James M. Gruschus. Medical Research Archives vol 9 issue 7. Medical Research Archives

RESEARCH ARTICLE

Coevolution study of tau and a-synuclein suggests a connection between their
normal interaction in neurons and the Parkinson's disease-associated mutation
A53T

Author

James M. Gruschus

Laboratory of Structural Biophysics, National Heart, Lung & Blood Institute, National Institutes of
Health, Bethesda, MD USA

Email: gruschuj@nih.gov

N )

bstract

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 a-
synuclein interact in vitro, and a-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 a-synuclein, looking for evidence of
coevolution. For comparison, analyses were also performed between tau and 8- and y-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 a-synuclein, one
involving an a-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 3- and y-synuclein. Tau showed potential correlated mutations with the neuron-
specific BllI-tubulin protein, encoded by the TUBB3 gene. No convincing correlated mutations
were seen between the synuclein and tubulin proteins, with the possible exception of B-synuclein
with BlVa-tubulin, encoded by the TUBB4A gene. While the correlated mutations between tau
and a-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,
axon, neurodegenerative, intrinsically disordered protein, protein-protein interaction
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Introduction

Pathology involving the protein a-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
a-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 a-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 a-synuclein can physically interact in
vitro, and a-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 a-tubulin/B-tubulin
heterodimer subunits, and in humans there
are nine genes encoding a-tubulin proteins
and nine genes encoding B-tubulin proteins.
(8) Four of the p-tubulin genes are
specifically expressed in brain tissue. (9) In
contrast to tau, a-synuclein appears to have
the opposite effect, destabilizing microtubule
structure, and the mechanism of interaction,
as well as whether it might play some
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regulatory role, is the subject of ongoing
study. (5) Interaction between y-synuclein
and microtubules is also being studied. (10)

Given the high coincidence of tau and o-
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 a-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, B- and y-synuclein, and for
comparison, correlated mutation analyses of
them with tau are also presented. In addition,
because a-synuclein can possibly compete
with tau for microtubule binding, analyses
with the tubulin proteins that make up
microtubules are presented, including four 3-
tubulins that are specific to brain tissue, Blla-
tubulin, Bllb-tubulin, Blll-tubulin, and BlVa-
tubulin, and two non-tissue-specific tubulins,
ala-tubulin and BI-tubulin.
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Methods
Multiple sequence alignments

The protein sequences of tau, a-, B-, and y-
synuclein, as well as ala-tubulin (TUBAL1A),
BI-tubulin (TUBB), Blla-tubulin (TUBB2A),
BlIb-tubulin (TUBB2B), BIII-tubulin
(TUBB3), and BIVa-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 Blla-tubulin
and BlIb-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 a-
synuclein, B-synuclein with BIVa-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
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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

Ml;; = Efl](m n)in [fl( )f](n)

where MI;; is the mutual information value
between position i in the first protein and
position j in the second protein, f;(m) and
fj(n) are the frequencies of amino acid types
m and n at positions i and j, and f;;(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, f;(m), fj(n) and f;;(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 Ml

value were calculated. Z-scores correspond
to how many standard deviations the MI
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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 = OS[(MIU — Mliav)/o-i + (MIU

Where Mliay is the average M1 value between
position i and all positions in the second
protein sequence, Mljay is the average MI
value between position j and all positions in
the first protein sequence, and oi and gj 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 Blla-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.
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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 B-tubulin and
BH1-tubulin. The top five Z-score correlated
pairs with BI-tubulin are shown in figure 2,
BIII-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).
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A proline-rich  microtubule- .
projection domain domain binding domain C-terminus
*

jnz P1 R1|R2[R3|R4

1 45 74 103 152 198 244 275 306 337 369 441
tau 10.6 115 9.1 9.0 12.7 6.9
Ayetau 108 113 97 9.1 117 59
hemo b 10.9 8.4 10.3 8.7 11.5 9.1

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, -149¢G (see Methods for gap
nomenclature), and S240A involved in correlated pairs with a-synuclein and Bll1-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
(Anssotau). For full-length tau, multiple sequence alignments of 123 vertebrate species on average were
used in the analyses, while for Anieotau 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
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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 BI-
tubulin fail the test.
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tau fI-tubulin Correlated pairs Correlated pairs Correlated pairs Correlated pairs
protein t i1 v Bl v B1 = BI « P2 protein v i1 ¢ Bl v 1 = Bl © BI protein  t i1 ¢ Bl © B1 = B = BI protein ¢ i1 ¢ Bl = B t Bl « B
§F revove uS3FEEERE  2F rewove T 3FEREBE 9% cwoue T ITITEEE 2F e v TSR ERE
28 zeore 115 115 115 115 115 28 g2 ¥ 28
i R2 & B
H saplens PG PG TG EG GG C griseus PG PG TG EG GG X E asinus PG PG TG EG GG ti T
P troglodytes PG PG TG EG GG M auratus PG PG TG EG GG 3 E_caballus PG PG TG EG GG A cunicularia PG PG TG EG GG
G gorilla PG PG TG EG GG R norvegicus PG PG TG EG GG P pardus PG PG TG EG GG £ goarzetta PG PG TG EG GG
o P abelii PG PG TG EG GG M pahari PG PG TG EG GG P concolor PG PG TG EG GG N perdicaria PG PG TG EG GG
& H moloch PG PG TG EG GG M caroli PG PG TG EG GG L canadensis PG PG TG EG GG P colchicus PG PG TG EG GG
§N leucogenys PG PG TG EG GG §M musculus PG PG TG EG GG L pardinus PG PG TG EG GG C pelagica PG PG TG EG GG
P anubis PG PG TG EG GG | tridecemliin, PG PG TG EG GG F catus PG PG TG EG GG (|, P fasciata PG PG TG EG GG
& M leucophaeus PG PG TG EG GG C lanigera PG PG TG EG GG A |ubatus PG PG TG EG GG gc canorus PG PG TG EG GG
3 C atys PG PG TG EG GG P leucopus PG PG TG EG GG 8 P vitulina PG PG TG EG GG P filicauda PG PG TG EG GG
é M nemestrina PG PG TG EG GG C porcelius PG PG TG E£G GG g' L weddellii PG PG TG EG GG € caeruleus PG PG TG EG GG
g M mulatta PG PG TG EG GG F P » TG G @ O rosmarus PG PG TG EG GG T pguttata PG PG TG EG GG
5 M fascicularis PG PG TG EG GG = O princeps PG PG TG EG GG N schaulnsian PG PG TG EG GG L striata PG PG TG EG GG
,g'c sabaeus PG PG TG EG GG || ° O cuniculus PG PG TG EG GG U arctos PG PG TG EG GG G gallus PG PG TG EG GG
T gelada PG PG TG EG GG gs scrofa PG PG TG EG GG M putorius PG PG TG EG GG P humilis PG PG TG EG GG
P tephrosceles PG PG TG EG GG 2 C hircus PG PG TG EG GG M erminea PG PG TG EG GG A sinensis PG PG TG EG GG
R bieti PG PG TG EG GG 3 O aries PG PG TG EG GG C lupus PG PG TG EG GG A mississipple PG PG TG EG GG
R roxellana PG P 2 O virginanus PG PG TG EG GG V_vu PG PG T P muralis PG PG TG EG GG
= 5 boliviensis PG PG TG EG GG é B taurus PG PG TG EG GG o M javanica PG PG TG EG GG A carolinensis PG PG TG EG GG
=5 apells PG PG TG EG GG ||c 8 mutus PG PG TG EG GG P discolor PG PG TG EG GG B P vitticeps PG PG TG EG GG
A nancymaae PG PG TG EG GG 2 C ferus PG PG TG EG GG °.R aegyptiacus PG PG TG EG GG §T elegans PG PG TG EG GG
E’P coquereli PG PG TG EG GG || x C dromedarius PG PG TG EG GG & E fuscus PG PG TG EG GG a'T sirtalis PG PG TG EG GG
murin [ PG T E G 8 acutorostrat, PG PG TG EG GG M brandtii PG PG TG EG GG P mucrosqua PG PG TG EG GG
& T chinensis PG PG TG EG GG L obliquidens PG PG TG EG GG || P alecto PG PG TG EG GG T carolina PG PG TG EG GG
D ordil PG PG TG EG GG ~ & melas PG PG TG EG GG = C cristata PG PG TG EG GG C picta PG PG TG EG GG
1 jeculus PG PG TG EG GG ﬁo orca PG PG TG EG GG >O afer PG PG TG EG GG G evgoodei PG PG TG EG GG
M flaviventris PG PG TG EG GG = P sinus PG PG TG EG GG 31’ manatus PG PG TG EG GG C _mydas PG PG TG EG GG
§P maniculatus PG PG TG EG GG EN aslacorienta. PG PG TG EG GG E telfair| PG PG TG EG GG > X tropicalls GN AN AN QN AN
# M ochrogaster PG PG TG EG G6 D leucas PG PG TG EG GG ||® D novemcnct. PG PG TG EG GG | |3 X lasvis GN AN AN QN AN
M marmota PG PG TG EG GG M monoceros PG PG TG EG GG ||=S harnsil PG PG TG EG GG
M unguiculatus PG PG TG EG GG L_vexillifer PG PG TG EG GG M domestica PG PG TG EG GG
H_glaber PG PG TG EG GG C_simum PG PG TG EG GG | [ V ursinus PG PG TG EG GG

Abbreviations: NWM, New Wolrd monkeys; Le+, lemurs, lorises and galagos; Ts, treeshrews; RP, rabbits and pikas; Ho+, odd-toed ungulates;
Pa, pangolins; M, moles, shrews and hedgehogs; Afro, Afrotheres; Xe, xenarthrans; Marsup, marsupials; Mo, monotremes; Am, amphibians

Figure 2. The top five correlated mutation pairs for tau with Bl-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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H sapiens SE RP EP P P F damarersis SD RP EP P P Z californianus SE RP EP P -P A fuligula SE KA DA AA KA
P troglodytes SE ®RP EP P P H glaber SD RP EP -P -P N schaulnslan, SE RP EP L N perdicaria SE XA DA AA KA
g' paniscus SE RP. EP <P P M flaviventris SE RP EP P P g U arctos SE. RP. EP P P P colchicus SE XA DA AA KA
G gorilla SE RP EP P P él tridecemlin. SE RP EP P P 3 M putorius SE RP EP -P P P fasclata SE KA DA AA KA
§P abell SE RP EP -P -P C lanigera SE RP EP -P -P § M eminea SE RP EP -P P C canorus SE KA DA AA KA
§N leucogenys SE RP EP -P -P 0 degus SE RP EP -P -P C lupus ARLIRE: (BRI SR S4B C altera SE KA DA AA KA
B P anubis SE RP EP -P -P||_C porcelus SE RP EP P .|| Vv vulpes AE_RP _EP -Pp P ||Zp filkcauda SE KA DA AA KA
o C atys SE. RP: EP <P P » 0 princeps SE RP EP° P P _IM javanica SE: RE: EP <P <P gi traillii SE KA DA AA KA
a-M fascicularls  SE RP EP P P |L° 3 RP kP -Pp -P P discolor SE. RP EP P <P N chrysocepha, SE KA DA AA KA
gC sabaeus SE- RP: EP -P -P C hircus At “RPLVERE =P =P R asegyptiacus SE RP EP -P -P T guttata SE KA DA AA KA
5-1 gelada SE RP EP P -P||7 O viginianus AE RP EP P P || o H armiger SE RP EP -P P L striata SE XA DA AA KA
P tephrosceles SE RP EP <P P il taurus AE RP EP <P <P ||% E fuscus SE: RP EP <p P N meleagris SE XA DA AA KA
R bieti SE RP EP <P P || S C ferus AE RP EP. P P M brandtii SE RP EP ¢ P G gallus SE KA DA AA KA
R _roxellana SO RP EP -P -P _g C dromedarius AE RP EP -P  -P M Iudhuus SE_RP EP -P -P C anna SE KA DA AA KA
= C capucinus SD RP EP <P P L obliquidens AD RP EP -P <P ||Z5 araneus SE RP EP P P P muralis SE KA DA TA KA
§s boliviensis SO RP EP <P -P || O orca AD RP EP P - ||2E europieus AD 8P -p P . A carolinensis SE KG DG TG KG
C Jocchus SD RP EP -P -P P sinus AD RP EP P -P O afer SE RP EP <P P P vitticeps SE KA DA TA KA
&-P coquerell SE RP. EP =P ISP gN asiaeorienta, AD RP EP <P -P g‘r manatus SEI RP: CER =P R T elegans SE KA DA TA KA
0 gametu| SE_Rp EP P P || 3D teucas AD RP EP -P -P C aslatica SO RP EP P -P gt sirtalls SE KA DA TA KA
D ordi SD RP EP P P M monoceros AD RP EP P P :L africana SE. RP. EF P P P mucrosqua. SE KA DA TA KA
) jaculus SE RP EP P P L vexillifor AD RP EP .-P .P E telfaini SD RP EP P P T caroling SE KA DA TA RA
N galili AD: RP EP -P -P gC simum SE RP EP P -P 2 S harrisii SE KA DA -A -A C picta SE KA DA PA RA
P manicutatus AD AP EP P P g E asinus SE RP EP P P éu domestica SE KA DA A -A G evgoode| SE KA DA TA RA
M ochrogaster AD RP EP -P -P + E caballus SE RP EP -P -P vV ursinus SE KA DA -A -A C_mydas SE KA DA TA RA
M unguiculatus AE RP EP P P P pardus SE RP EP P P || &P cinorous SE KA DA A - ;x tropicalis _SE K- L- S- R-
§c griseus AD RP EP P -P P coacolor SE RP EP -P <P || 0 anatinus SE KA DA -A -A|[|3 x lsevis SE_ K- L- S- R-
2 M auratus AD RP EP P -P 8 L canadensis SE RP EP -p -P A chrysaetos SE KA DA AA KA S salar SE KA EA GA -A
P leucopus AD RP EP P P =2 L pardinus SE RP EP -P -P A platyrhynch, SE KA DA AA KA S trutta SE KA EA GA -A
R norvegicus AD RP EP P P §A Jubatus SE RP EP <P <P ||Z N nippon SE XA DA AA KA 0 myklss SE KA EA GA -A
M pahari AD RP EP -P -P P wvitulina SE RP EP -P -P ;F cherrug SE KA DA AA KA O kisutch SE KA EA GA -A
M caroll AD RP EP -P -P L weddellii SE RP EP -P -P € vociferus SE KA DA AA KA ES alpinus SE NA EA GA -A
M musculus AD RP EP P P 0 rosmarus SE RP EP P -.P S camelus SE KA DA AA KA

Abbreviations: NWM, New Wolrd monkeys; Le+ lemurs, lorises and galagos; RP, rabbits and pikas; ung, ungulates; horsess+, odd-toed ungulates; Pa, pangolins;
MSH, moles, shrews and hedgehogs; Mo, monotremes; Am, amphibians

Figure 3. The top five correlated mutation pairs for tau with BIII-tubulin. See figure 2 for an explanation of the figure layout. Note that for tau with
BIII-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 BI-tubulin, the top correlated
pair between tau and BIII-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 BIII-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 BIII-tubulin.
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2. Tau and the synucleins

The top Z-scores of the correlated mutation
analyses of tau with a-, B- and y-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 a- and y-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 a-synuclein, and
the top five correlated pairs of tau with o-
synuclein are shown in figure 5. The top
correlated pairs with B-synuclein and y-
synuclein are shown in supplemental figure
2.

The top tau/a-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 B-synuclein and y-synuclein, the top Z-
scores are lower than hemoglobin. These
results suggest that tau might have coevolved
with a-synuclein, but not with B-synuclein
and y-synuclein.  Caution is warranted,
however, as the top correlated pair with o-
synuclein fails the phylogenetic bias test,
with the mutation pair occurring only in
bovines.
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o * *

R1[R2 [R3 [R4 [ [Rs [ré [R7 [
1 9 20 31 42 53 57 68 79 90 140
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R1|R2[R3 [R4 | | RS [R—
1 9 20 31 42 53 57 68 79 134
g

R1|R2 |R3 |R4 RS | R6 | R7 C
1 9 20 31 42 53 57 68 79 90 127
B

tau 8.9 5.6 5.5 6.8

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 a- and
y-synuclein, and the final six residues are homologous to the corresponding residues in R7 of a- and y-
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 a-synuclein (-12 over 51
residues), and y-synuclein (-5 over 38 residues). The asterisks mark the positions of residues involved in
correlated mutation pairs, A53T and N122S for a-synuclein with tau, and A102V in 3-synuclein with B1Va-
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.
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W sapiens Tk LN 56 -A EV|[ R noregicus TK PS SG GT EV|| P concolor  TK LN SG GT EV || 5 camelus  TK LN SG GT EV
P trogiodytes TK LN SG -A EV || M pahan Tk PS5 SG GT Ev|| F catus TK LN SG GT EV || € garzeta  TK LN SG GT EV
P paniscus  TK LN SG -A EV|[ M carol Tk PS5 SG GT EV|| A jubatus K LN $6 GT EV || A fuligula TK LN SG 6T EV
6 gorilla T LN $6 -A EV|[ Mmuscuss Tk PS5 s6 6T EV|| P vitulina TK LN 56 6T EV || N perdicaria TK LN $6 GT EV
Op abeli TK LN SG <A EV (|3 H glaber TK LN S6 GT EV|[ L wesdeli Tk N $6 6T €v || P cokhicus TK LN $6 6T EV
H moloch TK LN $6 -A EV|[BMfaviventis Tk N 6 6T Ev|[8 2 cabfornianus TK LN S6 6T Ev || C pelagca TK IN SG 6T EV
§N leucogenys TK LN SG -A EV||@Mmarmota TK LN SG GT EV %N schauinslan, TK LN $6 6T EV || P fasciats TXK LN $6 ST EV
2o anubis TK LN S6 -A EV|[ 1 tidecemine. Tk LN 56 6T EV||S U arctos TK LN $G GT EV || C canorus  TK LN SG 6T EV
B Mleucophaeus TK LN SG -A EV|[[ C lanigea  TK PS SG GT DV || A melanolesca TK LN S6 GT EV | C akers TK LN SG GT EV
C atys TK LN SG -A EV|| O degus TK PS S6 GT EV|| Moputodus  TK LN $S6 GT EV ||o P flicsuda  TK LN SG 6T EV
M nemestrina  TK LN SG A EV | Coporcels TK LN SG GT EV|| Mermines  TK N SG GT EV ||TE trail TK LN S6 6T EV
FMmubtta  TK LN SG -A EV|[ 0 princeps TK LN SG GT EV|| € tupus ™ LN 56 6T v [|™ P major 1K LN SG 6T EV
2 M fasccularis  TK LN SG -A EV [ TO cumiculus Tk 1S $6 6T EV || v vuipes TK LN 56 6T Ev || T guttata Tk LN SG GT EV
Csabseus TK LN SG -A EV|[ 5 scrofa TK LN SG GT Ev|| P discolor TK LN 5G GT EV || L strista Tk LN SG 6T EV
T gelada TK LN $6 A EV (2 hircus TK LN $6 GT EV|| Monatalensis TK LT $6 GT EV || A manteli  TK LN $G GT EV
P tephrosceles TK LN SG -A EV [[3 0 aries TK LN SG GT EV|[_R aegypticus TK LN SG GT EV || N meleagis TK LN SG ST EV
R bieti TE LN SG <A EV|| B0 vignanus T LN SG GT EV||EE fuscus K LN 56 6T -A|| G gallus TK LN SG GT EV
R roxellana  TK_ LN SG -A EV||S8 taurus AR LN SG GT EV||™ M brandu ™ - 56 GT -A||l ceowmx Tk N 56 6T EV
C capucinus Tk LN SG -A EV ||@ 8 bison AR LN SG GT EV|| Miucfugus TK Lo $6 GT -A || P humilis TK LN SG 6T EV
S bolvienss  TK LN SG -A EV|[[E8 muts AR LN SG GT EV|| P aslecto T LN 56 6T Ev || C anns TK LN SG GT EV
S apella Tk LN SG6 -A EV|[EcC fers Tk LN SG GT Ev|[EC csat TK LS SG GT EV || T guttatus Tk LN $G 6T Ev |
§'c jacchus TK LN SG T EV|| . ius TK N SG GT EVII®E europseus -k N 56 6T -A || A sinenss Tk LN 5G GT EV
A nancymsse YK LN SG -7 EVI|[ B scutorostrat. TK LN AG GT EV || T manatus  TK LN SG GI EV || A missisippen. TK LN SG GT EV
gr coquereli  TK PS SG -T EI L obliquidens TK LN SG GT EV|[|FL affcana  TK LN SG GT EV || P murali X LN SG -T EV
Mmurinus  TK PS SG T El [[_ 6 melas Tk AN $6 GT Ev||T € telfain TK_LN $6 6T €V || A carolinenss TK N S6 -T EV
%0 gametth _TK_PS SG _-T_El 0 orea TK LN SG 6T Ev|[ZD novemcnct TK LS SG GT EV||3 P vittkeps  TK LN SG AT EV
@ T chinenss __TK_LN_SG_GT_EV ir sinus TK LS SG GT EV || A chryssetos TK LN SG GT EV ||2P bvittatus TK LN SG AT EV
0 ordi TK LN SG GT EV||5 N asweorients. TK LS SG GT EV || A platyhynch. TK LN SG GT &V [|® T sirtalis K LN SG TT EV
J jaculus Tk LN G GT EV || O leucas TK LN SG GT EV || A cunicslaria TK LN 56 GT EV|| T carolina  TK LN SG 6T EV
g N gall TK LS SG GT EV|| Mmonoceros Tk LN S6 GT EV || A forster K LN $6 6T &V || ¢ picta TK LN SG GT EV
& Mochrogaster TK PS SG GT EV([ L veier YK N SG GT EV[Z N nippon TK LN $6 6T EV || G evgoodei TK LN SG GT EV
2 M unguiculatus TK PS SG GT EV|[ZC simum TK LN SG GT EV||"F cherig  TK LN 56 GT EV || C mydas TK LN SG 6T EV
C griseus T Ps $6 6T EV|[3E asinus TK O IN AE GT EV|| Fperegius  TK LN SG GT EV|[> wopkals 1K V- 56 ST EV
M auratus TK PS SG GT EV||%E cabalus Tk N AE GT ev|| C vooeris TK IN 56 oT v |3 X lsevis TK_ YN SG ST EV
P levcopus Tk PS $G GT EV || P pardus TK_LN_SG_GT_EV]|| D novaehollan. TK LN $6 GT EV

lemurs+ includes lemurs, lorises and galagos; horses+ includes odd-toed ungulates
Abbreviations: NW, New Wolrd; Ts, treeshrews; RP, rabbits and pikas; MSH, moles, shrews and hedgehogs; Afro, Afrotheres; Xe, xenarthrans; Am, amphiblans

Figure 5. The top five correlated mutation pairs for tau with a-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 a-
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
a-synuclein has already occurred.

The fourth highest Z-score correlated pair
with a-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 a-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
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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 a-, - and y-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
Blla-tubulin and BIVa-tubulin; however, the
top correlated pairs for Blla-tubulin all fail
the phylogenetic bias test. The top correlated
pair for B-synuclein with BlVa-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 o-, B- and y-
synuclein with the six tubulin proteins are
shown in supplemental figure 4.
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e
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BIIa QDATADEQGEFEEEEGE~-DEA
BIIb QODATADEQGEFEEEEGE~DEA
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[-syn 10.8 8.1 12.0 9.6 11.4 13.8
¥-syn 10.9 8.8 10.2 8.6 10.8 6.6
hemo b 10.9 8.4 10.3 8.7 11.5 9.k

Figure 6. A) Diagram of ala- 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 ala-tubulin and has a moderate positive charge for the B-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 ala-
tubulin for comparison. The E-hook residues involved in correlated mutation pairs are highlighted in red,
E441D for BllI-tubulin with tau, and -441aE for g1Va-tubulin with B-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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N c
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C griseus A V- FS VV EE C lupus A V- ES__NY__EE gC carplo A- V- FS VV EE
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Abbreviations: NW, New Wolrd; lemurs+, lemurs, lorises and galagos; Ts, treeshrews; RP, rabbits and pikas; borses+, odd-toed ungulates; Pa, pangolins;
MSH, moles, shrews and hedgehogs; Afro, Afrotheres; Xe, xenarthrans; Marsup, marsupials; Mo, monotremes; Lo, lobe-finned fish; Cart, cartilatginous fish

Figure 7. The top five correlated mutation pairs for -synuclein with Bl1Va-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 BlVa-tubulin.
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Unlike a- and y-synuclein, there is no
experimental evidence linking B-synuclein
and microtubules that the author is aware of.
Because of this, the potential correlated
mutation pair with BIVa-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 BllI-
tubulin and tau with a-synuclein, the
evidence for B-synuclein coevolving with
BlVa-tubulin is less compelling.

Discussion

The results show potential correlated
mutations pairs between tau and Bll1-tubulin,
between tau and oa-synuclein, and perhaps
between [B-synuclein and plVa-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 Bll1-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 BllI-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
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microtubule-binding  repeat region, is
necessary for strong binding. (14) The BlII-
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/a-synuclein
correlated mutation pair, L48P for tau and
N122S for a-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 o-
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 a-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
a-synuclein N122 sites, this potential
correlated mutation pair should be considered
provisional.

The other tau/a-synuclein  correlated
mutation pair of interest involves the
Parkinson’s discase-associated mutation
A53T in a-synuclein with -149¢cG 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 a-
synuclein coevolution with the enzyme
glucocerebrosidase, the top  Z-score
correlated pair involved a-synuclein A53T.
(11) (12) Mutations in the gene for
glucocerebrosidase, GBAL, 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)
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There are many proposed mechanisms for
how the AS53T mutation might cause
Parkinson’s disease in humans. Most are
toxic gain-of-function hypotheses, where the
mutation renders a-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 a-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 a-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) ala-tubulin, B) BIla-tubulin, C) B1Ib-
tubulin and D) BIVa-tubulin.

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

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

4. The top five correlated mutation pairs for a-synuclein with A) ala-tubulin, B) BI-tubulin, C)
BIIa-tubulin, D) BIIb-tubulin, E) BIII-tubulin, and F) fIVa-tubulin; for -synuclein with G)
ola-tubulin, H) BI-tubulin, I) BIla-tubulin, J) BIIb-tubulin, and K) BIII-tubulin; and for g-
synuclein with L) ala-tubulin, M) BI-tubulin, N) BlIla-tubulin, O) BIIb-tubulin, P) BIII-
tubulin, and Q) BIVa-tubulin.

[98)
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Supp. Fig. 1C
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Cosrelated pairs Coerelated pairs
protein ¢ oS t oS ¢t a5t asS 1 oS protein ¢ aS t a5 ¢ S t uS t oS
- - —_- -

jnﬂnSSSESasﬂiﬂ ginﬂussssEasaia
concolor DT P& NT PG GE 5 camelus DY PG NT PG PG
catus DY PG NT PG GE E garzetta DT P& NT PG PG
|ubatus DY PG NT PG GE A falguls DY 76 NT PG PG
vitulina DT PG NT PG GE N perdkaria DT PG NT PG PG
weddellk DT PG NT PG GE P coichics DT PG ST PG PG
clforanus DT PG NT PG GE C paligica DT P& NT PG PG
swhauinland DT PG NT PG GE P fasdata DT PG TT PG PG
aretes DT PG ST PG GE € canorus 0T PG NT PG PG
malsscieucs DT PG ST PG GE C altars DT PG NT PG PG
putorius ET. PG NT PG GE P Hlicouds DT PG NT PG PG
wrmines ET PG NT PG GE £ traili DY PG NT PG PG
lupus DT PG NT PG GE P majar DT PG NT PG Pa
vulpes DY PG NT PG QE T guttets DT PG NT PG PG
discolor DY PG ST PG GE L striats DY PG NT PG PG
natalenss  GT PG NT PG GE A mantelll DT PG NT PG PO
segyptiacus DT PG NT PG GE N meleagrs DY PG ST PG PG
fncus GY PG NT PG Gt G gollus DT #G 5T PG PG
Erandtii GT PG NT PG Gt € coturnix DY PG ST PG PG
ludfogus  GT PG NT PG GE P humilis DT #G 5T PG PG
alecto DT PG NT PG GE € anna DT PG NT PG KG
oristats DY P& NT P& GE T guttatus DT P& NT PG PG
europaeus ¥ PG NT PG GE A sinensis DT PGS NT PG PG
manatus DT PE ST PE GE A mississppen DT 76 NT PG FG
africana DT PG NT PG GE P murals DT PG ST PG VG
teifairl AT P& NT PG ME A carolmensis DT 6 ST PG VG
novesciocty DT PG ST PG AE P vitticeps DT PG NT PG VG
twyaetss DT PG NT PG PG F bivtats 0T PG NT PG TG
platytwnch DT P& NT PG PG T sirtaks DT PG NT PG TG
micdara DT PG NT PG PG T catoles DT PG NT PG AG
farstert DT PG NT PG PG C pice DT PG NT PG AG
nippon DY PG NT PG PG G evgoodel DT PG NT PG AG
charrug DT PG NT PG PG C mydes DT PG NT PG AG
peregrios DY PG NT PG PG X topicals 61 PG 51 PG PG
woclferss DY PG NT PG PG X lsevis GT PG NT PG TG
novashollsn DT PG NT PG PG
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nancymase YV AV WV AV EV
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Supp. Fig. 4B

a-syn fl-tub, Cotrulated pairs Correlated pains Correlated pairs Correlsted pairy
protein uSB1 aS Bl uS Bl «SH1 as 81 prosess a3 B aS 01 0S8l «S81 a5 81 proten aSB1 a5 A1 o381 oS3l asal proten 381 6581 aS81 oS8l asel
wive eEuErsusEl EmtE::SztuaEE !mxinﬁzautii gmxﬁnﬁxaueiﬁ
Jecore K7 72 70 70 o8 -scare 24come Lacoew
saplens GE KE NS TS5 EA GE KE N5 TS EA GE KE V5 TS5 EA Wngsleyae GE KE VWS TS EA
s GE KE VS TS EA GE KE VS TS £A GE KE VS TS EA formess  GE KE VS TS EA

GE KE VS TS5 EA
GE KE V5 TS5 €A
GE KE VS T35 EA
GE KE VS TS €A
GE KE V5 TS5 EA
GE KE VS TS EA
GE KE VS TS IA
GE KE VS TS EA
g Kb VS TS XA
GE KE VS TS KA
GE KE NS TS EA
GE KE VS TS @A
GE KE VS TS A
GE KE VS TS A
GE KE VS TS5 A
GE Kb Vs TS DA
GE KE VS TS5 A
GE KE VS Y$ A
GE KE VS TS A
GE KE VS TS A
GE KE ¥S TS5 0OA
GE KE V5 TS5 EA
GE KE VS TS5 EA
GE Kb V5 TS KA
GE KE VS TS5 EA
GE KE V5 TS EA
ar KE Vs TS XA
GE KE VS 75 EA
GE KE VS TS EA
GE Kb VS TS 1A
GE KE V5§ TS EA
Gf XKE VS TS EA
GE KE VS TS KA
GE KE WS TS EA
GE Kb VS TS tA
GE KE %S TS EA

GE KE VS TS EA
GE XE V5 TS5 EA
GE XE VS TS5 EA
GE XE V3 T3 EA
GE «F VS TS5 EA
GE XE VS TS EA
GE KE VS TS KA
GE KE V5 TS5 EA
GE XK VS TS KA
GE XFE V3 TS KA
GE KE Vs TS5 EA
GE XE VS TS A
GE KE VS TS KA
GE KE VS TS EA
GE XE VS TS EA
GE XE Vs TS KA
GE KE VWS TS5 EA
GE KE VS TYS EA
GE KE VS TS5 EA
GE XE VS5 TS EA
GE XE VS TS5 EA
GE XE ¥S TS EA
GE KE VS TS5 EA
GE Kb ¥5 TS DA
GE KE VS TS NA
GE KE Vs TS EA
Gf XE VS TS KA
GE XKE V5 TS5 EA
GE XE VS TS KA
GE XE VS TS EA
GE KE VS TS EA
GE XE V¥s TS EA
GE XE VS TS KA
GE XE VS TS EA
GE Xt VS TS s
GE XE ¥S TS5 EA

maxicanus  GE KE VS TS DS
natterer| GE XE V5 TS DS
cupeoides GE XE VS TS EA
salar GE %I V5 TS EA
trutta GE KE Vs TS EA
myklss GE KE VS TS EA
kmusch GE KE VS TS KA
Bl GE KXKE VS5 TS EA
machua ar Xt Vs T8 EA
formona GE XE VS TS KA
reticulats GE K VS TS5 ES
Istipine GE XE VS TS ES
mexicana GE Kb VS TS K%
helieeli GE XE VS TS EA
GE XE VS TS EA
GE Xt VS TS KA
GE XE VS TS5 ES
SD XD Vs TS DS
GE KE VS5 TS NS
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Supp. Fig. 4C
a-syn. Plla-tub. Carrelated oany Correlated pain Correlated pains Correlated pairy
proten @23 adda o528 52 a5 oSTa S eSaasSlaas s protein aS2aaSlaaSia uS2sass proten wSTauSda S22 aSlaasla
..

’gmn:iﬂ:hm EEoEsEERex 1&-55:555&'5" gmﬁscﬂtitu
l Tacorw RS B4 KA A4 R4 L-scoew | Latore
" sapers 0 Tt E E QA D TE 8 & A LD TE E E MA LD $6 Q6 NG QA
P eglodytes LD TE E E QA LD TE <€ <E QT L0 TE E E QA LD SG Q6 NG QA
P paniscus 10 TE -E <E QA MR TE F E QA L0 TE <E E QA 10 56 QG NG QA
G gorta 0O T¢E E -E QA \D TE -§ <E QA LD TE <E -E QA LD SG Q6 NG MA
* abell L0 TE E E QA MD TE E E QA L0 TE £ £ QA LD 56 Q6 NG QA
N ouccgeonn 1O TE E -E QA o TE -t <t QA o Tt <t < QA L0 3G QG NG QA
¥ oamdis w0 TE -E -E QA TO TE 8 +E KA L0 TE E <E QA LD 56 Q6 NG QA
Mleuccphdes LD TE E <E QT MD TE E E QA L0 TE E <E QA LD S6 Q6 NG QA
C 9 TF FE -f QA MDD TE -F -F QA L0 TE -f -f QA D 3G Q6 NG PA

D 56 Q6 NG QA
b 36 Q6 NG QA
D 36 Q6 NG QA
FD 56 Q6 NG QA
D S6 QG NG QA
b 36 QG NG QA
LD SG QG NG OA
1D 56 Q6 NG QA
D 36 QG NG QA
LD $6 Q@ NG QA
Lh S8 Q6 NG QA
1D 56 Q6 NG QA

W0 TE E -E QA
0 T E -E QA
W Tt ot -t QA
0Tt E SE OA
Tt £ -E QA
W0 o -t QA
L0 TE E <E MY
0 TE E E HA
W oTE -k -E WY
LD TE -E E MY
O TE E E QA
0 TE E E QA

ap TE & <E QA
ap re & <f QA
o Tk -t -f QA
LD TE - T MA
LD TE & -E MA
MD TE B h WA
LD TE -<E +E MA
MD. TE <E- E MA
Lo TE - -F QA
LD TE <& E RA
L6 TE £ -E QA
D TE F E QA

LD TE <E SE QA
o T¢ -f -E QA
Lo Tt -t - QA
L0 TE E E QA
Lo TE -E & QA
Lo T -t -F QA
VE TE «E E QA
VE TE +E +E QA
L0 TE -t -E QA
LD TE <E E QA
fD TE -E -E QA
MD TE E <f QA
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Supp. Fig 4D

a-syn. Bllb-tub. Corrnlmed pairs Correlsted painy Correlated pairs Correlated pairs
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Supp. Fig. 4E

a-syn. Plll-tub. Correlated pairs Correlated pairs Correlated pairs Correlated pairs
protein aSB3 aSE83 SB83 uS83 SB3 protein 0S83 SB3 o583 pSB3 o583 protein :583 oSBI nS83 o583 nSEI proteln aSB3 nS83 aS83 0583 583
- - -
ggmssnss:sas e 0 EEEE828208 g% www oBEEEEEcE ;wmt&aSsStSeE
Iatore 117 115 131 110 109 2-score g Z-scoen Iacare
M sapmny T s GP FP XP ¥ leucopus T PGP FP KP U arcon ™ P GF FPr kP C srern SA QA AA LA RA
P toglodytes TP PGP FPKP M auratus ™ P GP FP Kp M patorsas TP. P &P FF kP C moneduicid SA QA AA LA RA
P pansom TP P GP FFP KP R morvergous TP <P GP FP  KP M ermines P PGP FP KP T patata 5A QA AA LA RA
G poriila TP P GF FP KP M pahan TP P GP FP KP C lupus TP P GP FF kP L strlasa SA QA AA LA RA
P obedl TP P GP FFP kP M caroll TP <P GP FP KP V vuipes TP P GP FP kP A missssipple S5A GA AA LA RA
N leucogenys TP P GF FFP KP M musosius TP P GP FP KPP P oscelor P P &GP FP KP P muralis SA QA AA FA XA
F anuds TP «F GP FP kP QO princeps TP P GP FP KpP E fuscus TP PGP FP RP A carcliners’s 36 QG 66 G K6
C atys TP P GP P kP O cwmiculus TP -P GP FP KP M brandtil TP P GP FP RP P witticeps SA QA -A A KA
M fasciculasts TP PGP FF kP € hircus TP P GP FP KP M lucifugus TP <P GP FP RP T sitalls S5A GA AA FA KA
€ sabyeus T P GP FP KP O vigelanus TR <P GP FP KP R aegyptiscus 1P PGP EP  KP T carchina SA GA AA LA RA
T pelada TP <P GP FP KP 8 taurus TF <P GP FP KpP £ europoeus P PGP FP KP C pkta S5A QA AA LA RA
P tephvoscele TP PGP FP KPP 8 bubals ™ P GP FP KXP L teMani ™ PGP FP kP G evgoode SA GA AA LA RA
& biett mw - Gr Kk € forus ™" PSP IP KP F edwardii ™ P GF P kr € mydas SA QA AA LA AA
LT ™ PGP P KP C dromedariu TP P SP FP KP T manatus 7 P GFr 0 kP X topicaiy oS T
€ caputinus TF PSP FP X0 V patos ™ PSP FP K9 L aficana TP P &P Fr kP X vt - N T T 2
5 bolivierus ™ PGP P KP L ckligudens TP -P GP FP KP N perdicaria SA QA AA LA RA N patker| - Q- Q- Lke K-
€ jecchus TP ¢ GP FP KP O erea ™ P GP FP kP 5 camelus SA QA AA LA RA R biitsatum TG QG GG |G k6
P cogquerdl| TP P GF FP KP P sinus TP «p. GP. FP kP N meloagris SA OA AA LA RA A mesicanum 5. Q- A Le X«
O parnetts T PGP FPOXKP N adectena TP PGP FP XP P colehicus SA QA AA LA RA L chakessae S0 EQ NG LQ kQ
T chinenss TP <P &F FP KP 0 leucas TP P GP FP kP G galus SA QA AA LA RA E clbarcus 50 Q0 64 Lo xq
D ordi TP P GPF FF kP M mececeros TP P GP FP KP A platyrynch  SA QA AA LA RA P ingeyae SP QF DF P xp
1 jecubs T P GF FP KP L vexiliter TP P GP FP kP A fulgula SA OA AA LA RA 5 fermosus 50 Ga sSQ LQ xa
M flaviventris TP P GP FP KPP € ymum TF P GP FP K?P A chrysaeton SA QA AA LA BA A mesicanas 5a va 102 La xa
| todecemin TP P GF FP kP £ asiuy TP P GP FP KPP F cherrug SA QA AA LA RA P natteren 5a va 14 La xa
C lanigera TP P GP FP kP £ cabalus TP P GP FP KP C anna SA QA GA LA RA E electrious 5Q Ta fa LG xa
O deges ™" PGP FFP KP P pardus TP <P GP FP KP P facata SA OA AA LA RA 5 saar SA QA AA LA XA
€ porcedus " P GPF P KP ¥ concotor TP <P GP FP KP C vociferus SA QA AA LA RA 5 tutta SA QA AA LA XA
N galid T P P FPr K A juhatus T P 4GP FP Kp N mppon SA QA AA LA A O mykiss SA QA AA LA KA
M gaber "W PGP PP P vhulea TP PGP P KP € canorus SA QA AA LA Rp 0 bsutch SA QA AA LA XA
M ochrogaster TP - GP FP KP L weddells ™ P GPF FP Xp M endhlatn $YT QT AT T AT § Wpins $Q Ga AQ L& xq
€ grivens " P GP FP KP N xhauilan TP <P GP FP KP L trail SA QA AA LA A € mM 5P QF VP P xP
P mancdetes TP P GP P XP I calfforrdany TP -P 4GP FP KPP P fcauds SA QA AA LA hA I typus $PQF VP WP AP

Supp. Fig. 4F

-syn. fiVa-tub, Correlated pairs Corretated pairs Correlated pairs Correlated pairs
protein  aS4a aS4s aS4s aS4sosSda protein aS4s oS4 aS4s aSda oS4 protein aS4s aS4a aS4s uS4s oS4 protan oS ds uS4s aS4a aS4a oS 4a
-
9F redve BHETLHEEEY sgmzsssuuwu gg e EHER W SEEE ggmzazs.musa
3
é Zuxore B1 76 74 74 74 g g
H sapions KT KT MT X7 77 N g KT KT MT XT 7T P vituline KT KT MT X7 77 S formawn KT KT MT KT 7T
P troglodytes KT KT MY KT IT H paber KT KT MT XT 77 L weddelll KT KT MT &7 77 A maxicansd KA KT KA KA TA
P panistus KT KT MT XT TT M ochwogaster KT KT MT KT TT N schasigian KT KT MT T 7T P patterer) KT KT KT KT TV
G gorila KT KT MT XT TT C pisens KT KT MT KT 17 I californians KT KT MT X7 77 D dupecides KT KT MT KT TT
P oabalk KT KT MT XY 7T P maniculsty KT KT MT KT 7T U arctos KT KT MT X7 77 £ winctrion KT KT MT KT TT
N moloch KT KT MT XY *7 M ouratus KT KT MT KT TT M patoriuy KT KT MT &Y IT S salar KT KS MY KT TT
N leycogenys KT KT MT XY 0T R norvergicus KT KT MT KT 7T M erminea KT KT MT Y 7Y S tratta KT KS MT XY 7T
# anubis KT KT MT kT IT M pahari KT KT MT KT 17 € lupws KT KT MT &7 7IT O mybs KT K$ MY KT 1T
M leucophgey KT KT MT X7 7T M carol KT KT MT KT TT P ducolor KT KT MT X7 77T O kisutch KT KS MT KT TT
C atys KT KT MT XT 7T M musculus KT KT MT KT TT M natalensis KT AT MT KT 7T G morhua KA RS LA KA TA
M nemwstres KT KT MT KT 7T O prscepm KT KT MT X7 7T £ fuseus KT KT MT T 77 P formosa KT KT MT KT TT
M mulitta KT KT MT KT 77T O cunicuius KT KT MT KT 71T M brandes KT KT MT X7 77 P reticdata KT KT MT KT TT
M fascicularls KT KT MT XY TT 5 soofa KT XT MT KT TT M ucfupa KT KT MT T T P latipinna KT RS MT KT TT
C sabsews KT KT MT X7 TIT € hircus KT KT MT xkT TV R oseppthon KT KT MT XY TT P maxicana KT KT MT KT TT
T gelaca KT KT MT X7 7T O arles KT XT MY KT 7T € eristana KT KT MT X7 77 X hallerii KT KS MT KT TT
P tephroscole KT KT MT XY 7T O vpnisnus KT KT MT KT 717 £ ewopaeus KA KT MA KA TA X cowchianss KT KS MT KT 1T
L KT KT MT XY T7 8t KT KT MT KT TT € edwardi KY KT MT XY Y X macdatus KT KS$ MT KT TT
R rowellsns KT KT MY XY I7 5 mutus KT XT MT XT TT D novemcnet KT KT MT &7 7T C varlegatus KT KT MT KT TT
C cagucnes KT KT MT XY 7T B bubals KT KT MT KT TV A sinensis KT KT MT KT 717 T rubripes KS XS M5 KS TS
S bolivensis KT KT MT XT 7T C ferus KT KT MT KT 77 A mississipple KT KT MT X7 77 M armatus KT KT MY KT TT
S apella KT KT MT X7 7IT B scutecostrat KT KT MT KT 77 F munlis KT RS MT XY 7T O latipes KT KT MT KT TT
C jacches KT KT MT X7 7T L ocbllqudens KT KT MT KT TT A carclinenss KT KS MT X7 77 A testudineus KT KT MT KT 7T
A nancymase KT KT MT XT 7T G melas KT KT MT KT 77 P vitticeps KT KS MT X7 7T 8 splandens KT K§ MT KT 7T
P coquersli KY KT KT X7 77 O oren KT KT MT KT 71T P bevittatun KT KS MT X7 T7 © nilotios KT KT MT KT 7T
M murinus KT KT kY X7 71T P sinus KT XT MY KT 7T T eaoline KT KS MT XY 77 H burtoni KT KT MT KT 7T
O garmettil KT KT KT XY 7IT N asseorients KT XT MT KT TV € picta KT K§ MT xY T¥7 M mbea KT KT MT KT TT
T chisenss KY KT MT kT IY D lewcay KT KT MY KT TT G evgoode KT KS MY k7 Y N brichardh KY KT MY KT 7T
D oedii KT KT MY X7 7T M monscerns KT KT MT KT 7T X tropiceis KT K§ MT xT 77 L becgyita KS RS MS K§S TS
1 jocutus KT KT MmT XY T7 L vexiitfer KT KT MT KT T X laevis KS KS MS x5 T A ocellatus RA kS XA A AA
M flaviventris KT KT MT XY TT C simum KT KT KT KT 1Y R bwittatum KT KS MT kT 7Y € gobko K5 KT LS -5 AS
M marmota KT KT MT X7 7T E asows KT KT MT KT 7T A mexicanom KT KS MT KT 7T 5 lucoperca  RA KT MA <A AA
| trideceein KT KT MT KT 7T E cabatus KT KT MT XT TT L chiomnae KS KS MS K5 7S L orocea KT XT IT K¥ TT
C lanigera KT KT MT X7 IT Fcates KT XT MT kT 7T € clabarcs KT KT MT KT 7T S aureta KT KT MT KT TT
O degus KT KT MY X7 77T A Jubitus KT KT MT XT 1T P tngdeyas KT KT MT XT 77 C mili KT KS MT KT 77
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Supp. Fig. 4G
rsyn. ada-tub. Correfated pairy Correlated pairy Correlated pars Correlated pairs
protein (S 1a fiS 14 5 1a S 12 S 1a protein (1S 1a S 1a £5 1a IS 14 fiS 1a protein £5 1a IS La f5 13 S 2a fiS 1 Broten % 14 S ta 06 1a S Ja 015 1e
ﬁm:&:hi:h Hu—:t:is&:h& ﬂm:&:h&:ht n!mut:hisiai
Zacoee 108 108 107 105 105 i
W saplens AV WY VYV WY Ry O vigmianus LV WYY VYV WV RV 5 harmisk LV WY Vv WV mv D rerls MY AV Y MY Ky
P traglodytes AV VYV VYV WY WY B taunes AV WY VW WY v P oonersus LV ¥¥ Vv ¥V AV $ amhumnsn M1 Al <1 ML Kl
O gorlls WV VY VY WY oy LY IV WY VY WY oy © matines IV W Vv WY Ry S inoceros M1 AL <1 MY KI
P ol AV VY VYV WYY vy B buobals LV VY VW ¥V v C cotarnis LtV ¥V VW ¥y v I electecn M A <1 ML KL
W makoch AV WY VY WYy b Uhon IV W VY WY ay G gt LV ¥V vy ¥y v | ponctatus M| Al doME K
N lucogerms LV YV VYV WY WY C ferus LV WY Vv ¥V v C e LV ¥ v W W T fubsidece MEa -1 ML K
M leucophass LV YV WV WY ny L obdgudess LV VYV VYV ¥V Ay L LV W vy wwW -y § salar MLAL L MR
Mnemestrna LV VYV VYV V¥V AV G medas LV V¥V VvV ¥V RV C altera LV V¥ VW ¥ W $ tulne ML A 4 MKt
M mubtts AV VY VYV ¥V ny O oma AV WV VY ¥V avy C mosadubold LV YV VvV ¥V v O mykoss M Al O ME K
M fastculars LV VW VYV VW AV P oseus LtV WY Vy ¥V Aav T puttata LtV VY w ¥y W O hsutch Ml AL -1 M Kl
T sabaeus WV W vy WY ay O leucas AV VY VW ¥V Ay F homils LV ¥ v ¥y Yy P formens MIAL A MK
P omphroscee LV WY VY WY RV M moscceras LV VYWY VY WV AV P omutels LV ¥V AV ¥V WY P latipines MLOA -1 ML Kl
N romalisna AV VWV VY Y oy | venibster AV WY VW WY oy A cxolmemin LV AV AV WY NV P meccana Ml A MK
C capucins iV VW VYV WY Y C smum LV VW VY WY av P ovittioeps LV VY AV ¥V AV X hellerk ML A O MKl
$ boiviensis AV VW VY WY Y £ i WV WY VW WY vy P bivittatus MoovE vl v X couchanes MV AV <V MV KV
S pols AV VW VWV W hv  cabolhun AV W VW ¥W av T sepam LV ¥¥Y Vv ¥V v X macslats M1 A -1 ML Kt
€ jacchus AV V¥ VYV WY Ry ¥ pardes AV WY VW ¥V Ry P musrose LV WY VY WY O RY M armatus MILOAE o MR
A nancymaze LY VY VYV ¥¥Y RV L casadensi AV V¥ Vv ¥V av G evgoode LV ¥¥ Vv wv v F heterociman M AN <1 MKl
P coquerell AV ¥V VvV ¥V ay It AV VY VWV ¥V avy X tropcaty LV ¥V VWV ¥V AV 0 latipen Ml AR 1 MY K
M murines LV VY VYV VYV mv A judatus LV V¥ VYV ¥V AvYV X laevis LtV V¥V Vv ¥V Ay A testudiseus M1 AL -1 MKt
0 parnettd AV ¥Y NV WY RV P vituting IV WY VW WY av N packert MV ¥Y VvV ¥V RV # spendens M1 Al « MKl
O ordé WV VW VW W ny N schaimlendl LV WY VYV ¥V RV R bvratum LV ¥V v ¥V nv O nigticus M oA <1 ML R
M flweventrls AV YY VYV WYy U setton WV WY VWY ¥y Ay A mexcarem LV YV VYV ¥V Ry W bumeni MA a4 MEKL
M marmets AV ¥V Vy WV Wy M putoius AV WY VW ¥V v M uncolor LV VWV VW ¥V Ry M 2etra M A UL I ()
| tridecemin AV VY VV WV vy M erminas AV VY VWY WY vy G wraghin LV ¥¥Y vy ¥V avy N brichasdi MiAl O MEKE
C poresus iV VYW VY W v C hpwu LtV VY VYV ¥V av 1 thelumeae LV VW v ¥V kv L bergyka MY AY -V MV KV
€ g AV W VY WY v P dncolne AV V¥ VWV WY Ay t oalsbarios LV AV Vv MV Ky C gobio ML AL MK
¥ leucapus LV VW VYV v Ky T fustus AV WY VY ¥V av L Dousatus ML AL VI MK $ licioperca M1 AN <1 MKt
N norvegous AV VY VY WY kv M hranas AV VWY VW ¥V vy P Mngsleyar M1 AE -1 M1 KL L crocea MV AY WV MV KV
M musculus IV VW Vv vy sy M lecifuges LV VY VvV ¥V av 5 formosus MV AV SV MY KV 5 srets MV AY .y MV KV
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Supp. Fig. 41
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Supp. Fig. 4K
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Supp. Fig. 4M
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Supp. Fig. 40
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Supp. Fig. 4Q
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