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Abstract: Neurodegeneration leads to multiple early changes in cognitive, emotional, and social
behaviours and ultimately progresses to dementia. The dysregulation of calcium is one of the earliest
potentially initiating events in the development of neurodegenerative diseases. A primary neuronal
target of calcium is the small sensor and effector protein calmodulin that, in response to calcium
levels, binds to and regulates hundreds of calmodulin binding proteins. The intimate and entangled
relationship between calmodulin binding proteins and all phases of Alzheimer’s disease has been
established, but the relationship to other neurodegenerative diseases is just beginning to be evaluated.
Risk factors and hallmark proteins from Parkinson’s disease (PD; SNCA, Parkin, PINK1, LRRK2,
PARK?), Huntington’s disease (HD; Htt, TGM1, TGM2), Lewy Body disease (LBD; TMEM175, GBA),
and amyotrophic lateral sclerosis/frontotemporal disease (ALS/FTD; VCP, FUS, TDP-43, TBK1,
C90rf72, SQSTM1, CHCHD10, SOD1) were scanned for the presence of calmodulin binding domains
and, within them, appropriate binding motifs. Binding domains and motifs were identified in
multiple risk proteins, some of which are involved in multiple neurodegenerative diseases. The
potential calmodulin binding profiles for risk proteins involved in HD, PD, LBD, and ALS/FTD
coupled with other studies on proven binding proteins supports the central and potentially critical
role for calmodulin in neurodegenerative events.

Keywords: calmodulin binding proteins; risk factor proteins; biomarkers; neurodegeneration;
calmodulin hypothesis

1. Introduction

Neurodegeneration leads to multiple psychological disorders from cognitive and
emotional issues to altered social behaviors and ultimately dementia [1]. Anxiety, bipolar
disorder, and schizophrenia are commonly expressed in dementia patients. Alzheimer’s
disease (AD), amyotrophic lateral sclerosis (ALS), frontotemporal lobar dementia (FTD),
Huntington’s disease (HD), and Parkinson’s disease (PD) are the most common neurodegen-
erative diseases and the aforementioned psychological effects, among others, are routinely
observed [2,3]. Protein aggregation is a key pathogenic attribute of these diseases [4,5].
There is extensive evidence that toxic proteins and their resulting aggregates are involved
in events underlying neuroinflammation and the disruption of cellular calcium levels. In
fact, calcium dysregulation (calcium hypothesis) that characterises AD affects the function
of multiple critical, experimentally validated calmodulin binding proteins (calmodulin
hypothesis) that are central to every stage of the disease (e.g., ABPP1, BACE1, ADAMI0,
PSEN-1, A3, NMDAR, PMCA, RyR2, ABCA1, BIN1, Ng, CaMKII, PP2B, Tau, cdk25, and
others) [6-10].

Initially, calmodulin (CaM) binding proteins (CaMBPs) were shown to be linked to
the production of amyloid plaques and neurofibrillary tangles, the two hallmarks involved
in the progressive neurodegenerative events leading to mild cognitive impairment and
ultimately dementia. Subsequently, CaM was shown to regulate risk factor proteins,
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receptors, and critical proteins involved in neuroinflammation, not only in AD, but also in
ALS, FTD, HD, PD, dementia with Lewy bodies (LBD), various tauopathies, and others [10].
To investigate this relationship further, one area that remained to be examined was the
possible role of CaM in regulating recently identified risk and biomarker proteins associated
with these neurodegenerative diseases.

Prior to this study, several risk factor proteins for HD, PD, LBD, ALS, and FTD
had been examined for their proven and potential ability to bind to CaM. Huntingtin
(HTT), which is the primary risk factor for HD, is an experimentally validated calcium-
dependent CaMBP, and CaM binding increases with the length of the polyQ repeat [11].
CaM, HTT, and transglutaminase (TGM2) colocalize in vivo and co-immunoprecipitate.
HTT is a substrate for both TGM2 and TGM1, enzymes that bind to and are activated
by CaM [12-14]. Two CaMBPs involved in PD have been experimentally validated: D2
dopamine receptor and a-synuclein. CaM inhibits the D2-dopamine receptor (D2DR) by
binding to a motif in the amino end of the protein involved in G-protein binding [15].
D2DR has been linked to schizophrenia as well as anxiety, co-morbid depression, and
social dysfunction in veterans with post-traumatic stress disorder [16]. CaM also binds to
both normal and mutant a-synuclein (SNCA), the main risk factor for PD and LBD, in a
calcium-dependent manner in vitro and in vivo [17]. Several other critical proteins linked to
neurodegenerative diseases have also been experimentally validated as CaMBPs, including
APOE (AD, FID, PD, LBD), calcineurin (PP2B; AD, FTD, PD, HD, MS), CaMKII (AD, FTD,
PD, HD), and many others [10,18]. The potential involvement of CaMKII dysfunction in a
myriad of neuropsychiatric disorders including depression, epilepsy, and schizophrenia, as
well as neurodevelopmental disorders has long been recognized [19].

To gain additional insight into the role of calmodulin in neurodegeneration, a number
of recently identified risk factors were analyzed for their potential ability to bind to CaM.
Two proteins cited as risk factors for LBD were evaluated: TMEM175 (Transmembrane
protein 175; also PD) and GBA (glucocerebrosidase, a lysosomal enzyme; also PD) [20].
SNCA, Parkin, PINK1, LRRK2, and PARK? that have been categorized as risk and/or
marker proteins for PD were analyzed for their potential CaM-binding ability [21,22]. FUS
and TPD-43 (TARDBP), marker and risk proteins linked to FID that accumulate in the
frontal and temporal lobes, were evaluated, as well as risk proteins that overlap between
FTD and ALS including SQSTM1, VCP, TBK1, CHCHD10, C9orf72, and progranulin
(GRN) [23,24]. Along with FUS and TDP-43, SOD1, which contributes to inclusions in
ALS neurons, was also evaluated [23]. The risk proteins for HD that were analyzed were
huntingtin and TGMs 1-3.

2. Results
2.1. CaMBD:s of Parkinson’s Marker Proteins

Despite the experimental verification of CaM binding to SNCA and its apparent sig-
nificance, the location or nature of the CaMBD in this protein remains undetermined [17].
A Calmodulin Target Database scan revealed one extensive calcium dependent binding
region (32KTKQGVAEAAGKTKEGVLYVGSKTKEGVVH50) within which two 1-12 bind-
ing motifs are present (Table 1). While Parkin (E3 ubiquitin-protein ligase parkin) mu-
tations are the most common cause of familial and sporadic early onset PD, a scan of
human Parkin did not reveal any putative CaMBD. In contrast, the two PINK1 isoforms
each demonstrated CaMBDs with multiple binding motifs. Isoform 1 (72ZRQSVAGLAAR-
LQRQFVVRAW90) possesses four binding motifs (two 1-5-10; 1-8-14; 1-14), while isoform 2
(211ALKNLKLDKMVGWLLQQSAA230) has three binding motifs (two 1-10; 1-14; Table 1).
Leucine-rich repeat serine/threonine-protein kinase 2 (LRRK?2) possesses a single canonical
20-aa CaMBD at position 776-795, with four binding motifs (1-10, 1-14, 1-12, 1-16; Table 1).
Analysis of human Parkinson disease protein 7 (PARK?) revealed a single 18-aa CaMBD
(93KEQENRKGLIAAICAGPT110) with a non-canonical binding motif, in which a cluster
of six hydrophobic amino acids is present (Table 1).
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Table 1. Calmodulin binding domains and motifs in Parkinson’s and Lewy body dementia risk proteins.

Protein/Uniprot

CaMBD Sequence/Binding Motif

Parkinson’s Disease

SNCA/
P37840

PINK1/isoform 1
Q9BXM7

PINK1/isoform 2
Q9BXM?7

LRRK2/
Q55007

PARK?7/
Q99497

1 12

32KTKQG.AEAAGKTKEG.LYVGSKTKEGVVHSO
12

32KTKQGVAEAAGKTKEG.LYVGSKTKEGV-HSO
8 14

72RQS.AGLAAR.QRQFV.RAW90
72RQSVAG.AAR.QRQP.VRAW90
72RQSVAG.AARLQRQFVVRA-90
72RQSVAGLAAR.QRQ.VVRA-90
211A.KNLKLDKM.GWLLQQSAA23O
1 14
211AJBIKNLKLDKMVGWLIE|QQsAA230
1 10
211ALKNJEJKLDKMVGWIBILQQSAA230
1 10
776 TH|SIGKGDSQIISLLLRRLA795
1 14
776T.SIGKGDSQIISL.LRRLA
776TIS.GKGDSQIISL.LRRLA

16

776TIS.GKGDSQIISLLLRR.A
non-canonical:

93KEQENRKG|LIAAT cJAIGPT110

Lewy Body Dementia

TMEM175/
Q9BSA9

GBA/
P04062

1GBA/
P04062

1GBA IQ motif

1 5 10
1721QRSJAVHRA I YRRH[WALGIVL190
1 14

1721QRS.HRALYRRHVLGI.L190
1

1721QRSAHR-LYRRHVLG.VL190
12

1721QRSAHR.LYRRHVLGIV.190

1721QRSAHRA.YRRHVLGI.L190
12
249ARYF.KFLDAYAEHK.QFW268
16
249ARY.VKFLDAYAEHKLQP-268
1 10
249ARYFVK.LDAYAEHK.QFW268
12
32KTKQGV.EAAGKTKEGV-YVGSKTKEGVVHSO
1

32KTKQGV.EAAGKTKEGVLY.GSKTKEGVVHSO

32KTKQGVAE.AGKTKEGV.YVGSKTKEGVVHSO
12

32KTKQGVAEAAGKTKEG.LYVGSKTKEG.VHSO

204 Q1L AQRIPVSLLASP217

Legend: Green, critical hydrophobic amino acids; TMEM175, transmembrane protein 175; GBA, beta-
glucocerebrosidase; LRRK2, Leucine-rich repeat serine/threonine-protein kinase 2; PARK?, Parkinson disease
protein 7; PINK1, Serine/threonine-protein kinase PINK1; SNCA, a-Synuclein. 1CaMBD determined by visual

assessment (See Discussion).

2.2. Dementia with Lewy Bodies: CaM-Binding of TMEM?75 and GBA

Three LBD risk factor/biomarker proteins (BIN1, SNCA, APOE) have previously been
identified as proven or putative CaMBPs [9,10]. In this study, a scan revealed TMEM175
contains a single calcium-dependent CaMBD (172IQRSAHRALYRRHVLGIVL190) that
Uniprot reveals is present in a cytoplasmic region of the protein (Table 1). This domain
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contains 5 different binding motifs (1-5-10, 1-14, two 1-10, 1-12). The lysosomal enzyme
GBA also contains one identified calcium-dependent CaMBD (249ARYFVKFLDAYAEHK-
LQFW268) with three binding motifs (1-12, 1-16, 1-10), plus a calcium-independent 1Q
motif (204LQLAQRPVSLLASP217; Table 1).

2.3. CaM-Binding of ALS/FTD Risk Proteins

A Calmodulin Target Database scan revealed that four of the seven risk proteins
for ALS/FTD contain a single calcium-dependent CaMBP, while one has an 1Q-like do-
main. VCP (valosin-containing protein) shows a single eight amino acid potential CaMBP
(738EAMRFARR?745) but, as a stand-alone sequence, it appears too short and lacks suffi-
cient hydrophobic amino acids to be a canonical CaMBD. While SQSTM1 (sequestosome-1)
and CHCHD10 (coiled-coil-helix-coiled-coil-helix domain-containing protein 10) have no
presumptive calcium-dependent CaMBDs, SQSTM1 possesses an IQ motif. On the other
hand, the FUS (fused in sarcoma) 19 aa CaMBD (301 VADYFKQIGIIKTNKKTGQ319) con-
tains a single 1-5-10 motif, while the same length TDP-43 (TAR DNA-binding protein 43;
TDP-43) CaMBP (135VKKDLKTGHSKGFGFVRFT153) that was detected possesses three
binding motifs (1-16, 1-12, 1-14; Table 2). The CaMBD of TBK1 (TANK-binding kinase 1)
contains five potential binding motifs (22NVFRGRHKKTGDLFAIKVF40; two 1-12, two
1-14, 1-16), while C9orf72 (chromosome 9 open reading frame 72) had a 20 aa CaMBD
(241 AEKVNKIVRTLCLFLTPAER260), displaying a 1-5-10 and a 1-12 binding motif (Table 2).
In contrast, no CaMBDs were detected in either SOD1 or GRN.

Table 2. Calmodulin binding domains and motifs in proteins linked to ALS/FTD.

Protein/Uniprot CaMBD Sequence/Binding Motif
FUS/ 1 5 10
P35637 301/ V|ADY/EIKQIG T IKTNKKTGQ319
TDP43/ 1 16
Q13148 135{ V. KKDLKTGHSKGFGF| V. RFT153
1 12
135VKKD| L KTGHSKGFGF V RFT153
1 14
135VKKD| L KTGHSKGFGFVR'E T153
TBK1/ 1 12
Q9UHD2 22N| V. FRGRHKKTGD| L FAIKVF40
1 14
22N| V. FRGRHKKTGDLF A IKVF40
1 12
22NV F RGRHKKTGDL{F AIKVF40
1 14
22NV F RGRHKKTGDLFA'T KVF40
1 16
22NV F RGRHKKTGDLFAIK' V' F40
C9orf72/ 1 5 10
Q96LT7 241AEK V. NKI|V RTLC L FLTPAER260
1 12

241AEKVNK I VRTLCLFLTP| A [ER260

1Q-Like Motif

SQSTMV/ 63 FQ AHY| R DEDGDLVA77

Q13501
Legend: Green indicates relevant hydrophobic aa. FUS, Fused in sarcoma; C9orf72, Chromosome 9 open reading
frame 72; SQSTM1, Sequestosome-1; tdp-43, TAR DNA-binding protein 43 (TDP-43); TBK1, TANK-binding kinase
1. Note: Green, critical hydrophobic amino acids; TGM1, transglutaminase 1; TGM2, transglutaminase 2; TGM3,
transglutaminase 3.

2.4. CaM-Binding Domains in Huntington Risk Proteins

Both HTT and TGM2 have been experimentally verified as CaMBPs, but their poten-
tial binding domains remain to be identified [13,25,26]. A Calmodulin Target Database
search was carried out for both. Human HTT (P42858) shows two CaMBDs: CaMBD1
(177NGAPRSLRAALWRFAELAHLVR197) containing 3 motifs (1-12, 1-8-14, 1-5-10) and
CaMBD2 (2535PLKALDTRFGRKLSIIRGIV2554) with 5 motifs (three 1-12, 1-8-14, 1-16;
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Table 3). Two CaMBDs were detected in human TGM2 (P21980), while a single CaMBD
was identified in TGM1 (Table 3). TGM2 CaMBD1 (414KSINRSLIVGLKISTKSVGR433) con-
tained 3 motifs (1-16, 1-12, 1-5-10), while CaMBD2 (665VVNFESDKLKAVKGFRNVII683)
displayed 5 motifs (two 1-12, 1-8-14, two 1-10). The TGM1 CaMBD (607RRTVKLHLYLSVT-
FYTGVS625) showed 2 motifs (1-12, 1-5-10). TGM3 had a single CaMBD (493LAVGKEVN-
LVLLLKNLSRDT512) with 5 binding motifs (1-10, 1-12, 1-16, two 1-5-10, 1-14; Table 3).
These results are in line with the CaM binding ability of the three proteins, but the sequences
and motifs require experimental validation.

Table 3. Calmodulin binding domains and motifs in Huntington'’s risk proteins.

Protein/Uniprot CaMBD Sequence/Binding Motif

1 12
Huntingtin/ 177NGAPRS.RAALWRFAE[.HLVR197
P42858 8 14

177NGAPRS.RAALWR.AELAH.VR197
1

177NGAPRSLRAA.WRP.ELAH.VR197

Huntingtin/ 25351’.KALDTRFGRK.SIIRGIV2554
P42858 8 14

2535P.KALDTR.GRKLS.IRGIV2554

2535PLKA.DTRFGRKLSI.RGIV2554
16

2535PLKA.DTRFGRKLSIIRGI.2554

2535PLKALDTR.GRKLSIIRGI.2554
1 16

TGM2/ 414KS.NRSLIVGLKISTKS.GR433
P21980 1
414KSINRS.IVGLKISTKS.GR433
5 10

414KSINRSLI.GLK.STKS.GR433
1
TGM2/ 665.VNFESDKLKA.KGFRNV683

P21980
665V.NFESDK.KAVKG.RNV683

665V.NFESDKLK.VKGFRNV683
12

665VVN.ESDKLKAVKG.RNV683
10

665VVNFESDK.KAVKGFRN.683

1 12
TGMYV/ 607RRT.KLHLYLSVTF.TGV5625
P22735

607RRTVK.HLY.SVTF.TGV5625
TGM3/ 493.AVGKEVN[.LLLKNLSRDTSIZ
Q08188

493.AVGKEVNLVL.LKNLSRDTSIZ
16

493.AVGKEVNLVLLLKN.SRDT512

493LA-GKE.NLVL.LKNLSRDT512

493LA-GKEVNLVLLLKN.SRDT512
1 5

493LAVGKEVINLVIBJLLKNJEISRDT512

Legend: Green, critical hydrophobic amino acids; TGM1, transglutaminase 1; TGM2, transglutaminase 2; TGM3,
transglutaminase 3.

3. Discussion

Protein domains underlie the structure and function of proteins, therefore identifying
them is a critical step in protein analysis [27]. As fundamental units, their detection is cen-
tral to understanding not only protein function, but also protein evolution. There are many
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online predictive resources for determining highly conserved domains in proteins [27].
In contrast, defining the presence of calmodulin binding domains presents unique chal-
lenges [28,29]. Unlike typical domains that consist of a fairly rigorous arrangement of
amino acids, there are many and variable types of calmodulin binding domains [30-32].
Calcium-independent calmodulin binding domains are characterized by 1Q or 1Q-like
domains, in which proteins bind to apo-calmodulin via amino acid sequences beginning
with a hydrophobic amino acid next to a glutamine residue with optional downstream
acidic residues in appropriate positions. Classical binding to calcium-charged calmodulin
occurs via a diversity of sequences involving multiple hydrophobic residues with various
spacings and often the intervention of acidic residues. In addition to the dozen or so canon-
ical binding domains, many novel and bipartite sequences have also been revealed [33].
Using profile hidden Markov model algorithms to predict CaM binding proteins (CaMBPs),
the Calmodulin Target Database stands out as the “gold standard” for the prediction of
canonical CaM-binding domains in proteins longer than 100 amino acids [28,29,34]. The
Calmodulin Target Database has a greater than 80% prediction rate for identifying valid
canonical CaMBDs and this accuracy is increased when putative CaMBPs show multiple
overlapping canonical motifs [29]. In this study, identified CaMBDs were then visually
scanned to assess and categorize binding motifs detected within them [10,18]. 1Q and
1Q-like motifs that mediate calcium-independent CaM binding were also found by visual
scanning of protein sequences.

As a major cause of the diversity of psychological disorders during the early disease
stages and subsequent dementia, understanding the underlying events of neurodegen-
eration is critical. Calmodulin is a common denominator in all aspects of Alzheimer’s
disease, the primary neurodegenerative cause of dementia, from the generation of the
classic hallmarks—amyloid beta plaques and neurofibrillary tangles—to the regulation of
critical receptors and biomarkers [8-10]. The calmodulin hypothesis, an extension of the
calcium hypothesis of Khachaturian, has been shown to be applicable to neuroinflammation
in AD, HD, PD, LBD, and other neurodegenerative diseases [6,7,10]. Neuroinflammation
has been linked to several psychological disorders including anxiety, depression, and
schizophrenia [35]. The analyses here have shown that many key marker and risk pro-
teins for HD (Huntingtin, TGM1, TGM2), PD (a-synuclein, PINK1, LRR2, PARK?), LBD
(TMEM175, GBA), and ALS/FTD (TDP-43, SQSTM1, FUS, TBK1, C90rf72) all possess
identifiable CaMBPs each with one or more binding motifs.

After AD, the second most common neurodegenerative disease is PD. It is character-
ized by the loss of nigrostriatal dopaminergic (DA) neurons, decreased dopamine levels,
and the presence of SNCA-rich Lewy bodies (LB) that are found in both sporadic and
familial PD. PD differs from other synucleinopathies (e.g., LBD; multiple system atrophy
(MSA)) in the primary localization of LBs in DA neurons present in the substantia nigra
pars compacta region of the brain. Af3, tau, and x-synuclein are all found in Lewy bodies
in both PD and LBD [36,37]. A recent review of CaMBPs in PD focused on experimentally
validated CaMBPs, including CaMKI], calcineurin, NMDAR, AchR, Adenosine A2AR, and
cdk5, but failed to mention or assess the CaM-binding ability of other critical PD proteins,
including the risks and biomarkers covered here [38]. The involvement of CaMKII and
A2AR in psychiatric disorders was discussed above. In addition, dysfunctional NMDARs
have been implicated in various neuropsychiatric disorders, including autism spectrum
disorder, epilepsy, and schizophrenia [39]. AchR dysfunction is also involved in schizophre-
nia [40]. In addition to the proteins covered in the review, several other PD-linked CaMBPs
should be noted. A and tau, which both contribute to LBs, are experimentally proven
CaMBPs [36,41] [42]. A beta-secretase (BACE1) polymorphism is also associated with
PD [43]. BACE1 was originally identified as a potential CaMBP using the methods de-
scribed in this article [8]. Using that information, CaM was subsequently shown not only
to bind to BACE1, but also to increase its enzyme activity 2.5-fold, an event that was
inhibited by five different CaM antagonists [44]. In contrast, CaM inhibits the D2-dopamine
receptor, a critical factor in PD, by binding to a motif in the amino end of the protein
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that is involved in G-protein binding [15]. The well-characterized CaMBP neurogranin
(Ng, RCE, p17, BICKS) is not only a useful biomarker for AD, but also for PD, as well as
Creutzfeldt-Jakob disease and other brain diseases [45]. Several other CaMBPs include
CaMKII and calcineurin plus two PD-associated proteins, Dna] heat shock protein family
member C13 (DNAJC13) and the GTP-binding protein RIT2 [37].

CaM binds to both normal and mutant SNCA in a calcium-dependent manner in vitro
and in vivo and plays functions in LB formation by enhancing the SNCA fibril forma-
tion [17,46]. Aggregation of SNCA leads to calcium dyshomeostasis disrupting down-
stream signal transduction including CaM-mediated events [47,48]. While SNCA was
previously identified as a CaMBP, its binding domains were not determined. Here we
have identified a likely calcium-dependent CaMBD (32KTKQGVAEAAGKTKEGVLYVGSK-
TKEGVVHS50) within SNCA that contains two 1-12 binding motifs. In addition, three other
risk or biomarker proteins (PARK?7, LRRK2, PINK1) possess potential binding domains.
PINKT1 has two binding domains each with multiple binding motifs, while LRRK2 has
a single identified CaMBD with multiple binding motifs. PARKY? appears to possess a
non-canonical CaMBD.

Dementia with Lewy bodies (LBD) and PD share many biochemical, clinical, patho-
logical, and genetic risk factors. Despite this, LBD is differentiated from AD and PD on
memory deficiencies, motor impairments, and sleep issues, among others. Still, a number
of risk factors for LBD are linked to other neurodegenerative diseases: BIN1 (also AD),
TMEM175 (Transmembrane protein 175; also PD), SNCA (also PD), APOE (also AD), and
GBA (glucocerebrosidase; also PD, Gaucher’s disease) [10,20]. GBA, a lysosomal enzyme
involved in lipid degradation, cholesterol metabolism, and membrane turnover, functions
in microglial differentiation and movement and serves as a negative regulator of neuroin-
flammation. Mutations in GBA1, the gene encoding GBA, are linked to an increased risk
of PD, LBD, and other synucleinopathies [49-51]. The mutations decrease GBA activity,
enhancing the accumulation of SNCA [50]. Decreased GBA activates microglia, leading to
neuroinflammation [49]. GBA also binds to SNCA with this interaction occurring via C-
term residues 118-137, which differs from the CaMBD assessed above [46]. The Calmodulin
Target Database failed to reveal a CaMBD in this region, but a visual scanning of this basic
amino acid-rich region revealed a potential CaMBD (118KGFGGAMTDAAALNILALSP127)
with four binding motifs. This suggests GBA may have three CaMBDs of which only two
were detected by database analysis.

The comparatively less well-studied frontotemporal dementia (FID) with and without
Pick’s bodies (aka Pick’s disease) is also characterized by CaMBPs. FTID is a rare form
of dementia that affects individuals younger than 65 [23]. With a diverse symptomology
and occurring in less than 5% of dementia cases, FTD can be inherited, but spontaneous
forms of the disease occur more often. Many proteins linked to FTD that accumulate in
the frontal and temporal lobes include tau, progranulin (GRN), FUS, and TPD-43. Several
risk and marker proteins overlap between FID and ALS: TDP-43, SQSTM1, VCP, FUS,
TBK1, CHCHDI10, and C9orf72 [23]. While ALS and FTD exhibit specific attributes, they
are discussed together here for these reasons and due to limited space. TDP-43, FUS, TBK1,
and C9orf72 were all found to contain at least one calcium-dependent CaMBD with one
or more binding motifs. SQSTM1 alone possesses a calcium-independent IQ-like binding
motif, while VCP lacked any identifiable CaMBD. SQSTM1 has also been linked to other
neurodegenerative diseases including AD, PD, and HD [52]. Pick’s bodies are filamentous
aggregations of the phosphorylated protein tau, and the amount of tau correlates with
the degree of disease symptoms. Different patterns of tau phosphorylation from that
seen in AD lead to different filamentous organization in Pick’s bodies [53]. Calmodulin-
like skin protein (CLSP; aka calmodulin-like 5), which has four EF-hand domains and is
functionally similar to CaM, is a potential biomarker for Pick’s disease [54]. Originally
linked to epidermal keratinocyte differentiation, CLSP also colocalizes with tau in Pick’s
bodies and binds to the CaMBP transglutaminase 1 (TGM1) [14].
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HD is a monogenic neurological disease caused by a CAG (cytosine-adenine-guanine)
repeat mutation that generates a glutamine (Q) homopolymer stretch of residues in the
Huntington (HTT) protein. While other factors are in play, the length of the polyQ homopoly-
mer is the major determinant for the timing of disease onset. HTT is a calcium-dependent
CaMBP and CaM binding increases with the length of the polyQ repeat [11]. CaM, HTT,
and transglutaminases (TGM1-3) colocalize in vivo and co-immunoprecipitate. The relation-
ship between HTT and TGM2 has been studied the most. HTT is a substrate for TGM2,
an enzyme that binds to and is activated by CaM [12]. Furthermore, CaM regulates the
cross-linking of HTT that is mediated by TGM2 [13]. Other neurodegenerative diseases,
including AD and PD, also show increased levels of TGM2 [55]. Despite the aforementioned
studies, the CaMBDs of HTT and TGM2 were not identified in those studies and Uniprot
does not list CaM binding as an attribute for either of these two proteins. In this study.
we’ve shown that HTT has two potential CaMBDs (CaMBD1, 177NGAPRSLRAALWRFAE-
LAHLVR197; CaMBD2, 2535PLKALDTRFGRKLSIIRGIV2554), each with multiple binding
motifs. TGM2 also has two binding domains CaMBD1, 414KSINRSLIVGLKISTKSVGR433;
CaMBD?2, (665VVNFESDKLKAVKGFRNVII683), each with multiple binding motifs, while
TGM1 has a single CaMBD (607RRTVKLHLYLSVTFYTGVS625) with two motifs. TGM3 also
has a single CaMBD (493LAVGKEVNLVLLLKNLSRDT512), but with five binding motifs.

It has previously been shown that numerous experimentally validated CaMBPs are in-
volved in multiple neuroinflammatory events including A3 (AD, PD, MS), BACE1 (AD, PD),
BIN1 (AD, LBD), CaMKII (AD, PD, HD. FTD), calcineurin (AD, PD, HD. ALS, MS), NMDAR
(AD, PD, HD. FTD), AchR (AD, PD), NOS (AD, PD, HD. ALS), and more (Figure 1) [10].
Some of the experimentally validated and putative CaMBP risk proteins analyzed here for
PD, HD, LBD, and ALS/FTD also are interlinked (Figure 1). For example, the LBD risk
factors GBA and TMEM175 have also been linked to ALS/FTD and PD [56]. SQUSTM1,
an ALS/FTD risk factor, has been shown to be involved in both HD and PD [52]. The HD
risk proteins HTT and TGM2 are also involved in PD, while LRRK2 and SNCA have been
linked to LBD [57,58]. While not discussed here, many of these risk factor CaMBPs are also
associated with AD.

Experimentally Proteins with
Validated CaMBPs CaMBDs
AP
BACET PARKY
MAPT
PINK1
CaMKII
LRRK2
PP2B
PMCA TGM3
TMEM175
NOS GBA
NMDAR
FUS
mAchR
TDP-43
AdoA2
Co0fr2
SNCA
SQSTM1
ABCA1 TBK1
Hit
TGM1/2

Figure 1. Experimentally validated (left side) and putative (right side) calmodulin binding pro-
teins that are risk factors or biomarkers for specific neurodegenerative diseases are revealed by the
connecting lines. See text for details.
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Research into calmodulin-based therapies to treat neurodegenerative diseases is al-
ready underway but has a long way to go. Polysialic acid-based micelles that effectively
cross the blood-brain barrier were used to deliver the CaM antagonist DY-9836 to treat vas-
cular dementia with resulting cognitive improvements [59]. Inhibitors of the CaM-binding
proteins CaMKII and CaN have long been known to reduce plaque burden, restore memory
deficits, and even reduce the incidence of dementia [60-62]. Numerous pharmaceuticals are
available that not only target specific calmodulin binding proteins, but also specific states
of those CaMBPs. AS105, GS-680, and RA306 are ATP-competitive inhibitors of activated
CaMKII, while KN-93 is an allosteric inhibitor of CaM binding to inactive CaMKII [63].
Currently, drugs that affect more than one target (e.g., BACE1 and AchR) have been devel-
oped, suggesting that this approach could be viable for co-targeting more than one specific
CaMBP [64]. Other approaches to regulating CaMKII function (e.g., antisense oligonu-
cleotides, small interfering RNA, and miRNAs) are also under analysis [63]. The key here
is that calmodulin and its binding proteins lie at the heart of multiple neurodegenerative
diseases and that multiple drugs and novel approaches exist, suggesting that the time is
ripe to begin serious therapeutic research in this area.

As with any domain or motif detected through consensus sequence modeling, experi-
mental verification is required. The Calmodulin Target Database is acknowledged as the
best method for predicting CaM-binding [29,34]. Its use here has clearly revealed CaMBDs
in a diversity of risk proteins associated with HD, PD, LBD, ALS, and FTD. Based on its
accuracy of CaMBP detection (~80%) and the significance of multiple binding domains
mentioned above, this would suggest the following proteins as priority candidates for
further investigation: PD (PINK1, LRRK2), LBD (TMEM175, GBA), ALS/FTD (TDP43,
TBK1), and HD (Huntingtin, TGM2, TGM3) [29,65]. Coupled with earlier studies showing
CaM binding to critical proteins involved in neurodegenerative diseases, these results point
to calmodulin as a critical therapeutic target in many, if not all, neurodegenerative diseases.

4. Materials and Methods

The proteins for this study were selected from recent research studies on risk fac-
tors and hallmark proteins from HD (Htt, TGM1, TGM2), PD (SNCA, Parkin, PINK1,
LRRK?2, PARK?), LBD (TMEM175, GBA), and ALS/FTD (VCF, FUS, TDP-43, TBK1, C90r{72,
SQSTM1, CHCHD10, SOD1). Since ALS and FTD share these risk genes, we consider
them together for this report [23]. After a search of the literature for evidence that any of
these proteins demonstrated experimentally validated CaM-binding, the remaining protein
sequences from the Uniprot database (www.uniprot.org) were scanned for CaMBDs using
the Calmodulin Target Database [9,10,18,65]. The identified CaMBDs were then visually
scanned to identify binding motifs within them as previously detailed [9,66]. There is
no existing computer algorithm that can perform these time-consuming but important
analyses. Datasets are not required since the raw data and analyses are presented in
Tables 1-3. Multiple proteins linked to AD that were identified as CaMBPs using this
approach have subsequently been experimentally validated as CaMBPs (BACE1, PSEN-1,
ABPP1) [44,67,68].
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Abbreviations

AchR Acetylcholine receptor

AD Alzheimer’s disease

ALS amyotrophic lateral sclerosis

APOE apolipoprotein E

BD Batten disease

BIN1 Bridging Integrator 1

C9orf72 chromosome 9 open reading frame 72

CaM calmodulin

CaMBD calmodulin binding domain

CaMBP calmodulin binding protein

CD33 myeloid cell surface antigen CD33
CH3L1/YKL-40 chitinase-3-like protein I

CHCHDI10 Coiled-coil-helix-coiled-coil-helix domain-containing protein 10
CLU clusterin

CR1 complement receptor type 1

D2R D2-dopamine receptor

EPHA1 ephrin type-A receptor 1

FTD frontotemporal dementia

FUS fused in sarcoma RNA binding protein

GBA glucocerebrosidase

GRN progranulin

HD Huntington’s disease

LBD dementia with Lewy bodies

LRRK2 leucine-rich repeat kinase 2

MS multiple sclerosis

MS4A membrane-spanning 4-domains subfamily A
NCL neuronal ceroid lipofuscinosis

NLRP3 NACHT, LRR, and PYD domains containing protein 3
PD Parkinson’s disease

PARK?7 Parkinsonism associated deglycase 7

PILRA paired immunoglobin-like type 2 receptor alpha
PINK1 PTEN induced kinase 1

PP2B calcineurin

SNCA a-synuclein SQSTM1, TGM1/2, transglutaminase 1/2
SQSTM1 TGM1/2, transglutaminase 1/2

TMEM175 transmembrane protein 175

TPD-43/TARDBP  TPD-43/TARDBP

TREM2 triggering receptor expressed on myeloid cells 2
vCP Valosin-containing protein
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