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Abstract 

 

Alpha-synuclein lies at the center of Parkinson’s disease etiology, and polymorphisms in the gene 

for the microtubule-associated protein tau are risk factors for getting the disease.  Tau and -

synuclein interact in vitro, and -synuclein can also compete with tau binding to microtubules.  To 

test whether these interactions might be part of their natural biological functions, a correlated 

mutation analysis was performed between tau and -synuclein, looking for evidence of 

coevolution.  For comparison, analyses were also performed between tau and - and -synuclein.  

In addition, analyses were performed between tau and the synuclein proteins and the neuronal 

tubulin proteins. Potential correlated mutations were detected between tau and -synuclein, one 

involving an -synuclein residue known to interact with tau in vitro, Asn122, and others involving 

the Parkinson’s disease-associated mutation A53T. No significant correlated mutations were seen 

between tau and - and -synuclein.  Tau showed potential correlated mutations with the neuron-

specific III-tubulin protein, encoded by the TUBB3 gene.  No convincing correlated mutations 

were seen between the synuclein and tubulin proteins, with the possible exception of -synuclein 

with IVa-tubulin, encoded by the TUBB4A gene.   While the correlated mutations between tau 

and -synuclein suggest the two proteins have coevolved, additional study will be needed to 

confirm that their interaction is part of their normal biological function in cells. 

 

Keywords: Correlated mutations analysis, mutual information, tauopathy, Alzheimer’s disease, 
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Introduction 

 

Pathology involving the protein -synuclein 

is a defining feature of Parkinson’s disease. 

A diagnosis of the disease can only be 

confirmed by observation of this pathology in 

neurons, in the form of Lewy bodies and 

neurites, proteinaceous deposits containing 

-synuclein in its pathological, fibrillar form.  

In the brains of roughly 70% of Parkinson’s 

disease patients, autopsy also reveals 

neurofibrillary tangles, distinct proteinaceous 

deposits containing the microtubule-

associated protein tau in a fibrillar, 

hyperphosphorylated form. (1)  

Neurofibrillary tangles are a typical feature 

of Alzheimer’s disease, as well as a group of 

neurodegenerative diseases known 

collectively as tauopathies.(2)  

Polymorphisms of the genes for -synuclein 

and tau, SNCA and MAPT, respectively, are 

known risk factors for developing 

Parkinson’s disease.(3) 

 

In their monomeric, non-pathological forms, 

tau and -synuclein can physically interact in 

vitro, and -synuclein can also bind to 

microtubules, the natural interaction target of 

tau in neurons. (4) (5)  Microtubules form 

part of the cytoskeleton of the cell and 

perform many vital roles, such as providing a 

conduit for the transport of proteins and other 

intracellular cargoes.  Interaction with tau 

helps stabilize microtubule structure in axons 

and may play a role in modulating transport 

along microtubules. (6) (7)  The microtubule 

structure is comprised of -tubulin/-tubulin 

heterodimer subunits, and in humans there 

are nine genes encoding -tubulin proteins 

and nine genes encoding -tubulin proteins. 

(8) Four of the -tubulin genes are 

specifically expressed in brain tissue. (9)  In 

contrast to tau, -synuclein appears to have 

the opposite effect, destabilizing microtubule 

structure, and the mechanism of interaction, 

as well as whether it might play some 

regulatory role, is the subject of ongoing 

study. (5) Interaction between -synuclein 

and microtubules is also being studied. (10) 

 

Given the high coincidence of tau and -

synuclein pathology and their interaction in 

vitro, this suggests their interaction might 

somehow promote the development of 

Parkinson’s disease.  This implication 

suggests a second possibility, namely, that 

the two proteins might interact in neurons as 

part of their normal biological function. They 

are both localized to neuronal axons, 

concentrated in presynaptic termini in the 

case of -synuclein. To explore this question, 

this work presents a correlated mutation 

study of the two proteins to look for evidence 

that they have coevolved during the course of 

vertebrate evolution.  The idea behind 

correlated mutation analysis is that for two 

interacting proteins, a mutation in one 

affecting the interaction might be 

compensated by a mutation in the other 

protein, such that functional interaction is 

maintained, leaving survival unaffected in 

the species. It is also possible that the second 

mutation modifies the interaction in way that 

might enhance survival. In either case, the 

pair of mutations could then be passed on to 

daughter species. 

 

There are two other synuclein proteins in 

humans, - and -synuclein, and for 

comparison, correlated mutation analyses of 

them with tau are also presented.  In addition, 

because -synuclein can possibly compete 

with tau for microtubule binding, analyses 

with the tubulin proteins that make up 

microtubules are presented, including four -

tubulins that are specific to brain tissue, IIa-

tubulin, IIb-tubulin, III-tubulin, and IVa-

tubulin, and two non-tissue-specific tubulins, 

Ia-tubulin and -tubulin. 

 

 

 

https://esmed.org/MRA/mra/
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Methods 

 

Multiple sequence alignments 

 

The protein sequences of tau, --and -

synuclein, as well as Ia-tubulin (TUBA1A), 

-tubulin (TUBB), a-tubulin (TUBB2A), 

b-tubulin (TUBB2B), -tubulin 

(TUBB3), and Va-tubulin (TUBB4A) were 

obtained from protein blast searches 

(blast.ncbi.nlm.nih.gov) using the human 

sequences as the initial query.  For cases 

where the choice of ortholog was ambiguous, 

especially for the highly similar a-tubulin 

and b-tubulin proteins, human cDNA was 

also used as the query in a DNA blast search 

to identify the closest ortholog. The multiple 

sequence alignments from the blast searches 

were confirmed using Clustal Omega 

(www.ebi.ac.uk/Tools/msa/clustalo/). 

Sequences with missing regions or 

ambiguous residues were not used for 

analysis.  In addition, protein sequences of 

interest could be missing from the annotated 

genomic sequence for particular species.  In 

such cases, cDNA of a closely related species 

was used to search the full genomic sequence 

for the protein gene, but this typically 

resulted in only partial protein sequences 

being obtained.  As a consequence, each pair 

of multiple sequence alignments (tau with -

synuclein, -synuclein with Va-tubulin, 

etc.) used for the correlated mutation 

analyses typically included a different 

number of species.  The residue numbering 

shown in figures corresponds to that of the 

human protein sequences.  In places where 

the correlated mutation pairs include a 

position that corresponds to a gap in the 

human sequence in the multiple sequence 

alignment, the residue number is that of the 

residue immediately preceding the insertion, 

followed by a lowercase letter indicating the 

position in the insertion: ‘a’ for the first 

position in the insertion, ‘b’ for the second, 

and so on.  In the notation for mutations, the 

letter for the human amino acid is given first, 

and when the human residue is not the 

ancestral residue, this is stated in the text. 

 

Correlated mutation analysis 

 

The correlated mutation analysis combines a 

mutual information correlation matrix with a 

global Z-score analysis of the matrix 

elements.  This approach has been shown to 

be relatively robust when the number of 

species is limited, such as when analyzing 

vertebrate-specific proteins. (11)  In the first 

step, the correlation matrix is calculated with 

the rows corresponding to the first protein 

sequence positions and the columns 

corresponding to the second protein sequence 

positions using the following equation 

 

𝑀𝐼𝑖𝑗 = ∑𝑓𝑖𝑗(𝑚, 𝑛)𝑙𝑛 [
𝑓𝑖𝑗(𝑚, 𝑛)

𝑓𝑖(𝑚)𝑓𝑗(𝑛)
]

𝑚,𝑛

 

 

 

where 𝑀𝐼𝑖𝑗 is the mutual information value 

between position i in the first protein and 

position j in the second protein, 𝑓𝑖(𝑚) and 

𝑓𝑗(𝑛) are the frequencies of amino acid types 

m and n at positions i and j, and 𝑓𝑖𝑗(𝑚, 𝑛) is 

the frequency that m and n occur together in 

a species at positions i and j.  The sum is 

taken over the 20 standard amino acids plus 

the gap, that is, each position can have one of 

21 possibilities.  Mutual information is 

similar to covariance, but it differs in that 

higher values are produced when a greater 

number of correlated mutations are present.  

The frequencies, 𝑓𝑖(𝑚), 𝑓𝑗(𝑛) and 𝑓𝑖𝑗(𝑚, 𝑛) 
include a pseudocount correction of 1.5 to 

reduce the impact of sequencing errors on the 

MI values, the details of which are described 

elsewhere. (12) 

 

In the second step, the Z-scores of each MI 

value were calculated.  Z-scores correspond 

to how many standard deviations the MI 

https://esmed.org/MRA/mra/
http://www.ebi.ac.uk/Tools/msa/clustalo/
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value for a particular pair of positions differ 

from the average MI for those positions with 

all other residue positions in the protein.   

 

𝑍𝑖𝑗 = 0.5[(𝑀𝐼𝑖𝑗 −𝑀𝐼𝑖𝑎𝑣) 𝜎𝑖⁄ + (𝑀𝐼𝑖𝑗 −𝑀𝐼𝑗𝑎𝑣) 𝜎𝑗⁄ ] 

 

Where MIiav is the average MI value between 

position i and all positions in the second 

protein sequence, MIjav is the average MI 

value between position j and all positions in 

the first protein sequence, and σi and σj are the 

corresponding standard deviations. Higher Z-

scores have been shown to be correlated with 

a higher probability that the two residue 

positions are in contact, and thus, have 

coevolved. (13) 

 

Results 

 

1. Tau and the tubulins 

 

The top Z-scores for the correlated mutation 

analyses of tau with the six tubulin proteins 

are shown in figure 1.  In humans, tau has six 

isoforms; the longest form, called 2N4R, has 

441 residues. The shorter isoform sequences 

are subsets of the 2N4R sequence, having 

zero to two N-terminal inserts (N1, N2), and 

three or four highly conserved repeat 

domains (R1-R4) (figure 1a).  The first 160 

residues of 2N4R tau are highly variable, and 

there is almost no detectable homology in this 

region between fish and land vertebrates.  

Including more species in the analysis can 

improve the chance that the highest Z-score 

correlated mutation pairs correspond to 

genuinely interacting residues (12), so the 

analyses were repeated without the first 160 

residues of tau, allowing the inclusion of fish 

species (except for IIa-tubulin, which is 

amniote specific).  The addition of fish 

species did not result in a net increase in the 

top Z-scores, however.  For this reason, full-

length 2N4R tau was used in all subsequent 

analyses. 

 

Also shown in figure 1 are the top Z-scores 

for the analyses with the tubulin proteins 

using the hemoglobin beta chain as a negative 

control.  In several cases, the Z-scores for 

hemoglobin exceed those for tau, which 

would seem to imply that tau and tubulins do 

not interact.  This illustrates one of the 

weaknesses of correlated mutation analysis; 

to wit, the analysis cannot detect interacting 

residues where one or both is invariant.  

Roughly a third of tau residues are invariant, 

mostly in the C-terminal region, which is 

known to interact with microtubules (14), and 

over half of the tubulin residues are invariant.  

Thus, another possibility is that tau 

interactions with microtubules are dominated 

by interactions involving at least one 

invariant residue.   

 

In two cases, the Z-scores with tau exceed 

those with hemoglobin, with -tubulin and 

III-tubulin.  The top five Z-score correlated 

pairs with -tubulin are shown in figure 2, 

-tubulin in figure 3, and the other four 

tubulins in supplemental figure 1.   

Examination of figure 2 reveals another 

weakness of correlated mutation analysis; the 

residue pairs are only different in two frog 

species (Xenopus tropicalis and Xenopus 

laevis).  This illustrates what is known as 

phylogenetic bias, or phylogenetic noise.  

The situation can arise where an ancestor of 

a branch in a family tree happens to have 

mutations in two non-interacting residues just 

by chance.  All the daughter species will have 

the same pair of mutations (unless the 

residues mutate again).   

  

https://esmed.org/MRA/mra/
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Figure 1. A) Diagram of the tau protein with four domains labeled and residue numbers shown at the start 

of each sub-region.  At the N-terminus is the projection domain with N1 and N2 inserts, followed by the 

proline-rich domain with P1 and P2 sub-regions, followed by the microtubule-binding domain with four 

microtubule-binding repeats, followed by the C-terminus region.  There are six isoforms of tau in humans, 

with both N1 and N2 inserts, with just N1, or with neither N1 nor N2 present, combined with microtubule-

binding repeat R2 either present or absent.  The projection domain is negatively charged, with the N-

terminal and N1 insert having the most negative charge, indicated by the red color.  The proline-rich domain 

is positively charged, with P2 having the most positive charge, indicated by the blue color.  The 

microtubule-binding repeats R1, R2 and R3 have a modest net positive charge, while R4 and the C-terminus 

are net neutral.  The asterisks mark the positions of mutations L48P, -149cG (see Methods for gap 

nomenclature), and S240A involved in correlated pairs with -synuclein and III-tubulin.  B)  The top Z-

scores from the correlated mutation analyses of tau with tubulin proteins found in neurons.  The top line 

shows the Z-scores using full-length tau and the second line using tau excluding the first 160 residues 

(160tau).  For full-length tau, multiple sequence alignments of 123 vertebrate species on average were 

used in the analyses, while for 160tau the average number of species was 142.  The bottom line shows the 

top Z-scores for hemoglobin beta chain with the tubulin proteins, as a negative control. 

 

One of the advantages of the Z-score analysis 

is that the highest values correspond to the 

most unique patterns of mutations among 

species.  If two chance mutations occur in an 

ancestor at a deep branch point in the tree, the 

mutation pattern will be shared by many 

ancestors, and thus will result in lower Z-

scores. (13)  However, if the mutation pair 

occurs at a shallow branch, or any branch 

with few daughter species, a higher Z-score 

can result.  To get around this issue, an ideal 

correlated mutation pair should pass the 

“phylogenetic bias test,” that is, the 

mutations should occur in two or more 

unrelated branches of the tree.  Clearly, the 

top correlated mutation pairs of tau with -

tubulin fail the test. 

 

 

 

https://esmed.org/MRA/mra/
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Figure 2. The top five correlated mutation pairs for tau with I-tubulin.  The correlated pairs are shown in five columns, with the corresponding 

residue numbers and Z-scores shown above. There is one row for each species in the multiple sequence alignment. The five columns are divided 

into four sections for more convenient display. The species are grouped roughly by class, order and/or suborder following standard conventions, and 

coloring indicates evolutionary distance from humans, blue for primates and more distantly related treeshrews, next green for rodents and glires 

(rabbits and pikas), yellow for Laurasiatheres (hoofed animals, cetaceans, carnivora, bats, etc.), orange for more distantly related placental mammals 

(moles, shrews, Afrotheres, xenarthrans, etc.), red for marsupials and more distantly related monotremes, purple for birds and reptiles, and dark blue 

for amphibians. 
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Figure 3. The top five correlated mutation pairs for tau with -tubulin.  See figure 2 for an explanation of the figure layout.  Note that for tau with 

-tubulin, there was a subset of ray-finned fish sequences with sufficient homology to land vertebrate sequences to be included in the correlated 

mutation analysis, and this group of species is shown in light blue. 
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In contrast to -tubulin, the top correlated 

pair between tau and -tubulin easily 

passes the phylogenetic bias test (figure 3).  

Whereas the majority of vertebrates have the 

pair SE (serine glutamate) in positions 240 

and 441 of tau and -tubulin, respectively, 

the pair AD (alanine aspartate) has arisen in 

three unrelated branches, in murids (mice and 

their kin), cetaceans, and in Erinaceus 

europaeus (European hedgehog).  The 

intermediate pairs, SD and AE, are also seen 

for a few species; such transitional cases are 

not unexpected.  This is because if either 

mutation were significantly deleterious to 

survival, it would be eliminated from the 

gene pool before the second mutation could 

occur.  The remaining top correlated pairs 

shown in figure 3 do not pass the bias test, all 

reflecting the branching of mammals from 

the other vertebrates, with Z-scores similar to 

the control case with hemoglobin beta chain 

(figure 1).  In summary, for tau and neuronal 

tubulin proteins found in neurons, the most 

convincing candidate for a genuine correlated 

mutation pair is the highest Z-score pair for 

tau and -tubulin. 

 

 

 

 

 

2. Tau and the synucleins 

 

The top Z-scores of the correlated mutation 

analyses of tau with -, - and -synuclein 

and shown in figure 4, and with hemoglobin 

beta chain as a control.  Synuclein proteins 

consist of a 78-89 amino acid N-terminal 

region consisting of six (for -synuclein) or 

seven (for - and -synuclein) imperfect 11-

residue repeats, followed by a negatively 

charged C-terminal region 38-56 residues 

long (figure 4a).  The highest Z-score 

correlated pair is seen with -synuclein, and 

the top five correlated pairs of tau with -

synuclein are shown in figure 5.  The top 

correlated pairs with -synuclein and -

synuclein are shown in supplemental figure 

2.  

The top tau/-synuclein pair Z-score, 8.9, 

exceeds that of the hemoglobin control, 6.8, 

indicating a higher probability that the top 

pair could be a genuine correlated mutation.  

With -synuclein and -synuclein, the top Z-

scores are lower than hemoglobin.  These 

results suggest that tau might have coevolved 

with -synuclein, but not with -synuclein 

and -synuclein.  Caution is warranted, 

however, as the top correlated pair with -

synuclein fails the phylogenetic bias test, 

with the mutation pair occurring only in 

bovines.   

 

https://esmed.org/MRA/mra/
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Figure 4. A) Diagram of the synuclein proteins with the 11-residue imperfect repeats (R1-R7) and C-

terminal tail (C) indicated with residue numbers shown at the beginning of each region.  For -synuclein 

the first five residues of the final repeat R6’ are homologous to the corresponding residues in R6 of - and 

-synuclein, and the final six residues are homologous to the corresponding residues in R7 of - and -

synuclein.  The regions with moderate positive charge are shown in light blue, neutral charge in white, 

moderate negative charge in light red, and the most negative charge in red.  The C-terminal tail of -

synculein is the most negatively charged (-16 over 56 residues), followed by -synuclein (-12 over 51 

residues), and -synuclein (-5 over 38 residues). The asterisks mark the positions of residues involved in 

correlated mutation pairs, A53T and N122S for -synuclein with tau, and A102V in -synuclein with IVa-

tubulin.  B) The top Z-scores from the correlated mutation analyses of tau with the synuclein proteins, and 

with hemoglobin beta chain as a negative control. 
 

https://esmed.org/MRA/mra/
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Figure 5. The top five correlated mutation pairs for tau with -synuclein. See figure 2 for an explanation of the figure layout.
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The second potential correlated mutation pair 

in figure 5, with a Z-score of 7.5 and 

involving residues 48 and 122 of tau and -

synuclein, respectively, does pass the 

phylogenetic bias test.  Whereas the majority 

of vertebrates have the pair LN in these 

positions, the pair PS has arisen in 

strepsirrhines (lemurs, lorises and galagos), 

and in two branches of the rodent tree, in 

murids and in the common ancestor of 

Chinchilla lanigera and Octodon degus 

(common degu). The transitional pair LS is 

also seen in several species, but PN is not 

observed; if the correlated pair is genuine, 

perhaps the tau L48P mutation can only be 

accommodated after the N122S mutation in 

-synuclein has already occurred. 

 

The fourth highest Z-score correlated pair 

with -synuclein is noteworthy because it 

involves a Mendelian mutation, A53T, 

known to cause an autosomal dominant 

familial form of Parkinson’s disease.  In this 

case, the human disease-causing residue T53 

is the ancestral residue. The sixth and eighth 

highest correlated pairs also involve A53T 

(the sixth through tenth highest Z-score pairs 

for tau with -synuclein are shown in 

supplemental figure 3).  All these pairs seem 

to fail the phylogenetic bias test, since the 

A53T mutation pairs appear to have arisen 

just once in a putative common ancestor of 

apes, Old World monkeys, and the New 

World capuchin and squirrel monkeys 

(Cebus capucinus, Saimiri boliviensis, and 

Sapajus apella). This is curious, however, 

because in the standard primate phylogenetic 

tree (Tree of Life web project. 

http://tolweb.org/Primates/15963) New 

World monkeys are more closely related to 

each other than to Old World apes and 

monkeys.  Assuming the standard tree is 

correct, there are two possibilities with 

different phylogenetic bias test outcomes. 

One possibility is that A53 arose just once in 

the ancestor of both Old and New World 

monkeys and reverted to the ancestral T53 in 

the marmoset Callithrix jacchus and night 

monkey Aotus nancymaae, thus failing the 

phylogenetic bias test. The other possibility 

is that the mutation to A53 arose twice, in the 

ancestor of Old World apes and monkeys and 

in the New World ancestor of capuchin and 

squirrel monkeys, in which case the test is 

satisfied.   

 

 

3. The synucleins and the tubulins 

 

The top Z-scores of the correlated mutation 

analyses of -, - and -synuclein with the 

six tubulin proteins are shown in figure 6, and 

with hemoglobin beta chain as a control.  

Unlike tau and the synucleins, which are 

intrinsically disordered in their monomeric, 

non-pathological forms, the tubulins fold into 

a highly conserved, well-defined GTPase 

protein structure, followed by a more 

variable, short C-terminal region rich in 

glutamate residues called the “E-hook” 

(figure 6a).  The highest Z-score correlated 

mutation pairs are seen for -synuclein with 

IIa-tubulin and IVa-tubulin; however, the 

top correlated pairs for IIa-tubulin all fail 

the phylogenetic bias test.  The top correlated 

pair for -synuclein with IVa-tubulin does 

pass the test, with mutations in two unrelated 

branches, for marsupials and for the afrothere 

Chrysochloris asiatica, and its top five 

correlated pairs are shown in figure 7.  All the 

other top correlated pairs for -, - and -

synuclein with the six tubulin proteins are 

shown in supplemental figure 4. 

 

https://esmed.org/MRA/mra/
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Figure 6. A) Diagram of Ia- and the -class tubulins with the three structural subdomains indicated with 

residue numbers shown at the beginning of each region.  The N-terminal subdomain (N) contains the 

nucleotide binding site and has a moderate negative charge, shown by the light red color.  The intermediate 

subdomain is net neutral for Ia-tubulin and has a moderate positive charge for the -class tubulins.  The 

C-terminal domain has the most negative charge, shown in red, and includes the flexible C-terminus “E-

hook” region.  The E-hook differs for the different -class tubulins and is shown below, along with Ia-

tubulin for comparison.  The E-hook residues involved in correlated mutation pairs are highlighted in red, 

E441D for III-tubulin with tau, and -441aE for IVa-tubulin with -synuclein.  B) The top Z-scores from 

the correlated mutation analyses with of the synuclein proteins with the tubulin proteins, with hemoglobin 

beta chain as a negative control.  
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Figure 7. The top five correlated mutation pairs for -synuclein with IVa-tubulin.  See figure 2 for an explanation of the figure layout.  Note that 

for these two proteins, sequences from numerous fish species are known and included in the analysis, with one lobe-finned fish species in blue, ray-

finned fish in light blue, and two cartilaginous fish in green.  Also note that birds appear to lack IVa-tubulin. 
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Unlike - and -synuclein, there is no 

experimental evidence linking -synuclein 

and microtubules that the author is aware of.  

Because of this, the potential correlated 

mutation pair with IVa-tubulin should be 

viewed with extra caution.  With all the 

combinations of three synuclein and six 

tubulin proteins, the odds increase that one 

combination might happen to have a non-

interacting pair of mutations in two unrelated 

species, that is, the probability of the 

phylogenetic bias test producing a false 

positive is higher.  Indeed, there are a few 

instances where top correlated pairs in the 

control analyses with hemoglobin also appear 

to pass the phylogenetic bias test (data not 

shown). Thus, compared to the other two 

cases of potential coevolution, tau with III-

tubulin and tau with -synuclein, the 

evidence for -synuclein coevolving with 

IVa-tubulin is less compelling. 

 

Discussion 

 

The results show potential correlated 

mutations pairs between tau and III-tubulin, 

between tau and -synuclein, and perhaps 

between -synuclein and IVa-tubulin.  

Because microtubules are the natural binding 

target of tau, coevolution between tau and 

neuronally expressed tubulin proteins is a 

given.  Indeed, it is surprising that the only 

convincing candidate for a bona fide 

correlated mutation pair is with III-tubulin.  

As explained in the results, correlated 

mutation analysis can only detect correlations 

between non-invariant residues, and it could 

be that most interactions between tau and 

tubulins involve at least one invariant 

residue.   

 

The predicted correlated mutation pair for tau 

with III-tubulin does correspond to protein 

regions expected to interact, however.  The 

tau mutation S240A occurs in the proline-

rich region (figure 1a), which, along with the 

microtubule-binding repeat region, is 

necessary for strong binding. (14) The III-

tubulin E441D mutation occurs in the E-

hook, the flexible, glutamate-rich C-terminus 

which extends out from the microtubule 

where it can easily interact with binding 

proteins.  Glutamate residues in the E-hook 

are often polyglutamylated, that is, chains of 

polyglutamate are attached to their side 

chains.  While E441 is not a known 

polyglutamylation site, its near neighbor is, 

E438 (15), and another near neighbor, S444, 

is a phosphorylation site.  Perhaps the 

mutation to aspartate can affect how the E-

hook is modified. 

 

The best candidate for a tau/-synuclein 

correlated mutation pair, L48P for tau and 

N122S for -synuclein, also corresponds to 

at least one region expected to interact based 

on previous experiments.  Measured by NMR 

spectroscopy, N122 is one of the residues 

most perturbed by interaction with tau. (4) 

On the other hand, no significant perturbation 

of tau L48 was seen by interaction with -

synuclein; instead, the C-terminal half of the 

proline-rich region (P2 in figure 1a) was most 

strongly perturbed. Examining the net 

charges of the putative correlated pair regions 

also reveals a seeming discrepancy; both the 

tau N1 insert, wherein L48 lies (figure 1a), 

and the C-terminal domain of -synuclein, 

containing N122 (figure 4a), are negatively 

charged. For interactions involving 

intrinsically disordered proteins, non-specific 

interactions between oppositely charged 

regions are more typical.(16) (17) Thus, it 

appears that L48 and N122 probably do not 

interact, at least not directly.  Perhaps L48 

and N122 compete for interaction with a third 

site, the positively charged proline-rich 

region of tau, as one possible example.  In 

fact, there is evidence from fluorescence 

spectroscopy that the tau N1 and proline-rich 

regions interact.(18). The L48 site is flanked 

by two phosphorylation sites, S46 and T50, 
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and the L48P mutation might affect their 

phosphorylation, which, in turn, could impact 

electrostatic interactions with the N1 region.  

Nevertheless, until there is clear structural or 

functional evidence linking the tau L48 and 

-synuclein N122 sites, this potential 

correlated mutation pair should be considered 

provisional. 

 

The other tau/-synuclein correlated 

mutation pair of interest involves the 

Parkinson’s disease-associated mutation 

A53T in -synuclein with -149cG for tau, 

where 149c- means the third position in the 

insert after human tau residue 149 in the 

multiple sequence alignment (see Methods), 

and G is the ancestral residue.  The insert 

occurs right before the proline-rich domain.  

Because this mutation pair might have arisen 

only once, the chance of a false positive is 

high, that is, it might fail the phylogenetic 

bias test.  On the other hand, it is also possible 

that it is a genuine correlated pair where the 

pair of mutations have so far happened only 

in Old World monkeys and apes, and New 

World squirrel and capuchin monkeys.  In the 

NMR study cited above, the region around 

A53 seemed to show weak perturbations in 

the presence of tau, but below the threshold 

of significance.  In another study of -

synuclein coevolution with the enzyme 

glucocerebrosidase, the top Z-score 

correlated pair involved -synuclein A53T. 

(11) (12)  Mutations in the gene for 

glucocerebrosidase, GBA1, are also risk 

factors for developing Parkinson’s disease.  It 

is intriguing that A53T comes up in both 

studies, hinting at a connection between 

disease-causing mutations and correlated 

mutation pairs, and in fact, such connections 

are observed for human genetic diseases in 

general. (19) 

 

There are many proposed mechanisms for 

how the A53T mutation might cause 

Parkinson’s disease in humans.  Most are 

toxic gain-of-function hypotheses, where the 

mutation renders -synuclein neurotoxic or 

promotes formation of its pathological 

oligomeric and amyloid forms.  Recently, an 

alternate hypothesis has been proposed, that 

neurons overexpress the wild type allele to 

compensate loss-of-function caused by the 

mutated allele, causing overall -synuclein 

levels to rise, thus increasing the likelihood 

of oligomer and amyloid formation. (20)  

Mutations linked to higher tau expression 

levels, in particular, those connected with the 

H1 haplotype, also appear to be associated 

with not just Parkinson’s disease, but with 

Alzheimer’s disease and many tauopathies as 

well. (21) (22)  The tau -149cG mutation has 

not been detected in humans, though a nearby 

mutation A152T appears to be a risk factor 

for dementia with Lewy bodies, Alzheimer’s 

disease and several tauopathies. (23) (24) 

 

In conclusion, the correlated mutation 

analysis suggests that tau and -synuclein 

might have coevolved, though more 

experimental evidence is needed to confirm 

this.  The analysis yields more than just 

evidence of coevolution, however; the 

correlated mutation pairs can also provide 

clues regarding the normal biological 

function of the proteins, and the disease-

causing mechanisms as well.  Thus, genome 

sequencing of non-human species, 

vertebrates in particular, is a critical tool for 

understanding the origins of human disease. 
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SUPPLEMENTARY MATERIAL 

 

Supplementary figures 

 

1. The top five correlated mutation pairs for tau with A) Ia-tubulin, B) IIa-tubulin, C) IIb-

tubulin and D) IVa-tubulin. 

2. The top five correlated mutation pairs for tau with A) -synuclein and B) -synuclein. 

3. The sixth through tenth highest correlated mutation pairs for tau with -synuclein. 

4. The top five correlated mutation pairs for -synuclein with A) Ia-tubulin, B) I-tubulin, C) 

IIa-tubulin, D) IIb-tubulin, E) III-tubulin, and F) IVa-tubulin; for -synuclein with G) 

Ia-tubulin, H) I-tubulin, I) IIa-tubulin, J) IIb-tubulin, and K) III-tubulin; and for g-

synuclein with L) Ia-tubulin, M) I-tubulin, N) IIa-tubulin, O) IIb-tubulin, P) III-

tubulin, and Q) IVa-tubulin. 
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Supp. Fig. 1A 

 
 

Supp. Fig. 1B 
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Supp. Fig. 1C 

 
 

Supp. Fig. 1D 
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Supp. Fig. 2A 
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Supp. Fig. 2B 
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Supp. Fig. 3 
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Supp. Fig. 4A 

 
 

Supp. Fig. 4B 
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Supp. Fig. 4C 

 
 

Supp. Fig 4D 
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Supp. Fig. 4E 

 
 

Supp. Fig. 4F 
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Supp. Fig. 4G 

 
Supp. Fig. 4H 
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Supp. Fig. 4I 

 
 

Supp. Fig. 4J 
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Supp. Fig. 4K 

 
 

Supp. Fig. 4L 
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Supp. Fig. 4M 

 
 

Supp. Fig. 4N 
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Supp. Fig. 4O 

 
 

Supp. Fig. 4P 
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Supp. Fig. 4Q 
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