Journal of Molecular Modeling (2023) 29:360
https://doi.org/10.1007/500894-023-05770-7

ORIGINAL PAPER q

Check for
updates

Computational saturation mutagenesis to explore the effect
of pathogenic mutations on extra-cellular domains of TREM2
associated with Alzheimer’s and Nasu-Hakola disease

Preety Sthutika Swain' - Sunita Panda? - Sanghamitra Pati'© . Budheswar Dehury’

Received: 25 July 2023 / Accepted: 25 October 2023 / Published online: 4 November 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Context The specialised family of triggering receptors expressed on myeloid cells (TREMs) plays a pivotal role in causing
neurodegenerative disorders and activating microglial anti-inflammatory responses. Nasu-Hakola disease (NHD), a rare
autosomal recessive disorder, has been associated with mutations in TREM2, which is also responsible for raising the risk
of Alzheimer’s disease (AD). Herein, we have made an endeavour to differentiate the confirmed pathogenic variants in
TREM2 extra-cellular domain (ECD) linked with NHD and AD using mutation-induced fold stability change (AAG), with
the computation of 12distinct structure-based methods through saturation mutagenesis. Correlation analysis between rela-
tive solvent accessibility (RSA) and AAG expresses the discrete distributive behaviour of mutants associated with TREM2
in AD (R*=0.061) and NHD (R*>=0.601). Our findings put an emphasis on W50 and V126 as major players in maintaining
V-like domain in TREM?2. Interestingly, we discern that both of them interact with a common residue Y108, which is dis-
solved upon mutation. This Y108 could have structural or functional role for TREM2 which can be an ideal candidate for
further study. Furthermore, the residual interaction network highlights the importance of R47 and R62 in maintaining the
CDR loops that are crucial for ligand binding. Future studies using biophysical characterisation of ligand interactions in
TREM2-ECD would be helpful for the development of novel therapeutics for AD and NHD.

Methods ConSurf algorithm and ENDscript were used to determine the position and conservation of each residue in the
wild-type ECD of TREM2. The mutation-induced fold stability change (A AG) of confirmed pathogenic mutants associated
with NHD and AD was estimated using 12 state-of-the-art structure-based protein stability tools. Furthermore, we also com-
puted the effect of random mutation on these sites using computational saturation mutagenesis. Linear regression analysis
was performed using mutants AAG and RSA through GraphPad software. In addition, a comprehensive non-bonded residual
interaction network (RIN) of wild type and its mutants of TREM2-ECD was enumerated using RING3.0.
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Introduction
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is comprised of an intracellular domain (ICD), transmem-
brane domain (TMD) segment, and an ECD which binds
to the lipopolysaccharide (LPS), lipoteichoic acid (LTAs)
[13], and high- and low-density lipoproteins and apolipo-
proteins [14]. Through its ectodomain, the TM protein binds
ligands for the activation of intercellular signalling pathways
controlling the innate immune responses [15]. Signalling of
TREM?2 involves binding to the DAP12 (DNAX-activating
protein of 12 kDa), further activating SYK (Spleen Tyrosine
Kinase) tyrosine kinase [16]. Stimulation of DAP12 pathway
encourages hydrolysis of PIP2 into IP3 at the cell membrane,
making it possible for AD-associated variants to impair the
activation of DAP12, and inhibition of PLC+y?2 activities will
enhance the PIP2 level [17]. As a result, TREM2’s abil-
ity to guard against AD will be diminished [18]. Cleaved
ECD gives rise to the soluble form of TREM2 (sTREM2),
which supervises the interaction between neurons and the
surrounding microenvironment [17]. The sSTREM?2 level in
cerebral spinal fluid (CSF) is said to be a well-founded ana-
lyst for Alzheimer’s disease (AD) [19]. This CSF sTREM?2
has also been studied as a biomarker of microglia activation
in the setting of neuroinflammatory and neurodegenerative
disorders. Since CSF sTREM?2 provides information on the
timing of microglia activation in relation to Af deposition,
tau aggregation, neurodegeneration, and the onset of clinical
symptoms, it has been the subject of extensive research in
AD [20, 21], whereas plasma sTREM?2 has not been found
to be a suitable biomarker for the determination of status of
TREM?2 atypical variants or anticipated AD [22]. Genome
wide association studies (GWAS) have shown TREM2 loses
function as a consequence of appearance of homozygous and
heterozygous variants linked to neurodegenerative disorders,
e.g. AD, frontotemporal dementia (FTD), Nasu-Hakola dis-
ease (NHD), and Parkinson’s disease (PD) [5, 23-26]. The
most common variant of AD in TREM2 is located near the
putative ligand-interacting region (PLIS), whereas the vari-
ants associated with NHD are grossly damaging by folding,
truncating, or unfolding [23, 24].

Construction of neurofibrillary tangles and neuroinflam-
mation with built-up amyloid-beta (af}) plaque and gradual
memory loss categorise the neurodegenerative disorder AD
[27, 28]. AD, characterised by a slow progressive loss of
cognitive function, is the most common form of dementia
among the aged population [29]. Progression of AD in CNS
encompasses af plaque and neurofibrillary tangles of hyper-
phosphorylated tau protein concerned to synapse loss, neu-
ronal death eventually leading to cognitive decline [27, 30].
TREM2 acts as a neuroprotector by suppressing the amyloid
beta diffusion with the regulation of microglial activation
around amyloid plaques during the early and mid-term AD
[8, 31, 32]. The risk factor of AD is enhanced by several
folds with the reduction of the microglial phagocytosis of
amyloid plaque [31, 33]. Mutation of TREM2 associated
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with AD takes place on its ectodomain encoded by exon2
which is said to be linked with production and function
of STREM2 which further instigate AD development [24,
34-36]. R47H (Arg47His) variant is the most common form
of AD reported to triple the risk with 23% of faster demen-
tia rate, by disrupting the ligand-receptor interactions [35,
37, 38]. Another mutation associated with late-onset AD
is R62H (Arg62His) that inhibits immune responses and
reduces microglial activation [39, 40]. Other than the above
two variants, there are other TREM?2 mutations associated
with AD which can be listed as D87N and H157Y [23, 41].
Pathogenic variant of NHD Q33X is said to be a risk modi-
fier for AD [36].

Polycystic lipomenbranous ostedysplasia with scleros-
ing leukoembrancephalopathy (PLOSL), popularly known
as NHD, is an early onset dementia and continual bone
fracture due to polycystic osseous lesions, a rare autoso-
mal disorder with the occurrence of frontal lobe dysfunc-
tion eventually leading to death before the fifth decade of
life [42—44]. Neuropathological discoveries also indicate
corporation of myelin loss and loss of neurons, astrocyte
proliferation, and activation of microglia in cerebral white
matter and basal ganglia [45]. Biallelic mutations in two
genes TREM2 or TYRO protein tyrosine kinase binding pro-
tein (TYROBP) bring about the heterogeneous syndrome
NHD [43]. NHD is divided into 4 phases, namely latent,
osseous, early neurological, and late neurological [14, 46].
TREM2 is a crucial player for NHD pathogenesis involved
with the differentiation of myeloid progenitors concerning
dendritic cells, osteoclasts, and microglia having deleterious
effects on its own function due to mutation [23, 42]. Muta-
tion W50C associated with NHD was first seen in a patient
of Greek exhibiting personality change at the age of 30 [44],
where tryptophan-cysteine substitution is said to be harmful
[44]. Q33X variant linked to NHD, in a homozygous state,
leads a premature stop codon in place of glutamine. W44X
and W78X were first derived from a Bolivian and Swedish
families respectively in a homozygous state [43]. The variant
V126G [45] hints protein misfolding [47]. AlthoughV 126G
exhibits poor cell-surface expression and is incapable of
N-linked glycosylation in the Golgi, it may be subject to
a different O-linked glycosylation pathway [48]. Variants
D134G [43] and E14X [49] are also said to be associated
with NHD (Data retrieved from http://www.alzoforum.org/
mutations). TREM?2 variant associated with NHD in hete-
rozygous carriers may confer increased AD risk [23, 39, 50].

Over the years, neurodegenerative diseases have been a
concern to the scientific community. There are unanswered
questions how mutation of a single protein can cause two
separate diseases related to dementia. To infer how the path-
ogenic mutation associated with AD and NHD affects the
structure and function of ECD of TREM?2 using 12 structure-
based state-of-the-art computational protein folding stability
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(AAG) tools. Present study is focused on confirmed patho-
genic variants such as W50C, W44X, W78X, and V126G
are associated with NHD while R47H, R62H, and D87N
are increasing the risk of AD onset. Q33X is found to be
associated both in AD and NHD. All these mutants are accu-
mulated in the ECD region of TREM2 which is important
for the ligand interaction and signalling. Protein stability
assays also decipher the changes in RSA and residual depth
in WT and mutant variants. Further changes in the residual
depth and RSA correlation were determined and the results
were corroborated with thermodynamic stability (AAG)
of the above mutant variants. Mutants associated with AD
are usually present on the surface of the TREM2 while the
residues associated with NHD development are located in
buried region of the same protein. Moreover, previous muta-
tional analysis reported that NHD mutations are disrupting
the structure than variants AD. We performed a correlation
analysis between solvent accessibility and thermodynamic
stability of the protein in both the disease conditions which
revealed that NHD has a strong correlation while AD does
not show any significance which could be the one of the
differential etiology of these two diseases. Missense muta-
tions at conserved or important sites frequently impair the
interaction in the native condition and result in reduction of
protein stability, solubility, and signalling etc. [51]. In most
of the confirmed pathogenic mutants, we observed a loss of
contacts (non-bonded contacts) which disrupt the local fold
of protein and lead to affect the functionality of TREM?2.
Further in vitro studies and experimental structural data of
mutants can establish the effects of mutants in two different
disease conditions.

Materials and methods
Collection of TREM2 variants

Pathogenic mutants of TREM?2 linked to AD and NHD were
assembled from database of Alzoforum (http://www.alzof
orum.org/mutations). Present study has considered ECD of
TREM?2 protein with its 5 mutant variants with confirmed
pathogenicity for NHD and 4 variants for AD as listed in
Table S1. To carry our research forward, we retrieved a crys-
tal structure of wild type TREM2 (5UD7) with resolution of
2.20 A from RCSB-PDB [52].

Conservation analysis TREM2

To determine the position and their conservation of criti-
cal residues in TREM?2 protein, we employed ConSurf
algorithm [53]. It is a web-based tool that helps to find out
the evolutionary information of each amino acid residues
and also highlights structurally and functionally important

regions in the protein. Crystal structure of wild-type TREM2
(S5UD7-A chain) was taken as input for ConSurf. Then the
outcome was obtained with the function, position, and evo-
lutionary conservation with color-coded values. Further-
more, we proceeded for ENDscript [54] for generating a
detailed interactive representation of wild-type structure
of TRME2 ECD (5UD7) to identify conservation zones.
Resulted outcome was studied to see the conserved and var-
iable residues highlighted in different colour shades. The
results also showed the accessible and buried regions as well
as the hydrophobic and hydrophilic sites.

Electrostatic surface potential mapping

The electrostatic potential surfaces of TREM2 protein
(5UD7) were computed using the APBS-Electrostatics plug-
in tool of PyMOL2.5 [55]. The linearised Poisson-Boltz-
mann (PB) equation with a bulk solvent radius of 1.4 A and
a dielectric constant of 78 was used to compute the solvent-
accessible surface area of the same protein. The electrostatic
positive and negative surfaces TREM2 were shown by using
a contour (kT/e) value of 1.

Protein folding stability prediction

Protein stability is one of the long-term goals of protein
structure analysis [56] which is essential for improvement
of the effectiveness of rational protein design. To achieve
this end, it is favoured to study how mutations effect pro-
tein stability further leading to the development of several
methods for prediction of stability change produced by
substitution of residues [57]. A total twelve freely available
structure-based protein stability prediction web servers were
chosen to compute protein stability (AAG) upon single point
mutation. Selected methods utilise a range of algorithms for
estimating the change in protein stability. PoPMuSiC [58]
uses combined statistical potential to for AAG prediction
whereas CUPSAT [59] applies atomic potential from chemi-
cal characteristics and torsion potentials derived empirically.
Methods like mCSM [60] and I-Mutant3.0 [61] use machine
learning methods. Web-based server FireProt [62] imple-
ments the same thresholds used by FoldX [63] and Rosetta
[62]. Table 1 provides a detailed insight into the tools used
in the study. For I-Mutant3.0, NeEMO [64] user can define
the parameters, where 25 °C temperature was considered
and pH was 7. But most of the tools run on default frame
works. SDM was considered to calculate residual depth and
RSA values for wild type and mutants as well. In addition,
to know the effect of random mutation on protein stability,
we employed computational saturation mutagenesis of the
selected pathogenic mutants.

@ Springer


http://www.alzoforum.org/mutations
http://www.alzoforum.org/mutations

360 Page4of15

Journal of Molecular Modeling (2023) 29:360

Table1 List of structure-based thermodynamic stability prediction
tools used to compute AAG of confirmed pathogenic mutants of
TREM2 ECD associated with NHD and AD. These state-of-the-art

12 tools and the methods they utilise for AAG calculation, their input
options, and threshold to conclude the stabilizing or destabilizing
effect of mutation

Method Description Input data Threshold Web address Reference

HoTMuSiC Artificial neural network Protein 3D structure AT,,> 0 stabilizing https://soft.dezyme.com/ [65]
combined with statistical AT, <0 destabilizing
algorithms predicts the
AAG of given 3D structure

PoPMuSiC ANN and statistical potential ~Protein3D structure AAG <0 stabilizing https://soft.dezyme.com/ [58]
are applied to predict pro- AAG >0 destabilizing
tein stability

SDM Uses environment-specific Protein 3D structure  AAG <0 destabilizing http://www-cryst.bioc.cam. [66]
substitution tables (ESSTs) AAG >0 stabilizing ac.uk/~sdm/sdm.php
algorithm to calculate the
stability of protein

mCSM Applies Gaussian process Protein 3D structure  AAG <0 destabilizing https://biosig.lab.uq.edu.au/  [60]
regression and random AAG> 0 stabilizing mesm/
forest methods for stability
prediction

DUET Meta predictor is used to Protein 3D structure  AAG <0 destabilizing https://biosig.lab.uq.edu.au/  [67]
predict protein stability AAG> 0 stabilizing duet/

CUPSAT Uses combined statistical Protein 3D structure  AAG >0 stabilizing http://cupsat.tu-bs.de/ [59]
potentials AAG <0 destabilizing

DYNAMUT Predicts protein stability Protein 3D structure  AAG <0 destabilizing https://biosig.lab.uq.edu.au/  [68]
applying meta predictor AAG> 0 stabilizing dynamut/
based on normal mode
analysis

i-MUTANT3.0 SVM is applied to predict Protein 3D structure  AAG <-0.5 largely destabi-  http://gpcr2.biocomp.unibo.it/ [61]
protein stability lizing cgi/predictors/I-Mutant3.0/

AAG> 0.5 largely stabilizing ~ I-Mutant3.0.cgi
—-0.5<AAG<0.5 weak
effect

PremPS Evaluates the effect of single ~ Protein 3D structure AAG <0 stabilizing https://lilab.jysw.suda.edu.cn/ [69]
mutations using random AAG> 0 destabilizing research/PremPS/
forest regression scoring
function

Ddgun Applies Linear combination ~ Protein 3D structure AAG <0 destabilizing https://folding.biofold.org/ [70]
of features to predict protein AAG> 0 stabilizing ddgun/
stability

NeEMO Predicts stability of protein Protein 3D structure  AAG > 0 destabilizing http://old.protein.bio.unipd. [64]
applying machine learning AAG <0 stabilizing it/neemo/
approaches

Fireprot Predicts thermostability of Protein 3D structure  AAG > 0 destabilizing https://loschmidt.chemi.muni. [62]

the given protein utiliz-
ing 16 tools and 3 protein
engineering approach

AAG <0 stabilizing

cz/fireprotweb/

Association of RSA with AAG

To see whether RSA affects the stability and function of
protein, we executed the correlation analysis on com-
putationally calculated AAG with RSA. All the tools in
the study provided with similar RSA values to WT and
the variants. Therefore, we opted for SDM tool for the
RSA calculations in all variants [66]. Correlation analysis
between RSA and AAG was performed by using GraphPad
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6.0 software by taking AAG as the independent variable,
while RSA was dependable variable.

Residual interaction networks

Each mutant was developed by using the mutagenesis wizard
of PyMOLZ2.5. For a better knowledge about the interac-
tion, we generated the residual interaction network (RIN)
for the wild type protein and then further for each generated


https://soft.dezyme.com/
https://soft.dezyme.com/
http://www-cryst.bioc.cam.ac.uk/~sdm/sdm.php
http://www-cryst.bioc.cam.ac.uk/~sdm/sdm.php
https://biosig.lab.uq.edu.au/mcsm/
https://biosig.lab.uq.edu.au/mcsm/
https://biosig.lab.uq.edu.au/duet/
https://biosig.lab.uq.edu.au/duet/
http://cupsat.tu-bs.de/
https://biosig.lab.uq.edu.au/dynamut/
https://biosig.lab.uq.edu.au/dynamut/
http://gpcr2.biocomp.unibo.it/cgi/predictors/I-Mutant3.0/I-Mutant3.0.cgi
http://gpcr2.biocomp.unibo.it/cgi/predictors/I-Mutant3.0/I-Mutant3.0.cgi
http://gpcr2.biocomp.unibo.it/cgi/predictors/I-Mutant3.0/I-Mutant3.0.cgi
https://lilab.jysw.suda.edu.cn/research/PremPS/
https://lilab.jysw.suda.edu.cn/research/PremPS/
https://folding.biofold.org/ddgun/
https://folding.biofold.org/ddgun/
http://old.protein.bio.unipd.it/neemo/
http://old.protein.bio.unipd.it/neemo/
https://loschmidt.chemi.muni.cz/fireprotweb/
https://loschmidt.chemi.muni.cz/fireprotweb/

Journal of Molecular Modeling (2023) 29:360

Page50f15 360

mutant using RING3.0 [71], a web-based platform which
provides a detailed non-covalent molecular interaction based
upon geometrical parameters. The determined results were
then analysed to decipher the changes occurred between the
residual interactions of mutants as compared to wild type.

Results and discussion

Transmembrane receptor TREM?2 is found on microglia and
plays a significant role in neuroinflammation. Variants of the
TREM?2 gene were discovered by GWAS, which is said to be
increasing the chance of developing AD by 2 to 4 times. Sev-
eral research using mouse models have shown a connection
between TREM2 gene alterations and their impact on tau
pathology and amyloid load in AD-affected brain tissue [72].
Similarly, NHD is a progressive and fatal neurodegenera-
tive disease. Patients with NHD typically develop symptoms
such as cognitive decline, behavioural changes, movement
disorders, and bone fractures at early life around 30 s—40 s.
Few mutations in TREM?2 are also reported to increase the
chances of disease development. Molecular basis of patho-
genicity due to missense mutations are under active area
of research. Previous studies emphasise on mutant variants
for the development of two distinct diseases but how they
are differentiating in the etiologies are yet to be revealed.
Here, the mutants of TREM2 with confirmed pathogenicity
were taken for study to find out their role in protein stabil-
ity, RSA, and in functionality. Using experimental structural
information, computational exploration of protein folding
stability offers a clear knowledge of protein function and
related mutation in these two pathological conditions, which
may aid in development of novel therapeutics.

Distribution of confirmed pathogenic variants
within ECD of TREM2

Variants such as W50C, W44X, W78X, and V126G are
associated with NHD while R47H, R62H, and D87N are
increasing the risk of AD onset. Q33X is found to be associ-
ated both in AD and NHD. Furthermore, R47H and R62H
mutation are well-studied mutants that increase the risk for
the AD development. R47 has an important role in main-
taining structural integrity of complementarity-determining
region 2 (CDR2) and putative positive ligand-interacting
surface. The R47H mutation of TREM2 disrupt the above
interacting surface which significantly affect the functional-
ity by altering ligand binding [73]. Similarly, other variants
are also found to pose greater risk for the onset of above
diseases but their molecular basis of disease development
has not been explored. Experimental studies on above
variants would be longer and tedious procedures. Hence,

computational analysis would add insights for the molecular
basis of disease in mutant variants.

Structural and functional conservation of important
residues in TREM2

TREM2 is 230 amino acid long protein with three different
regions: an N-terminal matured ectodomain (ECD, residues
19-174), a membrane-spanning region (residues 175-195),
and a C-terminal cytosolic tail (residues 196-230). The
residue 1-18 amino acids act as signalling peptide for the
above protein. The structure of ECD domain, spanning from
19 to 134 is taken for the above study (PDB: SUD7). It is
comprised of eight Beta strands (A—F) and three impor-
tant complementarity-determining regions (CDR loops),
namely CDR1 (P37-R47), CDR2 (T66-R76), and CDR3
(H144-E117). These regulator loops are associated with
ligand interaction. Recent investigations emphasised the del-
eterious effect of mutations on these regions [74]. To iden-
tify the functionally relevant regions in the TREM?2 ectodo-
main as well as to analyse the evolutionary conservation at
each amino acid site, this study employed a web-based tool
ConSurf [53]. ConSurf analysis (as shown in Fig. 1A and
Table S2) depicts that the critical residues are mostly falling
in the conserved regions and few important residues are sited
at variable regions in the ECD. The variants those are high-
lighted in Fig. 1C are considered in the study. Residues such
as Q33, W44, R47, and D87 are predicted to be at conserved
region in the protein whileW50 and V126 are highly con-
served in TREM2 protein family (Fig. 1A). Residues such
as W78 and R62 are surface exposed and present at variable
regions of C and C” beta strands but they are well asso-
ciated with risk of developing NHD and AD respectively.
Furthermore, Q33 is sited on the surface of the second Beta
strand at N-terminal regions (Fig. 1B); mutation at this posi-
tion causes loss of TREM2 expression [75]. Similarly, other
surface exposed residues such as W44 and R47 are present
in the CDR1 loop region, responsible for ligand interaction.
Another important residue D87 is also present on the surface
of D beta strand (Fig. 1B), while W78 is buried in the Ig
domain C" strand. Substitutions at these residues result into
lack of lipid binding to TREM2 and expression of truncated
protein respectively [43]. Likewise, W50 residue is in the
core of the protein in C' strand and actively participating in
the maintenance of structural integrity of TREM2 protein.
Upon mutation, V126 is buried and presents at the V-like
Ig domain on G strand, predicted to have a function in the
maintenance of hydrophobic region in the protein [47]. All
the residues are present in the positively charged hydrophilic
region except V126, which is in hydrophobic region illus-
trated in the electrostatic potential surface analysis (Fig. 1D).

To confirm our ConSurf analysis, we further pro-
ceeded for ENDscript [54], a programme that produces
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Fig.1 Molecular architecture, position, and conservation of each
amino acid at ectodomain (19-129) in TREM2. (A) ConSurf analy-
sis depicts evolutionary conserved amino acids and they are colour
coded. Residues those are membrane exposed or inside the core of
the protein are separately demarcated as e and b respectively. Con-
served structural and functional residues are also marked as s and f

images of aligned sequences with secondary structure
data. Result displayed Q33, W44, R47, and R62 to be
present at the variable regions, where Q33, W44, and
R62 are highly accessible and R47 is intermediate
(Fig. 2). Variant W50 is structurally important, highly
conserved and buried residue likewise V126 lies in the
buried and conserved region of the protein. W78 and D87
are present at the conserved regions which are accessible
(Fig. 2).
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respectively. (B) Structure of TREM 2 ectodomain comprising of 9
beta strands and 3 CDR regions. (C) Mutants those included in the
present study are shown in stick representation. (D) Electrostatic
potential surface map of TREM2 ECD computed using APBS-plugin
of PyMOL2.5 [55]

Estimation of thermodynamic stability

Protein stability can be further defined as the difference
in energy between the folded and unfolded state of the
protein [76]. It has been insightful for increasing the
resistance against high temperature and harsh solution
[77, 78] reducing immunogenicity due to local and global
unfolding and subsequent aggregation [79-82], designing
of novel functions and for directed evolution [83, 84].
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Fig.2 Detailed analysis of secondary structure, evolutionary conser-
vation, and properties of amino acid residues in TREM2 via struc-
ture-based sequence alignment inTREM2 family homologous to
5UD7.0n top, secondary structure constituents are shown: f-strands
with arrows, turns with TT letters, and helices with squiggles. In the

In this study, apart from computing the thermodynamic
stability of each confirmed pathogenic mutants, we also
used computational saturation mutagenesis to estimate the
protein folding stability as a test case. It is a technique
where at the given position, single codon is replaced with
all possible amino acids [85]. The methods use algorithms
based on machine leaning approaches, energy-based, and
knowledge-based methods to predict the thermodynamic

sequencing block, conserved residues are written in red colour. Below
bar represents the accessibility of S5SUD7 where blue denotes for
accessible, cyan for intermediate, and white shows the buried regions.
On the second bar, pink represents hydrophobic and cyan hydrophilic

stability of protein. As input, we have used the variants
of TREM2 on its ectodomain associated with AD and
NHD. The difference in free energy change between
WT and mutant protein is defined as the thermodynamic
stability, AAG = AGpyiani — AGyyiig 1ype- FOr most of the
tools, the calculated thermodynamic stability is said to
be stabilizing if AAG >0 and destabilizing if AAG <0.
For tools such as PoPMuSiC [58], NeEMO [64], PremPS,
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Fig.3 Representation of calculated AAG with respect to different
pathogenic mutants in Alzheimer’s (AD) and Nasu-Hakola disease
(NHD) by saturation mutagenesis in different structure-based tools.

R47H, R62H, and D87N are included in AD while W44X, W50C,
W78X, and V126G are under NHD. Q33X is present in both AD and
NHD
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Rosetta, and FoldX [63], AAG <0 is said to be stabiliz-
ing, where AAG > 0 is destabilizing. The predicted AAG
values with other parameters for all the tools are shown in
Table S3. Web-based tool Fireprot [86] produces AAG for
both Rosetta [87] and FoldX [63], so we have considered
results separately for FoldX and Rosetta. The predicted
AAG for all the tools is shown in Fig. 3 and Table S3
for the variants of both AD and NHD. All of the mutant
variants have different G values, and most of them con-
tribute to the destabilisation in TREM2. When the AD
and NHD groups are compared, the higher destabilising
impact is shown in the NHD conditions. Comparing the
AAG values of five variants, saturation mutagenesis at
W50 and V126 are detrimental as the above values are
affecting protein stability. Substitution at W50 and V126
is having deleterious effect both on structural and func-
tional aspect of TREM2 protein [44]. W50 is present on
the C' p strand and as per ConSurf analysis; it is a highly
conserved, buried residue having a structural role. It is
located adjacent to C51 residue that responsible for the
maintenance of Ig V-like domain in the protein [88].
Thus, substitution in the targeted position also affecting
the interaction with neighbouring residue and probably
affect the downstream signalling. Likewise, ConSurf pre-
dicts that V126 is a buried residue with high evolutionary
conservation. It is also responsible for the responsible for
the maintenance of hydrophobic core in Ig-like domain.
Upon substitution, the above residue might cause disrup-
tion of the hydrophobic core [47]. MD simulation analy-
sis deciphered that upon mutation to W50C and V126G
results into higher residual mobility and H-bonding pat-
tern in CDR1 region. V126G mutation results into the
reduced H-bonding between R47 and T66 while increased
the interaction between R47 and N68 that might alter the
conformational change in CDR loops [89]. From AD
pathological group, R47 and R62 positions were more
pronounced with changes in the AAG (Fig. 3). Both are
present in the CDR1 and CDR2 regions respectively.
These two regions are important for ligand binding and
downstream signalling [89]. Experimental study on R47H
has shown a change in the conformation and affecting
ligand interaction significantly with phosphatidylserine,
phosphatidyl ethanolamine, and sphingolipids [73, 90]
while MD simulation results imply R62H mutation affects
the binding loop of TREM2 at a low extent. Furthermore,
Yeh et al. found that there is reduction in the binding
ability of TREM2 with CLU/APOJ and APOE when both
R47H and R62H mutations were present [91].

Q33X is found to be involved in both the diseases along
with frontotemporal dementia [92] has a moderate effect on
protein stability. Likely, D87 which is a surface exposed resi-
due associated with AD risk has exhibited a destabilisation
effect on TREM2 in saturated mutagenesis. To find out how

@ Springer

this mutation is affecting protein stability, we included RSA
and residual depth for further insights. Generated relative
solvent accessibility values were studied to see if there is
any difference between the two disorders’ RSA values and
we could see that NHD mutants W50C and V126G have
RSA values of 0.3% and 0% respectively according to all
the tools except I-Mutant3.0 and Pop Music, and all the AD
variants have an RSA value more than 20%. Details about
the calculated RSA are provided in Table S4.

In WT, when Q33 is substituted with polar amino acid D or
N, the residual depth is remaining same with increases RSA
value. On the contrary, when it is switched to non-polar amino
acid such as A and S, there is a decrease in both RSA and resid-
ual depth. When W44 is substituted with polar amino acids,
thermodynamic stability of protein is significantly affected.
Polar substitution such as Nand T causes increase in residual
depth with concomitant decrease in RSA. Substitution with
non-polar amino acid causes increase RSA with unchanged
residual depth which often lead to destabilise the protein struc-
ture [93]. The protein stability value is highly affected when
W50 is mutated to any polar amino acids. Irrespective of polar
or non-polar amino acids, RSA of all the variants is increased,
signifying the destabilisation upon mutation and establish-
ing the crucial role of W50 in TREM2 protein. W78X is a
nonpolar variant, when the substitutions are polar residues;
there is increase in the RSA percentage with decrease in the
residual depth. Similarly, R62H, D87N, and R47H variants are
exhibiting increase in RSA with decrease or minimal change in
residual depth across all variants. At V126 position, we could
not observe any changes in the RSA. But residual depth and
stability are affected with both polar and non-polar amino acid
substitution (Table S5). Although all mutations are affecting
protein stability, the analysis of residual depth and alteration in
RSA indicate that buried or hydrophobic residues are mostly
affected. The residues such as R62H, R47H, and D87N are
surface residues and all of them are following a similar trend
while W44X, W78X, W50C, and V126G are exhibiting maxi-
mum variations in RSA and residual depth. They are generally
inducing the risk for NHD and could have a structural role in
TREM?2 protein. Furthermore, correlation of RSA and AAG
in various mutant variants will clarify the role.

Correlation between relative solvent accessibility
(RSA) and the predicted AAG

The main purpose of our exploration is to investigate how
AD differ from NHD despite mutation taking place on the
same protein TREM?2, using computational and statistical
approaches.

Here, we hypothesise that relative solvent accessibility
would affect thermodynamic stability of protein that leads
to neurodegenerative disorders. The differential correlation
values would reveal the molecular basis of pathogenicity
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in two varied conditions. The relative solvent accessibility
(RSA) of each residue was calculated by using SDM on the
basis of the wild-type structure as input. The classification
of residues is based on the RSA values. The residues with
RSA <20% were classified as buried and exposed residues
are considered when RSA value is exceeding 20%. Then
the graph was plotted in GraphPad Prism 6.0, where RSA
was taken as a dependable while AAG was independent fac-
tor. Then simple regression analysis is deciphering that the
correlation is existing between these two factors in case of
NHD (R?>=0.60), while, in case of AD, the correlation was
not significant (R*=0.06) (Fig. 4). Our analysis is well cor-
roborated with the previous RSA and residual depth analy-
sis. This result also supported by the in vitro experimental
data suggesting that most of the NHD variants are buried,
less exposed to the solvent and Alzheimer’s disease variants
are on the surface being available to the solvent more [47].
Furthermore, evaluating the interaction pattern after muta-
tion would offer a clear picture on the functionality of those
critical residues.

Residual network analysis in WT and mutant
conformations

A web-based tool RING3.0 [71] was employed to deci-
pher the interaction networks among the residues present
in WT. Upon mutation to those residues cause changes in
the interaction pattern (Fig. 5). All interactions in WT and
alternation with mutation are shown in Table 2. In TREM 2
(ectodomain 19—134), these residues were found to be inter-
acted with each other via 67 no of hydrogen bonds, 3 pi—pi
interaction, 1 disulphide interaction, and 75 number of Van
der Waal’s interactions. By zooming out specific residues in
WT as well as in mutant variants, Q33 interacts with T94 via
van der Waals interaction, but upon mutation to A33 resulted
into loss of that contact. Q33 is present on the surface area
B-f strand which is connecting to CDR1 loop in TREM2,
responsible for ligand interaction. After a mutation, the lack
of contact might change the aforementioned protein’s struc-
ture and function, which could lead to AD, NHD, or FTD.

Fig.4 Linear regression analy- A AD

W44 is an exposed hydrophobic residue present at the CDR 1
region in WT TREM2 protein, exhibiting pi—pi interaction
with W70, present in the CDR2 region. A hydrogen bond
is observed with M41 residue of same CDR1 region. Upon
mutation to A41, the hydrogen bond is persisting with M41
but pi—pi interaction with W70 is demolished. The CDR1
and CDR2 regions are interconnected by different atomic
interaction for structural integrity and ligand interaction
[74]. The missing pi-pi network might disturb the structure
and function which can be deciphered via structural analysis
as well as classical molecular dynamics simulations. W50
is a conserved and buried residue located at C' strand in
TREM2. Mutational results show that RSA and residual
depth are getting highly disturbed on substitution to C.
Looking into the interaction pattern, W50 form some pi—pi
interaction and 3 van der Waals bonds with Y108 while 2
van der Waals interaction with 195 positions. It interacts
with V63 via 1 van der Waals and 1 H-bond, and V64 is in
contact with W50 via 2 H-bonds. Upon mutation to C50,
hydrogen bonds are remained same as in WT while there
is loss of van der Waals contacts. Likewise, pi—pi interac-
tion between C50 and Y108 is missing. Previous molecular
dynamics simulation-based literature on structural dynamic
behaviour of TREM2 protein has shown a minimal change
occurring with the above mutation [74]. But it stands out as
the greater risk variants for NHD and as C is a smaller and
polar residue could have a role in structural integrity which
is to be understood in further studies.

V126 is essential for maintaining the hydrophobic core
in TREM2, which forms van der Waals contacts with L.32
and Y108 and interacts with F24 and G106 residues by one
and two hydrogen bonds respectively. Upon substitution to
G leads to the loss of contacts between Y108, F24, and L32
but the interaction with G106 remains unchanged.

It is noteworthy that W50 and V126 are interacting with
Y108 by two varied interaction patterns. Upon mutation,
the bonds with Y108 are lost. This Y108 could be another
important residue for the structure or functionality of
TREM2, as it is a core residue present in the Ig domain
along with F24, D104, and A105 [47]. W78 is a hydrophobic

B NHD

sis between relative solubility 2. O
accessibility (RSA) and AAG in RE=0.061 >
different mutant variants of AD
and NHD. The plot was devel-
oped using simple regression
analysis where AAG and RSA
are independent and dependent
variables respectively. (A) AD
is showing a minimal correla-
tion. (B) A positive correlation
is established in NHD
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TREM2 ECD WILD TYPE

Fig.5 Residue interaction networks (RIN) displaying the various
non-bonded interactions between all residues in WT and mutants of
TREM2 ECD associated with AD and NHD. All interactions such as
van der Waals interaction, H-bond, di-sulphide bond, and pi-pi inter-

Hydrogen bond
pi-pi stack
lonic bond
Vander Waals interaction
Mutant

Mutant interacting residue

111

o)

actions are shown with a distance threshold (10\) for H-bond 3.5, ionic
4, n-cation 5, z-7 stacking 6.5, disulphide 2.5, and van der Waals 0.5.
Q33, R62, and W78 have been exempted from the figure due to the
complete dissolve of bonds

Table 2 The list (type) and number of non-bonded contacts estimated to be observed in WT and mutants of TREM2 using RIN analysis. The
table holds list of types of bonds present in wild type and the change in number upon mutation of each variant

Bond type Wild type Q33A W44X R47H W50C R62H W78A D87N V126G
H-bond 67 67 67 67 63 67 67 67 67

7-r bond 3 3 2 3 2 3 3 3 3
Tonic-bond 1 1 1 1

Di-sulphide bond 1 1 1 1 1 1 1 1 1

van der Waals interaction 75 74 75 79 68 74 72 75 73

core residue present at C” strand, interacting with A83, S81,
and T82 via van der Waals networks. Upon mutations to
alanine, all the interactions are lost.

@ Springer

D87 is polar amino acid and presents on the surface of
D beta strand in TREM2. It makes contacts with G90, G91,
and T92. Upon mutation to N87 which is again a polar
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amino acid, the interaction pattern remains the same. But
how it affects the stability or causing disease effect is yet to
be revealed. R62H and R47H are important risk variants for
the development of AD. Both the residues are polar amino
acids present on the surface of TREM2. R62 is on the C”
strand while R47 is present on the CDRI1 region. Mutation
on histidine is relatively a smaller amino acid having imi-
dazole group instead of guanidino group in arginine. R62
has a van der Waals contact with A49 but upon the substi-
tution with H62 causes the loss of above interaction. R47
has also one hydrogen bond with leul13, and on missense
mutation with H47, the above interaction is lost. But few
van der Waals contacts: N68, L69, Y70, and H67 due to
the substitution of H are established. This interaction might
change the structure of CDR1 loop which is shown in previ-
ous literature [35].

Conclusion

Most challenging aspect in neurodegenerative disorders has
been identification of drug target and the molecular mecha-
nism of the diseases. Prediction of protein stability helps
in protein engineering and for the development of immu-
notherapeutic agent for drug discovery as well. Owing to
limited confirmed pathogenic mutant data, we envisioned
saturation mutagenesis technique, which can evaluate the
effects of all probable substitutions (random mutations) at a
certain protein residue position.

This study utilises structure-based computational
approaches that deliver a range of AAG for considered 8
mutants of TREM2 with known pathogenicity on its ECD.
Observation based on AAG score reveals most of the
mutants to be destabilizing. Variants associated with NHD
show shorter RSA values implying them to be hydrophobic
in nature and being present in the core regions. Further-
more, while equated with residual depth, we see a decrease
in RSA when depth is increased. Due to their presence in the
enfolded regions, NHD variants are found to be indulged in
structural alteration of TREM2, whereas AD variants are not
affecting structural integrity rather they are influencing the
ligand binding as most of them are surface exposed. The lin-
ear regression analysis also supports the hypothesis of RSA
playing a role in the stability of TREM?2 in case of NHD,
where AAG is found to be correlated with RSA.

Additionally, inter-residual network interaction highlights
the non-bonded interactions in WT and mutant, and how a
missense mutation is leading structural alteration of protein.
A single hydrogen or pi—pi interaction or a van der Waals
interaction is crucial for the WT functionality. Loss of such
interaction could result in alteration in the structural integ-
rity of the protein. Our observed residual interaction network
displays that the inter-residual interaction is mostly lost upon

mutation, but R47H has shown establishment of new contacts
altering the arrangement of CDR2 loop region and down-
stream f-strand C", important for phospholipid interaction.
This residue could be an important aspect for ligand binding
which needs to be studied further to provide a clear under-
standing to develop novel therapeutics for neurodegenerative
disorders. W50C and V126G display maximum destabilizing
effect upon mutational analysis; they have shown complete
loss of interaction with single polar amino acid substitution.
We also find both the residues are interacting with Y108 resi-
dues in WT which is lost upon mutation. The residue Y108
might be playing a crucial role in the functionality of the
protein and needs to be studied in the future.

Abbreviations AD: Alzheimer’s disease; AP: Amyloid beta;
CDR: Complementarity-determining regions; ECD: Extra-cellular
domain; NHD: Nasu-Hakola disease; RIN: Residue interaction net-
work; RSA: Relative solvent accessibility; TREM: Triggering receptors
expressed on myeloid
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