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ABSTRACT

Despite different phenotypic manifestations, mounting evidence points to similarities in the molecular basis of
major neurodegenerative diseases (ND). CNS has evolved to be robust against hazard of ROS, a common
perturbation aerobic organisms are confronted with. The trade-off of robustness is system’s fragility against rare
and unexpected perturbations. Identifying the points of CNS fragility is key for understanding etiology of ND. We
postulated that the ‘primate differential redoxome’ (PDR), an assembly of proteins that contain cysteine residues
present only in the primate orthologues of mammals, is likely to associate with an added level of regulatory
functionalities that enhanced CNS robustness against ROS and facilitated evolution. The PDR contains multiple
deterministic and susceptibility factors of major ND, which cluster to form coordinated redox networks regu-
lating various cellular processes. The PDR analysis revealed a potential CNS fragility point, which appears to
associates with a non-redundant PINK1-PRKN-SQSTM1(p62) axis coordinating protein homeostasis and
mitophagy.
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1. Introduction

Neurodegenerative diseases (ND) are characterized by progressive
damage to neurons resulting in compromised cognitive and/or motor
functions. The most common Alzheimer’s and Parkinson’s diseases
affect 10 and 2%, respectively, of the USA population above age of 65
[1]. While, according to the current level of understanding, the vast
majority of ND are sporadic, heredity plays an important role, with
genetic effects ranging from deterministic, caused by highly penetrant
monogenic mutations (less than 1% of cases) to common susceptibility
factors (usually in the odds ratio range of 1.0-1.4) [2]. Although a
multitude of susceptibility variants have been identified, they only
explain a small fraction of the heritable risk, the so-called ‘missing
heritability’ problem [2-4]. The missing heritability could be explained
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by assuming strong gene-gene and gene-environment interactions, in
which subsets of genetic variants affect disease risk only in certain
combinations or under certain pathophysiological circumstances [2].
Age is an important risk factor for ND, while other risk factors associate
with general lifestyle and improper management of various health
conditions, in particular cardiovascular and metabolic diseases, and
head injury [5]. Despite advancements in the field, our level of under-
standing ND etiology is insufficient to enable causal therapy for most
ND.

Being natural products of metabolic activity, reactive oxygen species
(ROS) are not merely malevolent molecules, they carry out important
signaling functions, such as mediating inflammatory responses, regu-
lating the processes of cell survival and responses to various stresses
[6-8]. Uncontrolled ROS production, however, has been associated with
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pathogenesis of common diseases, including cardiovascular, muscle
dysfunction, allergy and cancers [1]. Mounting evidence assigns ROS, if
not a causative, but exacerbating role in neurotoxicity; elevated levels of
ROS are commonly found in the nervous tissues of ND patients [1,9,10].
Neuron cells are especially susceptible to oxidative damage due to their
high metabolic rate, relatively inefficient antioxidant system and high
membrane content of oxidation-prone polyunsaturated fatty acids [11].
The two marked attributes of ND, inflammatory response and mito-
chondrial dysfunction, are being linked to the increased ROS production
and oxidative stress [1].

Sulfhydryl is a highly reactive chemical group and its presence in a
surface-exposed unprotected form is an evolutionary drawback; it ren-
ders proteins vulnerable to oxidative damage, including irreversible
oxidation to sulfonic acid (R-SO3H) and the formation of intermolecular
disulfides leading to aggregation. The conservation of exposed cysteines
throughout evolution is an indication of their functional importance
[12]. Indeed, reversible cysteine oxidation, e.g., the sulfenic (R-SOH) or
sulfinic (R-SO.H) switches, is known to facilitate redox sensing and
signaling by modifying various protein properties including activity,
interaction with other proteins, cellular localization and turnover [6,
13-19].

The CNS of the organisms, which have reached the top of the
evolutionary ladder, such as primates, coordinate extremely complex
mental and physical activities, and could be regarded, in evolutionary
sense, the most prominent physiological/biochemical advance that
facilitated separation of primates from other mammals. We, therefore,
hypothesized that the biochemical fingerprints found exclusively in the
primate orthologues of mammals, may associate, with a high likelihood,
with CNS functions. We thus assumed that a human sub-proteome
comprising proteins that contain non-conserved cysteines unique to
the primate orthologues, the so-called ‘primate differential redoxome’ or
PDR, is likely to associate with CNS redox homeostasis and ROS man-
agement. While there is a general tendency to lose cysteines (due to their
chemical reactivity), evolution is still free to explore a path wherein
adding thiols confers ROS signaling possibilities that underlie greater
plasticity and robustness [12]. The downside of such arrangement,
however, is that ‘over-adapted’ organisms become fragile and suscep-
tible to oxidative stress when redox signaling fails [12,20]. This trait
cannot be ‘selected out’ by evolution since CNS diseases generally
happen late in life (after reproduction period). Thus, the gain early in life
comes at a cost later in life. Identifying the points of CNS fragility may
hold key to understanding ND pathogenesis. Here, we demonstrated that
a multitude of deterministic and susceptibility factors of common ND are
components of the PDR, where they cluster to form coordinated redox
networks regulating various cellar processes. The PDR analysis led to the
identification of a potential point of CNS fragility, which under certain
pathophysiological circumstances may lead to ND.

2. Results and discussion

We postulated that the PDR derived from the whole human proteome
is associated, in its majority, with CNS functions. However, focusing on a
much smaller sub-PDR of the proteome of CNS disorders is an advan-
tage, because it covers, with a high probability, the processes underlying
CNS fragility. To define the PDR of CNS disorders, we devised an
automatic protocol (see Methods) to analyze a dataset of human proteins
linked to common CNS disorders to retrieve proteins that contain non-
conserved cysteines present only in the primate orthologues of mam-
mals (the software for analysis is available at: https://github.com/Enge
1-Lab/PDR). The following sources were used to compile the dataset: 1)
Reviewed human sequences from the Uniprot database [21] retrieved
using the following filters: amyotrophic lateral sclerosis (ALS); Alz-
heimer; autism; bipolar disorder; central nervous system; central ner-
vous system disease; dementia; Huntington; mental disease; multiple
sclerosis; neurodegeneration; Parkinson; schizophrenia. 2) Mass spec-
trometry study of ND proteomics [22], 3) GWAS studies of Alzheimer’s
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[23,24], Parkinson’s [25] and Huntington’s [26] diseases, ALS [4,27]
and frontotemporal dementia (FTD) [28]. Collectively, we analyzed
2040 non-redundant human protein sequences. On average, 16% (328)
of the analyzed proteins contained one or more cysteines unique to
primates. The analysis of a subset of hit proteins, for which experimental
structural data were available, revealed that in a vast majority of cases,
the unique cysteine residues were surface-exposed (not shown), indi-
cating their susceptibility to oxidation. The resulting PDR contained
products of prominent deterministic and susceptibility genes of major
ND (Table 1, and Supplementary Table S1. The following are some
examples:

2.1. Algheimer disease (AD)

Out of 307 proteins analyzed in association with AD, 43 (14%)
contained putative regulatory cysteines. Among them:

APOE (APOE)-Apolipoprotein E is a major component of lipoprotein
complex involved in lipid metabolism and transport [29]. Of the three
polymorphic forms of APOE, namely APOE2, APOE3 and APOE4, APOE4
increases risk of AD (including early-onset AD), while APOE2 is pro-
tective [30,31]. APOE4 is also a risk factor for other ND, including ce-
rebral amyloid angiopathy (CAA), dementia with Lewy bodies (DLB),
tauopathy, cerebrovascular disease, multiple sclerosis, and vascular
dementia, and being related to poor outcome after traumatic head injury
[30,31]. Strikingly, APOE4 differs from benign APOE isoforms by a
substitution of the putative regulatory Cys'2° for Arg.

PRIO (PRNP)-Prion protein (PrP), whose abnormal (misfolded) ver-
sions are responsible for a multitude of ND, including Creutzfeldt-Jakob
disease (CJD), Gerstmann-Straussler-Scheinker disease, and fatal fa-
milial insomnia. Some PrP mutations were suggested to associate also
with Alzheimer’s type pathology, spongiform encephalopathy and FTD
[32-34].

FLNA (FLNA) - filamin A, an ubiquitous scaffolding protein, whose
abnormal forms are critically linked to tau pathologies in AD [35]. A
small molecule that binds misfolded FLNA to restore its native confor-
mation is being considered as a drug candidate to treat AD [36].

SQSTM1 (SQSTMI)-Sequestosome-1 (p62), a stress-responsive
ubiquitin-binding selective autophagy receptor involved in
proteasome-dependent degradation of proteins and autophagy. Causal
relationships have been found between p62 dysregulation and ND,
including AD, PD, HD, ALS [both familial (fALS) and sporadic (sALS)]
and FTD. p62 is commonly found in neuronal and glial ubiquitin-
positive inclusions in AD, PD and Pick diseases, dementia with Lewy
bodies, multiple system atrophy, SOD1-positive fALS and other forms of
ALS (sALS, non-SOD1 fALS, and ALS with dementia) [37-40].

NLRP3 (NALP3)-NACHT, LRR and PYD domains-containing protein
3, also known as cryopyrin, a component of the inflammasome. Chronic
low-level activation of NLRP3 inflammasome by amyloid § (Ap),
aggregated o-synuclein, ROS, and disrupted mitophagy is known to
promote ND, such as AD and PD, by triggering the release of proin-
flammatory cytokines, leading to neuroinflammation and pyroptotic cell
death in various brain regions [41-43].

About half of the risk gene candidates identified by GWAS of AD [23,
24] encode for proteins containing putative regulatory cysteines; among
them ABCA?7, one of the most prominent risk genes of both early- and
late-onset AD [44,45]. Others are M4A6A (MS4A6A), CASS4; DSG2;
RIN3; SHIP1 (INPP5D) and TXND3 (NMES8) [23].

2.2. Parkinson disease (PD)

Out of 172 proteins analyzed in association with PD, 35 (20%)
contained putative regulatory cysteines. Among them:

PRKN (PARK2, Parkin)-E3 ubiquitin ligase Parkin is involved in
mitochondrial maintenance and proteasome-dependent degradation of
proteins [46]. Pathogenic variants of PARK2 cause parkin-type ear-
ly-onset autosomal recessive PD (ARPD); heterozygotes may have
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Table 1
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Sub-PDR associated with Alzheimer’s (AD), Parkinson’s (PD), Amyotrophic lateral sclerosis (ALS) and Huntington’s (HD) diseases. Gene names are used;
numbers correspond to the position(s) of non-conserved cysteine(s) in the human query sequence (as they appear in Uniprot database).

AD PD ALS HD

Gene name Cys No. Gene name Cys No. Gene name Cys No. Gene name Cys No.
AATF 71 ATP10A 616, 931, 1317 CHRNB4 365 SH3BP2 259, 266, 314
ABCA7 785 BCKDK 110 ALS2 876 CARD16 104
ABI3 136 DNAJC13 2180 BPTF 1356 FAM193A 1185, 1195
APBA3 301, 375 POLG 532 CASP10 96 FAN1 792
APBB3 230 FBXO7 35 CCNF 770 HTT 1440
APOE 129 MTFMT 36 CDK15 78 HIP1 825
ASAH2 709 FOXRED1 115 CFAP410 158 MTMR10 411
BPTF 1356 PDDC1 153 DNAJB2 242 PRNP 5
CALHM3 320 GDI1 393 FLACC1 414 SETD2 301, 1935
CADPS2 555 HLA-B 331, 348 ICA1L 424 SQSTM1 26
CASS4 8 INPP5B 161 KIR3DL2 301, 335 TAF1 4

CTSD 11 ITGA8 35 NBEAL1 143, 1558 ZDHHC13 446
C200rf203 160 LRRK1 80, 362, 438, 1532, 1577, 1723 NEK1 1178 ZNF395 130, 437
DPYSL2 178 MCCC1 128, 331 OMA1 370

DSG2 870 NBEAL2 120 PARD3B 633

CES1 389 POR 433 PON3 219

FLNA 2542 NDUFA9 27, 32 SETX 1228

FRIH 90 NDUFB8 143 SOD1 111

GSAP 384 NDUFAF5 10 SQSTM1 26

HSD17B10 213 NDUFS6 13 TRAK2 168, 857

CAST 407 NLRP3 195, 462

CAMKK2 564 NOS2 525, 578

MS4A6A 239 PIK3C2A 540

CDC25B 19 PDESB 107

CDC25C 256, 389 PIEZO1 49

NLRP3 195, 462 PINK1 39, 91, 547

NUMB 411 PLA2G6 145, 413

PIEZO1 49 PARK2 94

PRNP 5 SQSTM1 26

PTPA 90, 93, 102 SREBF1 897, 931

RIN3 291, 941 TFB2M 41

INPP5D 955 TMEM175 16, 31, 456

SPHK2 512 VPS13C 888, 1371, 2439, 3665

SQSTM1 26 FAM21C 827

STH 9 DFNB31 615

svac 716

THOP1 349, 688

TMF1 856

TSHZ1 162

TSHZ3 68, 497

TTC3 155, 2021

NMES8 147, 207

SLC30A6 145

increased susceptibility to late-onset disease [47].

PINK1 (PINK1)-PTEN-induced putative kinase 1 is involved in
mitochondrial quality control by regulating Parkin activity via phos-
phorylation. Numerous mutations in PINK1 are associated with a
phenotype similar to that of ARPD with PRKN mutations. The mito-
chondrial PINK1 detects mitochondrial dysfunction, recruits cyto-
plasmic Parkin to ubiquitinate the damaged mitochondria and facilitate
their removal by autophagy [48].

PLPL9 (PLA2G6)-Calcium-independent phospholipase A2 beta
(iPLAyB) involved in membrane homeostasis, fatty acid oxidation,
autophagy and mitochondrial function. PLA2G6 dysfunction causes
PLA2G6-associated neurodegenerations (PLAN), including infantile
neuroaxonal dystrophy (INAD), neurodegeneration with brain iron
accumulation (NBIA), and PLA2G6-related autosomal recessive
dystonia-parkinsonism. Mutations in PLA2G6 are also associated with
atypical autosomal recessive parkinsonism, and sporadic early-onset PD
[49]1.

About third of the risk gene candidates identified by GWAS of PD
[25] encode for proteins containing putative regulatory cysteines,
namely BCKD (BCKDK), HLAB (HLA-B), ITA8, MCCA, SRBP1, TM175
(TMEM175) and VP13C (VPS13C).

2.3. Amyotrophic lateral sclerosis (ALS)

Out of 110 proteins analyzed in association with ALS, 20 (18%)
contained putative regulatory cysteines. Among them:

SODC (SOD1)-ubiquitous Cu/Zn-superoxide dismutase is a superox-
ide detoxifying enzyme in cytoplasm. Numerous mutations in SODI
cause fALS in autosomal dominant manner [50], while mounting evi-
dence indicates the involvement of misfolded SOD1WT in sALS [12].
Non-conserved surface-exposed Cys'!! is extremely oxidation-prone
[51-53], and has long been considered a potential player in ALS path-
ogenesis. Cys'!! oxidation was shown to promote the loss of the stabi-
lizing metal cofactors, leading to misfolding and amyloid aggregation
[54,55]. In cellular studies, the replacement of Cys'!! by Ser or Ala was
reported to ameliorate aggregation, mitochondrial accumulation and
toxicity of misfolded fALS SOD1 mutants [56-59], and SOD1H46R/C1118
double mutant demonstrated delayed disease onset and progression in
transgenic ALS model mice [60].

ALS2 (ALS2)-Alsin, a guanine nucleotide exchange factor for small
GTPase Rab5 abundant in motor neurons, is involved in membrane or-
ganization, endosomal trafficking and neurite outgrowth. Mutations in
ALS2 cause juvenile-onset fALS and infantile Henoch-Schonlein Purpura
(HSP) [61]. ALS2 and SQSTM1 have been shown to impose additive
protective effects against mutant SOD1-mediated toxicity by modulating
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neuronal proteostasis via autophagy-endolysosomal system [62].

SETX (SETX, ALS4)-ubiquitously expressed Senataxin involved in
transcriptional regulation. Mutations in SETX cause a rare, childhood or
adolescent-onset autosomal dominant form of ALS, which is character-
ized by slow disease progression without implicating respiratory
musculature [63,64].

2.4. Huntington disease (HD)

Out of 63 proteins analyzed in association with HD, 13 (21%) con-
tained putative regulatory cysteines. Among them:
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HD (HTT)-Huntingtin, a ubiquitous scaffolding protein controlling a
wide variety of cellular processes, including the trafficking of vesicles
and organelles in axons and dendrites, ciliogenesis, endocytosis, vesicle
recycling, endosomal trafficking, and autophagy [65]. The mutation
responsible for HD is an abnormal expansion of a CAG repeat in HTT
gene, but it’s unclear whether gain- or loss-of-function is responsible for
toxic effects. HD regulates cargo recognition in autophagy by interacting
with autophagy receptor p62 (SQSTM1), whereas both loss of HTT and
polyQ expansion lead to impaired cargo recognition and the formation
of empty autophagosomes [66].

FAN1 (FAN1)-GWAS identified FANCI-associated nuclease 1 (FAN1)

Fig. 1. PDR components form coordinated redox networks (clusters). The PDR of CNS disorders comprising 328 non-redundant human proteins was mapped
onto a human PPI network (STRING, see Methods). Disconnected nodes were omitted for simplicity; weakly connected nodes are colored in red. k-means clustering
was used to generate nine clusters of the closest associations. The cluster proteins were analyzed for enriched functions using GO:Biological Process analysis. The
detailed description of the clusters appears in Table 2 and Supplementary Fig. S1. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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involved in DNA repair as a risk gene for HD [26]. Increased FANI
expression is associated with delayed onset and slower disease pro-
gression in HD patients. It was suggested that FAN1, acting in concert
with other DNA damage response (DDR) proteins, stabilizes the CAG
repeat region of HTT and thus modulates HD pathogenesis [67].

Although our analysis was limited to the proteome of CNS disorders,
we reckon that a similar abundance of proteins with unique cysteines
would be found throughout the entire human proteome. Any other
outcome would imply a causative relationship between the failure of the
redox-sensing mechanisms and ND pathogenesis, which we deemed as
unlikely on the basis of evolutionary and system biology considerations.

As the most evolved biological system, primate CNS is highly robust
to cope with common perturbations [20,68]. Robustness enables evo-
lution to explore new phenotypes and unoccupied niches without lethal
effects, therefore robustness is requisite to evolvability [20,68,69].
Being evolved in aerobic atmosphere, the most common perturbation
encountered by living organisms is hazard of ROS, and CNS, because of
its high metabolic rates, is at the highest risk of oxidative damage.
Without effective management of ROS, evolution of early mammal CNS
to highly sophisticated and versatile primate CNS would not have been
possible. We thus hypothesized that the PDR is part of a redox control
mechanism emerged to enhance robustness of primate CNS against ROS.
In addition to redox-sensing, surface-exposed cysteines may act as
‘passive’ redox tags, whose irreversible oxidation marks proteins for
degradation, thus furnishing a redox surveillance protocol to maintain a
healthy pool of key proteins under changing metabolic circumstances.
Assuming robustness of primate CNS against ROS, we argue that redox
disbalance-a common manifestation of ND-is insufficient, on its own
right, to trigger ND. We may find support to this claim in the fact that
G6PD-deficiency does not significantly increase risk of neuro-
degeneration in affected individuals [70]. This is due to the ability of the
nervous tissue to compensate for the deficiency of pentose phosphate
pathway in cytoplasm with the mitochondrial pathways to regenerate
NADPH [71], a manifestation of the system’s adaptability and robust-
ness against ROS.

We next mapped the PDR onto a human protein-protein interaction
(PPI) network (STRING PPI Networks and Functional Enrichment
Analysis) [72] to identify incidences of coordinated redox regulations in
proteins involved in common biological processes [6]. Although the
majority of the PDR components were only weakly connected, we
identified a number of well-defined clusters carrying out diverse bio-
logical activities (Fig. 1, Table 2, Supplementary Fig. S1). The impor-
tance of these clusters is that they expose biological processes, which are
likely to make a significant contribution to enhanced robustness of
primate CNS against ROS. The first largest cluster (cluster I) was
enriched in proteins involved in the regulation of ubiquitin-dependent
catabolism of proteins, including all the crucial components of the ho-
meostatic axis mediating proteasome-dependent protein degradation
and mitochondrial clearance by autophagy (mitophagy), namely
PINK1-PRKN-SQSTM1(p62) [46,73]. In damaged mitochondria, the loss
of membrane potential results in the accumulation of PINK1, the
membrane depolarization sensor, on the outer mitochondrial membrane
(OMM). PINK1 in turn recruits the E3 ubiquitin ligase Parkin, which
functions as signal amplifier via ubiquitination of various OMM pro-
teins, which in turn are recognized by p62/SQSTM1, a selective auto-
phagy receptor, which function as adaptor protein to recruit
autophagosome to the damaged mitochondria [74].

This cluster also contained HD (HTT) and SOD1, prominent patho-
genic proteins in HD and ALS, respectively. Both diseases are charac-
terized by impaired autophagy [66,75-771, and HTT by itself is a known
autophagy regulator [66,78]. The enhanced redox-sensitivity of the
homeostatic axis may have a bolstering effect on the existing link be-
tween the quality control systems and redox state [79], facilitating
evolution of primate CNS. Timely removal of oxidation-damaged pro-
teins and malfunctioning mitochondria, a major source of ROS, would
insure CNS robustness against oxidative self-destruction.

Table 2
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Functional enrichment analysis of clusters shown in Fig. 1. The analysis was
performed using g:Profiler (see Methods).

Cluster ~ PDR nodes (gene Biological processes Description
names) enriched

I FBXO07, SOD1, KCTD7, Ubiquitin-dependent https://biit.cs.ut
FBX031, ANAPC2, catabolism of proteins, .ee/gplink/1/d
UBE3B, HTT, PARK2, proteasome-dependent 2Thvu-GT7
PINK1, LRRK1, protein degradation and
SQSTM1, CCNF, mitochondrial clearance
NEDD4 by autophagy (mitophagy)

)i GLI1, TTC21B, Regulation of cilium https://biit.cs.ut
TMEMZ231, BBS1, assembly .ee/gplink/1/p
CDK5RAP2, OFD1, 2 WY4YER9
AKAP9, AHI1, NPHP4,

RPGRIP1L, TMEM67,
NEK1, CEP290

I MSH6, CDC25B, Response to DNA damage https://biit.cs.ut
HERC2, PMS2, ATM, stimuli, DNA repair and .ee/gplink/l/N
XPC, CDC25C, TDP1, nucleic acid metabolism 5gFI9ETfQ1
NHEJ1, BRCA2,

PPP2R4, RBBPS,
IKBKG, LIG4

v SPTBN4, CACNAIC, Transmission of nerve https://biit.cs.ut
ANK3, COG1, COG7, impulse by regulating .ee/gplink/1/7
SCN11A, SCN2A, transmembrane ion NtIHP5MSX
SCN9A, COG6, transport and vesicle-

SPTBN2 mediated ER to Golgi
transport

\% TAAR6, TAARI, SST, GPCR-mediated signal https://biit.cs.ut
CXCL10, NMURI, transduction by .ee/gplink/1/L
GALR2, NPW, AGT, neuropeptides pyETbSZTY
POMC

VI MTFMT, AARS, MARS, Biosynthesis and https://biit.cs.ut
MARS?2, FARS2, MTR, metabolism of aminoacyl- .ee/gplink/1/J
GARS tRNA Gvzm8HCSY

viI FOXRED1, NDUFA®9, Oxidative https://biit.cs.ut
NDUFS6, NDUFBS, phosphorylation and .ee/gplink/l/M
MT-ND5, NDUFAF5 thermogenesis 7UAbg3GSy

VIII CTSD, SPHK2, FTH1, Metabolism of https://biit.cs.ut
SMPD1, ASAH1, sphingolipids and .ee/gplink/1/C
ASAH2 ceramides hchRS3qRs

X WEFS1, APOB, APOE, Control of membrane https://biit.cs.ut
PIK3C2A, HIP1, AGRN  organization, endocytosis, .ee/gplink/l/H

phospholipid and 2IBRNCeTV

cholesterol transport and
metabolism.

The second largest cluster (cluster II) was enriched in proteins
regulating cilium assembly. This is an intriguing finding, since there has
been growing recognition of cilium, acting as a sensory platform, to be
involved in the regulation of autophagy in response to a variety of
extracellular stimuli [80-82]. HD is characterized by defective cilia
structure and impaired autophagy, suggesting a potential link between
cilia, autophagy and HD pathogenesis [83]. Chronic inflammation may
elevate extracellular ROS [84,85], with a potential of damaging cells
from outside and also, by diffusing through the membrane, from inside.
Regulation by redox cues endows cilia with a capability of monitoring
cellular surroundings for elevated ROS, priming the protein homeostatic
system for forthcoming oxidative insult, thus further enhancing
robustness of primate CNS against ROS.

The third largest cluster (cluster III) was enriched in proteins
involved in the response to DNA damage stimuli, DNA repair and nucleic
acid metabolism. The ability to maintain genomic integrity is principal
for long-living postmitotic cells, such as neurons, which are mostly
irreplaceable and rely on their genetic content for the entire lifespan of
the organism [86]. Thus, according to the PDR, evolution of primate
CNS was facilitated by genomic modifications that enhanced the syn-
chronization between the DNA repair pathways and the redox state. The
remaining clusters were enriched in proteins involved in the trans-
mission of nerve impulse by regulating transmembrane ion transport
and ER to Golgi vesicle-mediated transport (cluster IV); GPCR-mediated
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signal transduction by neuropeptides (cluster V); aminoacyl-tRNA
biosynthesis and metabolism (cluster VI); oxidative phosphorylation
and thermogenesis (cluster VII); metabolism of sphingolipids and
ceramides (cluster VIII); and control of membrane organization, endo-
cytosis, phospholipid and cholesterol transport and metabolism (cluster
IX, including APOE), Fig. 1, Table 2 and Supplementary Fig. S1.

Mutations (polymorphism) may interfere with the cysteine function
as redox switches, either directly, as in APOE4, in which the putative
regulatory cysteine was replaced by Arg, or indirectly, e.g., by altering
cysteine’s reactivity/exposure [6]. However, the effect such mutations
have on the functioning of CNS as whole is expected, due to the system’s
robustness, be minor. Yet, mutations may have a ‘priming’ effect,
shifting the system toward a metastable state with an increased proba-
bility of collapse once perturbed in an unexpected way, explaining the
paradigm of ‘missing heritability’ mentioned in the Introduction [2-4].
A principal trade-off of systems evolved to be robust against general
perturbations, is their extreme fragility in the face of certain types of rare
and unexpected perturbations [20,87], and thus ND can be seen as
exposed fragility of CNS. Because fragility is a byproduct of robustness,
the points of fragility are likely to associate with the mechanisms
enhancing robustness [20]. Assuming that the PDR enhances CNS
robustness against ROS, we conjectured that PDR analysis may provide
important clues about the origin of CNS susceptibility to diseases.

Although robust systems are known to be rather tolerant to the
removal of certain system components, fragility might be exposed if the
system fails to eliminate components that behave improperly [20]. The
vast majority of ND cases are sporadic. Irreversible post-translational
modifications (PTM), e.g., cysteine oxidation to sulfonic acid, may
interfere with protein functions, but with a properly functioning ho-
meostatic system they impose no threat because damaged proteins are
timely eliminated. A failure to remove damaged proteins would result in
their accumulation, ‘upgrading’ PTM to the level of mutations. The PDR
revealed that in primates all the components of the protein homeostatic
axis PINK1-PRKN-SQSTM1(p62) are equipped with extra cysteines, the
transformation that increased susceptibility of the axis to oxidative
damage. Since the axis maintains homeostasis of its own components
[88-90]1, as well as keeps ROS production at bay by clearing malfunc-
tioning mitochondria, it exists in a metastable state: a subtle deviation
from its homeostatic steady-state may quickly propagate with an auto-
catalytic type of kinetics, resulting in a progressive loss of the axis’s
ability to maintain its own and cellular homeostasis, and enable unre-
stricted buildup of oxidative damage.

In a robust system, whose important characteristic is functional
redundancy of the system components [20], metastability of a single
component is insufficient to confer fragility. The structure of PDR cluster
I, however, indicates that the metastable character of the homeostatic
axis may indeed promote the formation of a potent fragility point in
primate CNS (Fig. 1 and Supplementary Fig. S1). The cluster appears, at
least in the PDR space, to have a bow-tie architecture, which is known to
provide an advantage when a coordinated response to various stimuli is
required [20]. A bow-tie architecture enhances robustness against
external perturbations by allowing many inputs to be connected to a
single robust core process. It also promotes evolvability, because as the
genome size and complexity increase, new pathways can be added to the
wings of the bow-tie without changing the overall configuration of the
system [20]. The bow-tie structure of cluster I, however, suffers from a
severe deficiency in the robustness of its core process, which is in fact
represented by a single non-redundant component PRKN (Fig. 1 and
Supplementary Fig. S1). The unbacked nature of the PRKN-mediated
process is apparent from the deterministic character of PARK2 muta-
tions causing monogenic juvenile Parkinson disease in autosomal
recessive manner [47]. The loss-of-function pathogenies suggests that
PRKN is part of a non-redundant linear pathway, in which the failure of
a single component results in a failure of the whole process. While
evolution managed to promote CNS robustness against ROS by
enhancing redox-sensitivity of the homeostatic axis (by adding reactive
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cysteines), it failed to provide a functional backup to the axis to
compensate for its increasingly metastable character (due to the
increased proneness to oxidative damage). Such evolutionary flaw
produced a fragility point, whose risk of exposure rises with age, when
the natural capacity of the homeostatic system to regenerate declines. As
mentioned in the introduction, this evolutionary ‘negligence’ cannot be
repaired, since ND generally happen after reproductive period.

An inevitable consequence of the homeostatic axis collapse would be
increased oxidative stress. The phenotypic manifestation of such event,
however, is expected to be tissue-specific. The cellular redoxome, due to
its proneness to oxidation, would be among primary targets of uncon-
trolled ROS production. The susceptibility of the redoxome to oxidative
damage, however, would depend on the pattern of PTM, e.g., phos-
phorylation, prevalent in a given tissue [91]. Phosphorylation that oc-
curs in the vicinity of a reactive cysteine residue may have a profound
effect on its reactivity/exposure [6]. Thus, different subsets of
redox-sensitive proteins are expected to be damaged in different tissues,
giving rise to different phenotypic manifestations of disease.

In conclusion, in this work we conceptualized an inherent link be-
tween evolution in aerobic environment and susceptibility to ND.
Moreover, the enduring unyielding challenge by ubiquitous ROS ap-
pears to be a factor that facilitated evolution of primate CNS. In this
context, ND appears to be a genetically predetermined phenomenon
originated from CNS over-fitting for survival amidst omnipresent ROS.
The probability of the exposure of CNS fragility increases with age,
therefore ND become progressively more common as the life expectancy
rises. The effective ND treatment would require the very core of the CNS
architecture to be amended, e.g., by reinforcing the homeostatic axis by
genetic manipulation. Finally, a potential pathogenic role of PDR
dysfunction in ND raises important concerns regarding the validity of
common in vivo models, e.g. rodent, lacking PDR, in studying the
mechanism of ND.

3. Methods
3.1. PDR analysis

To construct PDR, we composed an automatic protocol, which per-
forms the following tasks: (1) Submit a human protein sequence query to
the BLAST server [92] to retrieve mammalian non-human orthologous
that share at least 80% amino acid identity with the human query, to
ensure that only highly homologues proteins are included in the anal-
ysis; (2) Align the query and the orthologues using the Muscle program
for multiple sequence alignment [93]; (3) Analyze the aligned sequences
for the presence of cysteines, and assign query to the PDR if it contains
one or more cysteines present only in the primate aligned orthologues.
At least 80% of the orthologues that contain cysteine in a given position
are required to be primate, a tolerance adopted to avoid false-negatives
caused by the presence of artificial (engineered) sequences retrieved by
BLAST.

3.2. Protein-protein interaction Networks and Functional Enrichment
Analysis

To define the biological function of the PDR components, the
STRING database (version 11.0; http://string-db.org) was used to build
and explore a high-confidence (>0.700) PPI network, in which edges
represent specific and meaningful associations between proteins (i.e. the
proteins jointly contribute to a shared function, but do not necessary
physically bind each other). Data were unavailable for 6 proteins, 72
nodes were disconnected and 250 nodes form a major network. By using
k-means clustering, nine clusters representing the closest associations
were constructed for subsequent Gene Ontology:Biological Process
analysis. The functional enrichment analysis for each cluster was per-
formed using g:Profiler (version e99_eg46_p14_f929183; https://biit.cs.
ut.ee/gprofiler/gost) with g:SCS multiple testing correction method
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with a significance threshold of 0.05 [94]. Cytoscape 3.8.0 was used to
visualize the network (https://cytoscape.org/).
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Abbreviations

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis
CNS Central nervous system

FTD Frontotemporal dementia
GWAS  Genome-wide association study
HD Huntington’s disease

ND Neurodegenerative diseases
PD Parkinson’s disease

PDR Primate differential redoxome
PPI Protein-protein interactions
PTM Post-translational modification
ROS Reactive oxidative species
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