0.63 
F 0.04 -0.04 0.50 -1.91 -0.93 -0.74 -0.62 -0.19 -0.45 -1.44 -6.21 -1.37 0.32 -1.80 -0.71 0.53 -0.77 -0.90 0.51 -1.27
C 0.09 -1.58 -2.69 -0.93 -7.13 -1.55 -1.88 -0.79 0.44 -4.93 -5.34 -4.56 -4.94 -1.17 0.37 1.66 0.25 -0.30 0.07 1.73 
M -0.56 0.47 0.48 -0.74 -1.55 0.18 -0.71 -0.30 -0.55 -1.11 -1.36 -1.76 0.80 -0.88 -0.20 -0.54 -1.69 1.12 -2.58 -1.65
A 0.18 -0.37 0.17 -0.62 -1.88 -0.71 0.02 0.07 0.70 -0.84 -0.46 -1.31 0.73 -0.80 -0.24 1.04 0.21 0.77 0.24 0.11 
G -0.17 -0.90 -1.37 -0.19 -0.79 -0.30 0.07 -0.64 -0.88 0.78 1.37 0.41 1.10 -1.05 -0.21 1.19 0.29 0.09 0.40 -0.45
T -0.32 1.00 1.28 -0.45 0.44 -0.55 0.70 -0.88 -1.47 -0.66 0.52 -0.40 -1.45 1.41 -1.47 0.49 0.41 1.20 -0.84 -0.93
S -0.16 0.50 -0.81 -1.44 -4.93 -1.11 -0.84 0.78 -0.66 -0.93 0.88 -1.85 0.16 0.09 -0.44 1.09 0.39 1.19 1.35 1.06 
W -5.61 -0.30 -1.66 -6.21 -5.34 -1.36 -0.46 1.37 0.52 0.88 -7.02 -0.58 -5.23 -4.77 0.06 -0.03 -0.24 1.26 -4.71 -0.26
Y -0.78 -1.00 -0.89 -1.37 -4.56 -1.76 -1.31 0.41 -0.40 -1.85 -0.58 -2.38 -1.12 -1.42 1.60 1.48 0.70 0.40 0.59 -1.27
P -1.16 -0.63 -1.23 0.32 -4.94 0.80 0.73 1.10 -1.45 0.16 -5.23 -1.12 -2.88 -2.25 0.43 -0.70 0.90 0.86 -0.40 -0.96
H 0.06 -1.04 0.92 -1.80 -1.17 -0.88 -0.80 -1.05 1.41 0.09 -4.77 -1.42 -2.25 -2.85 1.69 -1.31 0.39 1.25 -0.86 -1.19
E 0.54 -0.16 -0.78 -0.71 0.37 -0.20 -0.24 -0.21 -1.47 -0.44 0.06 1.60 0.43 1.69 -0.87 0.63 -0.11 -3.16 0.12 -0.55
Q 0.10 -0.13 -0.72 0.53 1.66 -0.54 1.04 1.19 0.49 1.09 -0.03 1.48 -0.70 -1.31 0.63 -2.15 -1.07 -2.47 -1.22 -1.45
D 0.12 0.38 0.08 -0.77 0.25 -1.69 0.21 0.29 0.41 0.39 -0.24 0.70 0.90 0.39 -0.11 -1.07 -1.08 0.33 0.16 -0.85
N -0.22 -0.21 1.17 -0.90 -0.30 1.12 0.77 0.09 1.20 1.19 1.26 0.40 0.86 1.25 -3.16 -2.47 0.33 -1.80 -1.27 0.41 
K -0.27 -0.20 1.14 0.51 0.07 -2.58 0.24 0.40 -0.84 1.35 -4.71 0.59 -0.40 -0.86 0.12 -1.22 0.16 -1.27 -0.51 0.34 
R -0.27 -0.05 0.63 -1.27 1.73 -1.65 0.11 -0.45 -0.93 1.06 -0.26 -1.27 -0.96 -1.19 -0.55 -1.45 -0.85 0.41 0.34 -1.32
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CHAPTER 4 

APPLICATION OF CO-EVOLUTION AND RESIDUE CONTACT PREDICTION METHODS 

TO SEPTINS3 

                                                 
3 Fangfang Pan, Dongsheng Che, Michelle Momany, Liming Cai, and Russell L. Malmberg. To be submitted to 
Proteins:structure, function, bioinformatics 
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ABSTRACT 

Septins form filaments, act as a barrier, recruit proteins and play key roles in cell division. We 

studied the co-evolution of members of the septin gene family. We focused on the co-evolution 

of 5 septins, Cdc3, Cdc10, Cdc11, Cdc12 and Shs1 that interact to form a filamentous structure 

at the mother-bud neck in Saccharomyces cerevisiae. We looked at the co-evolution among these 

five subunits as well as within each subunit. Using mutual information and a contact prediction 

matrix, we identified some sites on septins that were co-evolving and interacting. We also tested 

the co-evolution of each of these five septins with formin (Bni1) and myosin (Myo1). We were 

able to suggest the septin subunit that interacted with formin and myosin. This provided good 

candidates for the study of septin function.  

INTRODUCTION 

All septins can be placed in one of 5 groups, CDC3, CDC10, CDC11, CDC12 or ASPE, names 

adopted from well-studied septins in Saccharomyces cerevisiae and Aspergillus nidullans [3]. On 

the amino acid sequence level, all septins have a conserved GTPase domain, a variable N-

terminus and a variable C-terminus. Some septins have a predicted coiled-coil structure at the C-

terminus. The coiled-coil is a protein structural motif, where several alpha-helixes are coiled 

together, and many of the coiled-coil structures mediate protein-protein interactions [74]. CDC10 

type septins lack this coiled-coil region. In addition to these well-defined regions, polybasic 

residues thought to bind phosphoinositide can often be found preceding the GTPase domain. A 

conserved “septin unique region” of unknown function can be found following the GTPase 

domain [4, 59]. 

In both fungi and animals, septin monomers assemble into higher order structures [4, 56]. 

Septins have been most studied in S. cerevisiae, which has seven septins Cdc3, Cdc10, Cdc11, 
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Cdc12, Shs1, Spr3 and Spr28. Among those, Cdc3, Cdc10, Cdc11, Cdc12 and Shs1 proteins are 

structural components of the septin complex and are known to interact with one another to form 

the parallel filaments often observed at the mother-bud neck of yeast [4].  

A septin complex structure model was proposed, based on experiments in S. cerevisiae[4]. This 

model indicates possible septin subunit arrangements in the septin heteropentamer complex. 

Septin proteins first interact with a septin protein of the same type, and form dimers. Cdc3, 

Cdc11 and Cdc12 dimers further interact with each other and form the Cdc3-Cdc12-Cdc11 

structure. Cdc12 interacts with Cdc3 at the C-terminus and with Cdc11 at the N-terminus. The 

existence of Cdc11 doesn’t affect the interaction of Cdc12 with Cdc3. Cdc11 interacts with 

Cdc12 in the presence of Cdc3. These Cdc3-Cdc12-Cdc11 units are repeated in the filament. 

Cdc10 interacts with an interface created by the interaction of Cdc3 and Cdc12 and works as a 

bridge to connect these units. Shs1 is peripheral. Shs1 interacts with Cdc11 in the filament 

structure and is not essential for the viability of yeast cells. The interaction of Cdc11 and Shs1 is 

also through the C-terminus. 

As most septins exhibit important functions through the hetero-oligomer filament structures, it is 

reasonable to postulate co-evolution between septin units. Experiments have been performed to 

identify sequence regions important for the interactions; however the results do not always agree 

with each other [4, 102]. We would like to add more clues to the septin interactions from a 

different angle by looking at co-evolving residues that may be physically close to each other. 

Two protein families, the myosins and formins, are also important in cytokinesis, and are 

functionally related to septins. However details of their interactions with septins are still under 

investigation. Myosins forma large super family of actin-based motor proteins found in 

eukaryotes [103, 104]. The best studied myosin is myosin class II. It can be found in all 
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eukaryotes except for plants [105]. The typical myosin type II heavy chain sequence contains a 

globular head domain at the N-terminus, and a tail domain at the C-terminus, which can form a 

coiled-coil, dimerize and further polymerize into filaments [105, 106]. The head and tail domains 

are connected by a neck domain, which can also bind the myosin light chain. Co-evolution 

within the myosin sequence was previously suggested by identical or similar phylogenetic 

patterns of this super family [106]. 

Myo1p [gi|6321812] is a type II myosin heavy chain in S. cerevisiae. It plays critical role in 

cytokinesis [107]. Myo1 localizes to the actomyosin contractile ring at the bud site and remains 

at the mother-bud neck [108]. The septin ring is required for this contractile ring formation at the 

bud neck [108-110]. A mutation in septin Cdc12 will abolish the localization of myosin [110]. 

Inter-dependence of the head, neck, and tail domains of myosin have been suggested [106]. We 

are interested to know whether there is evidence of co-evolution and interactions between 

myosin and septin as these two protein families are functionally closely related. 

Formins are required for cytokinesis and maintenance of cell polarity [111, 112]. A formin 

protein is typically around 1500 amino acids long. The protein sequence contains two conserved 

domains FHl and FH2; and FHl are extremely proline rich [112]. There is usually one coiled-coil 

domain lying N-terminal to the FHl domain, and one within the region between the FH2 domain 

and the C-terminus. Bni1p [gi|6324058], a formin family protein, has the function of nucleating 

the assembly of actin filaments [111]. Bni1 was identified by genetic interaction with septin 

Cdc12 in yeast [113]. Bni1 is required for the assembly of the septin ring during the initiation of 

budding, but not for maintenance [114]. In the bni1 mutant, septins were recruited to the 

incipient budding site but not assembled, and septins remained at the polarized growing sites. 
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Point mutants of Bni1 that are defective in actin cable formation also exhibited septin ring 

assembly defects. 

Here we attempted to computationally identify the co-evolving sites, and presumably interacting 

regions, among five septins and any of the five septins with myosin and formin. We used the 

mutual information methods described in Chapter 3 to help narrow down possible interaction 

sites that could be targets for further mutagenesis analysis. 

MATERIALS AND METHODS 

We followed the methods developed in Chapter 3 and applied them to five septins, one formin 

and one myosin sequence in Saccharomyces cerevisiae. First, we collected the available 

homologues, aligned multiple sequences and analyzed mutual information for co-evolution. 

Second, we used the contact scoring matrix to assign scores to each co-evolving residues and 

identified those that were likely to be in contact in 3D structure. 

Search for homologous sequences 

The sequences we used were five septins (Cdc3, gi|6323346; Cdc10, gi|6319847; Cdc11, 

gi|6322536; Cdc12, gi|6321899; Shs1, gi|6319976), myosin (Myo1p, gi|6321812), and formin 

(Bni1p, gi|6324058). They were extracted from Genbank and used as queries in BLASTP 

searches, run against the non-redundant database on NCBI with default parameter settings[95]. 

BLASTP results with lowest e-value in each organism were kept. We further sorted through the 

sequences and only kept those sequences where corresponding homologs from the same 

organism (iso-organismal homologs) existed for both proteins studied. 
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Align sequences and merge alignments of two polymers 

ClustalW was used to align the homologous sequences of each protein [96]. Protein alignments 

of any two proteins were merged to a single file and MI was calculated between and within 

proteins. We are interested in looking at the pair wise combination among 5 septins, Cdc3, 

Cdc10, Cdc11, Cdc12 and Shs1, and the combination of any of the five septins with myosin or 

formin and we are specifically interested in the interactions between those proteins. 

Search for co-evolving residues 

As mentioned in Pan et al. 2007, we only considered the positions that had appropriate sequence 

variation by using positions with entropy greater than 0.3. Positions are considered co-evolving 

when the Z-score (the units of standard deviation from the mean) was greater than 4. We looked 

at both type W (Within a protein) co-evolving residues and type B (Between proteins) co-

evolving residues. 

Predict interacting co-evolving residues 

After using the previous steps to identify co-evolving residues, we predicted the residue contacts 

by calculating scores from the contact scoring matrix. The average score (AS)  

was used to estimate whether two positions were in contact. A suitable threshold T was chosen 

and compared with the value of AS to determine if the co-evolving positions were in physical 

contact or not. The Graphviz program (http://www.graphviz.org) was used to represent the 

results of co-evolution and interactions graphically. 

RESULTS 

Five septins, Cdc3, Cdc10, Cdc11, Cdc12 and Shs1, that are the components of the septin 

heterocomplex were analyzed. The co-evolution of the residues both within sequences and 

http://www.graphviz.org
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between any two sequences was identified and summarized in Table 4.1. The residue contacts 

within each septin sequence and between any two septins were studied and summarized in Table 

4.2. The results are graphically represented (Figure 4.3-4.8). The predicted interactions between 

septins and myosin or formin were also studied. Those results are presented in Figure 4.9-Figure 

4.11. 

As shown in Pan et al 2007, different thresholds of the T score can result in different sensitivity 

and specificity. We used some random sequences that are unlikely to physically interact and 

calculated their AS score as described in methods. Protein sequences were extracted from the 

mouse LOCATE subcellular localization database (http://locate.imb.uq.edu.au). 100 proteins 

sequences were randomly picked with nuclear localization and 100 protein sequences were 

randomly extracted with plasma membrane localization. The physical interaction score AS was 

calculated between all of the residue positions in each nucleus sequence with all of the residue 

positions in each plasma membrane protein. The mean AS score for the AS score distribution of 

those random sequences was -0.10 and the standard deviation was 0.07. Thus, a T score of 0.18 

(-0.10 + 4 * 0.07) was used in our analysis.  

Co-evolution and residue interaction prediction within septin sequences 

The five septin proteins first form dimers from two identical septins before interacting to form 

septin filaments [4]. We are not yet able to disginguish interactions within a single septin 

monomer from interactions that occur between two identical septin subunits in a dimer. There 

are many co-evolving residues within each of the septin sequences forming co-evolution 

networks (Figure 4.2). The number of co-evolving pairs with each septin sequence were around 

20~30 (Table 4.1). Figure 4.1a shows an example of co-evolving residues between septin Cdc3p 

and Cdc12p. H329 is in the GTP binding domain after the G4 motif. Q416, S428, K429, F452 

http://locate.imb.uq.edu.au
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are in the variable region near the C-terminus before the predicted coiled-coil. In Cdc12p, I72 is 

in the GTP binding domain between G1 and G3 motifs (Figure 4.2b). E346, E368 are in are in 

the variable region near C-terminus before the predicted coiled-coil. In Cdc10, where is no 

predicted coiled-coil, there are two pairs (Figure 4.2c). I22 is N-terminal to the polybasic region. 

L69 is in the GTP binding domain between G1 and G3 motifs. R127 is between G3 and G4 

motif. K304 is at the C-terminal. In Cdc11, E363, E369, F376 all lie in the region variable region 

near C-terminus before the predicted coiled-coil. In Shs1, E258 and N310, are both right after the 

GTPase domain. Y465, Q477 and S486 are all in the predicted coiled-coil domain (Figure 4.2e). 

Among those co-evolving pairs, some are predicted to be physically close in 3D structure using a 

relatively strict criteria (T=0.18) (Figure 4.3, Table 4.2). The number of predicted interaction 

pairs are around 2~3 within a septin. The location of those interaction pairs are summarized in 

Table 4.3. For example, in Cdc3p, two pairs of interaction are within the variable region before 

the predicted coiled-coil domain and one pair is between this domain and the GTP_CDC domain.  

The co-evolution and interaction prediction of septins with other septins 

There are large networks of co-evolution between any two septin sequences from these five 

septins. There are totally 1250 co-evolving pairs between any two different septins. Those results 

are too numerous to be clearly represented graphically in the space provided here. The total 

number of co-evolving pairs in each pair of sequences is summarized in Table 4.1.  Among all 

those co-evolving residues, 168 pairs are predicted to be physically close in 3D structure (Table 

4.2). 

The168 interactions pairs between different septin proteins are shown in Figures 4.4~4.8. In the 

Cdc3 sequence, amino acids from positions 413-520 lie in the C-terminal region and residues 

from 476-507 are in the predicted coiled-coil region [4]. The majority of the predicted co-
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evolving and interacting residues between amino acids in Cdc3 and residues from other septins 

are within the C-terminal region, and sometimes the GTP_CDC region (Figure 4.4). Figure 4.5 

shows an example of the interaction between the C-terminal of Cdc3p with the GTP_CDC 

domain of Cdc12p. Figure 4.6 shows the interaction of Cdc12p with other septin proteins. The 

variable C-terminus region is involved in some interactions. The N-terminus and the septin 

unique region also have some interactions. One interesting residue is E258 C-terminal to the 

GTP_CDC domain in Shs1 sequence. It is co-evolving and predicted to interact with more than 

one residue in each of Cdc3p, Cdc12p, Cdc10p and Cdc11p sequences.  

According to the results above, we can tell that there are some residues that are worth further 

study. In Cdc3p, position 429 and position 449 are the ones that have several different interaction 

partners with different proteins. In Cdc3p, most of the interactions are from the variable C-

terminus and sometimes the GTP_CDC domain. Position 72 in Cdc12p, position 300 in Cdc10p 

are of interest. In Cdc10p, many of the interacting residues are from the septin unique domain. In 

septin Cdc12p, there are more interactions from the coiled-coil region than occur in the other 

septin sequences. In Cdc11p, positions 315 and 354 also have more than one interaction pair. 

Most of the interactions in Cdc11p are from the C-terminus. In Shs1Position 311 forms a one-to-

several interaction pattern with residues. Position 259 in addition to 258 stands out in Shs1p as it 

forms one-to-several pattern with more than one other septins. In Shs1p most of the interactions 

are from the GTP_CDC domain. 

The co-evolution and interaction prediction of septins with formin and myosin 

Cdc12p is predicted to have more interactions with formin than the other four septins do, and 

Shs1 has the fewest predicted co-evolving and interacting residues with formin (Figure 4.9~4.10, 

Table 4.2). Cdc12p has around 3~4 times of the interactions between Cdc11p, Cdc10p and 
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Cdc3p with Bni1, and 12 times the number of interaction between Shs1p and Bni1p. Figure 4.11 

gives the predicted interactions between these septins and myosin. Some of the positions were 

previously predicted in septin-septin interactions. Cdc3p has twice as many predicted 

interactions with myosin as the other four septins. Shs1p has the least interaction numbers with 

Myo1p. Still, most of the interactions lie in the C-terminus. Surprisingly, it is usually not the 

predicted coiled-coil region. Many of the interaction sites are at the variable region near the C-

terminus. We can see some obvious networks there. For example, the S509 in Cdc3p is predicted 

to be co-evolving with six Myo1p residues. 

For the predicted interactions of formin with septins, we seldom see the involvement of the N-

terminus region. Only one position in Cdc10p was predicted to interact with formin (Figure 4.9). 

In Cdc3p, most of the interaction sites are in the variable C-terminus region. In Cdc10p, most 

interactions are in the GTP_CDC region. In Cdc11p, most interactions are in the variable C-

terminus and the predicted coiled-coil region. In Cdc12p, where there are a lot of predicted 

interactions with Bni1p, most positions are from the variable C-terminus and some are from the 

GTP_CDC domain.  

For the interaction between myosin and septins, there isn’t much residue overlap between that of 

septin-septin interactions. In Cdc3p, the variable C and GTP_CDC domain are the major 

interaction regions. In Cdc12p, there are many residues from the N-terminus region that are 

predicted to interact with myosin. In Cdc10p, the septin unique region and the GTP_CDC 

domain interact with myosin. In Cdc11p, half of the interactions are from the septin unique 

region.   
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DISCUSSION 

The application of mutual information analysis to protein sequences were shown to detect co-

evolution [90]. The application of mutual information analysis to co-evolution and residue 

contact prediction can help to detect interesting sites in protein sequences. Though the sensitivity 

and specificity of this method is still not yet satisfactory, it looks at the interaction from a co-

evolution direction in stead of studying conserved positions.  

From the analysis of septins with formin and myosin, two septin proteins are likely to co-evolve 

and interact with them, Cdc12p with Bni1p and Cdc3p with Myo1p. The predicted interaction 

sites and co-evolving residues are more than the other septins (Table 4.1 and 4.2).   

In septins, the variable C-terminus region before the predicted coiled-coil domain is not 

conserved. However, it shows signs of co-evolution and some positions exhibit strong signals. 

Though the 3D structure of human septin complex was recently released, the 3D structure of the 

septin C-terminus is not yet well resolved and it is difficult to make comparisons at this stage 

between this structure and the co-evolving positions[102]. 

The results presented here are only part of the application. One can change the parameter T 

setting according to the application purpose to achieve different sensitivity and specificity (Pan 

et al., chapter 3). In these experiments, we set a relative high T value (4 standard deviations 

above the random mean) so that we had lower sensitivity and higher specificity, which is 

particularly convenient for graphical interpretation of the results. If a residue is not detected here, 

it doesn’t mean that residue is not involved in physical interaction.  

We identified some co-evolving interactions among septins as well as between septins and 

myosin and formin. Cdc12p was more likely to interact with Bni1p and Cdc3p was more likely 
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to interact with Myo1p. However, since the sensitivity and specificity of these methods are not 

high, the test results were not yet very different from the control. It may need improvement 

before being further applied to other proteins. 
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Figure 4.1. Primary amino acid structures and location of domains of five S. cerevisiae septin 

proteins, Cdc3p, Cdc12p, Cdc10p, Cdc11p and Shs1p. The margins of the domains are adapted 

from Versele et al, 2004. The sequences are shown in ten-residue blocks. Left hand side numbers 

are the sequence residue position numbers. The numbers on the top of each alignment is the 

alignment position. The Clustal consensus line marks the conserved positions. Three vertical bars 

are the boundaries of domains. “a” is the boundary of N-terminus variable domain and 

GTP_CDC domain. “b” is the boundary of GTP_CDC doman and the septin unique domain. “c” 

is the boundary of septin unique domain and the c-terminus domain. Within the c-terminus, some 

proteins have predicted coiled-coil domain and the coiled-coil is represented as horizontal dashed 

lines under the alignment. 
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Figure 4.2. The co-evolution network within each septin from septin Cdc3p, Cdc12p, Cdc10p, 

Cdc11p and Shs1p. One circle in a graph represents one amino acid. The number within the 

circle is the position of the residue in the corresponding septin sequence in S. cerevisiae. The 

values on the connecting lines are the Z-score values for mutual information. The thicker the 

connecting line, the higher the Z-score. (a) The co-evolution network of Cdc3p-Cdc3p (b) The 

co-evolution network of Cdc12p-Cdc12p (c) The co-evolution network of Cdc10p-Cdc10p (d) 

The co-evolution network of Cdc11p-Cdc11p (e) The co-evolution network of Shs1p-Shs1p 
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Figure 4.3. Predicted self-interactions within each septin protein sequence, Cdc3p, Cdc12p, 

Cdc10p, Cdc11p and Shs1p. The number within each circle is the residue position in each 

corresponding septin sequence in S. cerevisiae. The values on the connecting lines are the Z-

score values of mutual information. The thicker the connecting line, the higher the Z-score. The 

letters represent the sequence domains that residues fall in. N: variable N-terminus. G is the 

GTP_CDC domain. U: the septin unique domain. VC: the variable C-terminus. C: the predicted 

coiled-coil region.  (a) Residues from Cdc3p that are involved in Cdc3p self-interaction. Those 

amino acids are H329 Q416, S428, K429, and F452.  (b) Cdc12p, residues are I72, E346 and 

E368. (c) Cdc10p, four amino acids are I22, L69, R127 and K304 (d) Cdc11p, three residues are 

E363, E369, F376 (e) Shs1p, the five residues are E258, N310Y465, Q477 and S486. 
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Figure 4.4. Predicted interactions of co-evolved residues between Cdc3p and other four septins 

in the complex. In each figure, upper row is Cdc3p. The numbers in the circles are the residue’s 

positions in the corresponding sequences. The numbers on lines are the Z score for mutual 

information. The higher the Z score, the thicker the line is. The letters represent the sequence 

domains that residues fall in. N is the variable N-terminus. G is the GTP_CDC domain, U is the 

septin unique domain, VC is the variable C-terminus and C is the predicted coiled-coil region. 

(a) Interactions between Cdc3p and Cdc12p (b) Interactions between Cdc3p and Cdc10p (c) 

Interactions between Cdc3p and Cdc11p (d) Interactions between Cdc3p and Shs1p 
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Figure 4.5. Portion of alignment of Cdc3 vs. Cdc12 file. (a) Residue K429 (alignment position 

649) is co-evolving with the residues E344 (alignment position 1839) and E374 (alignment 

position 11869) in sequence Cdc12. (b) These three columns are listed side by side. Column 1 is 

the K429 in Cdc3, column 2 is the E344 in Cdc12 and column 3 is the E 374 in Cdc12. 
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(b) 
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 Figure 4.6. . Predicted interactions of co-evolved residues between Cdc12p and other three 

septins in the complex. In each figure, upper row is Cdc12p. The numbers in the circles , the 

numbers on lines and the letters represent the same as in figure 4. (a) Interactions between 

Cdc12p and Cdc10p (b) Interactions between Cdc12p and Cdc11p (c) Interactions between 

Cdc12p and Shs1p 
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Figure 4.7. Predicted interactions of co-evolved residues between Cdc10p and other two septins 

in the complex. In each figure, upper row is Cdc10p. The numbers in the circles, the numbers on 

lines and the letters, represent the same as shown in figure 4. (a) Interactions between Cdc10p 

and Cdc11p (b) Interactions between Cdc10p and Shs1p 
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Figure 4.8. Predicted interactions of co-evolved residues between Cdc11p and Shs1p. Top row is 

Cdc11p and bottom row is Shs1p. The numbers in the circles, the numbers on lines and the 

letters, represent the same as shown in figure 4. 
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Figure 4.9. Predicted interactions between formin (Bni1p) and Cdc3p, Cdc10p, Cdc11p and 

Shs1p.The number in each circle is the residue position and number on each line is the Z score 

for mutual information. Thicker line represents larger z score. In each sequence, Bni1p is the 

sequence at the bottom line.  (a)Cdc3p with Bni1p (b) Cdc10p with Bni1p (c) Cdc11p with 

Bni1p 
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Figure 4.10. Predicted interactions of co-evolving residues between Cdc12p and formin protein. 

The upper row is Cdc12p and the bottom row is formin Bni1p. The interactions form one large 

network and a separate small network. The number in each circle is the residue position and 

number on each line is the Z score for mutual information. Thicker line represents larger z score. 
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Figure 4.11. The interactions between five septin proteins and myosin. The symbols are the same 

as in previous figures. In each figure, myosin is the sequence at the bottom. (a) Cdc3p with 

Myo1p (b)Cdc12p with Myo1p (c) Cdc10p with Myo1p (d) Cdc11p with Myo1p (e) Shs1p with 

Myo1p 

 

 



122 

 

 



123 

Table 4.1. Number of predicted co-evolving pairs within or between two proteins 

  Cdc3p Cdc12p Cdc10p Cdc11p Shs1p Bni1p Myo1p 
Cdc3p 30 (0.01) 41 (0.01) 82 (0.02) 76 (0.02) 58 (0.02) 114 (0.03) 220 (0.07) 

Cdc12p 41 (0.01) 25 (0.01) 68 (0.02) 59 (0.02) 54 (0.02) 252 (0.07) 114 (0.03) 

Cdc10p 82 (0.02) 68 (0.02) 23 (0.01) 53 (0.02) 51 (0.02) 65 (0.02) 45 (0.01) 

Cdc11p 76 (0.02) 59 (0.02) 53 (0.02) 28 (0.01) 83 (0.02) 61 (0.02) 46 (0.01) 

Shs1p 58 (0.02) 54 (0.02) 51 (0.02) 83 (0.02) 14 (0) 42 (0.01) 40 (0.01) 

Bni1p 114 (0.03) 252 (0.07) 65 (0.02) 61 (0.02) 42 (0.01) not tested not tested 

Myo1p 220 (0.07) 114 (0.03) 45 (0.01) 46 (0.01) 40 (0.01) not tested not tested 

The number in each cell is the predicted co-evolving pairs based on mutual information. The 

number in paranthesis is the percentage out of the sum of all the numbers in table.  There are 30 

co-evolving pairs within Cdc3p protein, and 220 co-evolving pairs between Cdc3p and Myo1p.  
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Table 4.2. Number of predicted interaction pairs within or between two proteins. 

  Cdc3p Cdc12p Cdc10p Cdc11p Shs1p Bni1p Myo1p 
Cdc3p 3 (0.01) 5 (0.01) 6 (0.01) 12 (0.02) 8 (0.02) 15 (0.03) 25 (0.05) 

Cdc12p 5 (0.01) 2 (0) 9 (0.02) 7 (0.01) 8 (0.02) 48 (0.09) 11 (0.02) 

Cdc10p 6 (0.01) 9 (0.02) 2 (0) 5 (0.01) 11 (0.02) 12 (0.02) 18 (0.03) 

Cdc11p 12 (0.02) 7 (0.01) 5 (0.01) 2 (0) 13 (0.03) 12 (0.02) 19 (0.04) 

Shs1p 8 (0.02) 8 (0.02) 11 (0.02) 13 (0.03) 3 (0.01) 4 (0.01) 4 (0.01) 

Bni1p 15 (0.03) 48 (0.09) 12 (0.02) 12 (0.02) 4 (0.01) not tested not tested 

Myo1p 25 (0.05) 11 (0.02) 18 (0.03) 19 (0.04) 4 (0.01) not tested not tested 
 

The number in each cell is the predicted co-evolving pairs that are in physical contact in 3D 

structure among those with high mutual information. The number in paranthesis is the percentage 

out of the sum of all the numbers in table.  There are 3 interacting co-evolving pairs within 

Cdc3p protein, and 25 interacting co-evolving pairs between Cdc3p and Myo1p. 
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CHAPTER 5 

CONCLUSIONS 

The phylogeny of septins shows orthology across kingdoms 

Separate evolutionary histories for the septin gene families from animal and fungal kingdoms 

were suggested previously [115]. Under this hypothesis, all fungal sequences would be more 

closely related to each other than to any animal sequences, and vice versa. With more and more 

septin sequences coming out, especially in a wider variety of species, information was available 

for a more thorough evolutionary analysis of the septin family. In Chapter 2, we presented a 

phylogenetic analysis of the septin gene family based on 162 septins from fungi, microsporidia 

and animals. We: 1) reconstructed the evolutionary history of septins and showed the existence 

of orthologous relationships between animal and fungal septins; 2) categorized all septins into 

five big groups, GROUPS 1~5 of which two of the groups contained septins from animals and 

fungi, two other groups contained septins only from fungi and one group contained septins from 

fungi and microsporidia; 3) suggested consistent nomenclature for septins according to the 

groups to which they belonged. This phylogeny should help future experimental and comparative 

septin analysis across kingdoms. As septins are most well studied in Saccharomyces cerevisiae, 

findings of septin functions in yeast may indicate similar functions for corresponding septin 

orthologs in animals. However, the origin of the septin family cannot yet be clearly resolved 

from the information available. Septin sequences from organisms at the base of the evolutionary 

tree are needed. 
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Conserved motifs and positions in septins 

Septins belong to the GTPase super class [116]. Though certain amino acid sequences and motifs 

are conserved, the overall identity varies a lot within this family. In Chapter 2, we identified 

conserved positions in septin protein sequences based on a sequence alignment of 162 septins. 

We were able to extend the already known G1, G3, and G4 GTPase motifs within the GTP_CDC 

domain and find four conserved motifs and six conserved single positions in septins. Among the 

four newly discovered motifs, one was a septin specific motif. 

Protein residue interaction prediction using mutual information 

Proteins can work in a large interaction network and these interactions between proteins are often 

preserved across evolution. Conserved positions on protein sequences are likely to be important 

for protein functions and interactions. However, two proteins can both mutate such that the 

protein interactions are still kept.  Thus, two interacting proteins may show a pattern of co-

evolution across many species. In Chapter 3, we presented co-evolution analyses using mutual 

information statistics and applied this to protein contact prediction. We extracted sequences and 

3D structure information for 48 pairs of interacting proteins from the Protein Complex 

Crystallization Database. We were able to: 1) show that co-evolving amino acid residue pairs 

were physically closer to each other than random pairs; 2) decide residue co-evolving pairing 

preference matrices and showed different amino acid preferences of co-evolution; 3) develop 

contact scoring matrices for co-evolving residues to computationally predict physical closeness 

between two co-evolving residues. As with most of the computational methods in this area, the 

sensitivity and specificity were not that high, but our approach improved on existing methods, 

and provided a new direction for residue interaction prediction based on co-evolution. 
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The application of mutual information analysis to the septin gene family 

Some self-interactions were detected within a septin, but the numbers were much smaller than 

those of the interactions between different subunits from the septin filament complex. Septins 

have four major variable regions: the N-terminus; the variable region within the GTP_CDC 

domain; the variable region at the septin unique domain; and, the variable C-terminus. In Chapter 

4, we concluded that the co-evolving interactions between two different septin units had 

preferences for different variable regions. The co-evolving interactions were more often detected 

in some variable regions than the others in septins. 

In Chapter 4 we also suggested that two septin proteins were found to be very likely to interact 

with formin and myosin. Those two septins’ numbers of co-evolving residues and co-

evolutionarily interacting sites with formin and myosin were much larger than were those of any 

of the other septins. Septin Cdc12p, rather than the other component members of septin complex, 

was predicted to be more likely to interact with Bni1p, a member of formin family. This 

prediction result agreed with previous work showing that Bni1 interacted with septin Cdc12 in 

yeast [113]. Septin Cdc3p was predicted to be more likely to interact with Myo1p, a member of 

myosin family. Previous experiments showed that a mutation in Cdc12p abolished the 

localization of Myo1p, however no other information of direct interaction between Cdc12p and 

Myo1p was available [110]. We suggested that the Myo1p was interacting with the Cdc3p unit in 

the Cdc3-Cdc12-Cdc11-Cdc10-Shs1 septin complex. 

Bioinformatics relies on the accuracy of data and can retrospectively help to improve data 

curation. Large scale genome sequencing projects have provided large amounts of sequence 

information. The accuracy of the data curation is important but is also a challenge. Wrong 

interpretations lead to wasted experiments and time. In septin phylogeny, our results depended 



128 

on database information from GenBank. However, we could have reconstructed a better 

evolutionary tree if sequence information for organisms near the base of evolutionary tree was 

available and accurate. On the other side, our analysis showed orthologous relationships between 

septins in different organisms and suggested consistent nomenclature, which could help to 

interpret future sequence data.  

Implications for future work with septins and other protein families 

The amino acid residue positions identified in Chapters 2 and 4 are likely to be very important 

for septins, either for their structures or protein interactions. Some future work applying our 

findings might include possible mutagenesis experiments on septin protein sequences targeting 

on the positions that show either conservation or co-evolving interactions.  

The phylogenetic methods we used are well established, but our use of mutual information for 

prediction is relatively new. Better methods that can improve residue interaction prediction 

accuracy are certainly worth investigation. The pairing preference matrices for interactions 

showed some differences between interactions within one protein subunit and between two 

different protein subunits. As of now, however, there isn’t enough data to generate separate 

matrices for interactions both between two subunits and within a subunit. In the future it might 

be possible to derive different prediction matrices for these different types of interactions when 

more data is available from the Protein Data Bank. This will increase the interaction prediction 

accuracy. The same method could also be applied to other protein families.  
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