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ABSTRACT

AlphaFold2 (AF2) has spurred a revolution in predicting unresolved structures of wild-type proteins with high
accuracy. However, AF2 falls short of predicting the effects of missense mutations on unresolved protein
structures that may be informative to efforts in personalized medicine. Over the last decade, countless in-silico
methods have been developed to predict the pathogenicity of point mutations on resolved structures, but no
studies have evaluated their capabilities on unresolved protein structures predicted by AF2. Herein, we inves-
tigated Alzheimer’s disease (AD)-causing coding variants of the triggering receptor expressed on myeloid cells 2
(TREM2) receptor using in-silico mutagenesis techniques on the AF2-predicted structure. We first demonstrated
that the predicted structure retained a high accuracy in critical regions of the extracellular domain and subse-
quently validated the in-silico mutagenesis methods by evaluating the effects of the strongest risk variant R47H
of TREM2. After validation of the R47H variant, we predicted the molecular basis and effects on protein stability
and ligand-binding affinity of the R62H and D87N variants that remain unknown in current literature. By
comparing it with the R47H variant, our analysis reveals that R62H and D87N variants exert a much less pro-
nounced effect on the structural stability of TREM2. These in-silico findings show the possibility that the R62H
and D87N mutations are likely less pathogenic than the R47H AD. Lastly, we investigated the Nasu-Hakola
(NHD)-causing Y38C and V126G TREM2 as a comparison and found that they imposed greater destabilization
compared to AD-causing variants. We believe that the in-silico mutagenesis methods described here can be
applied broadly to evaluate the ever-growing numbers of protein mutations/variants discovered in human ge-
netics study for their potential in diseases, ultimately facilitating personalized medicine.

1. Introduction

potential to aid the development of personalized medicine, given that
many variants are responsible for causing Mendelian diseases.

Resolving protein structures with high accuracy has been one of the
long-standing challenges in bioinformatics, as it is critical not only for
mechanistic understanding of protein functions but also for novel drug
design and discovery signs. With the revolution spurred by AlphaFold2
(AF2), a state-of-the-art deep learning model that can predict wild-type
(WT) protein structures with high accuracy [1], this issue has been
largely resolved [2,3]. Although a landmark achievement, AF2 falls
short of predicting the impact of mutations on the three-dimensional
(3D) structure of proteins [4-7]. Yet, accurate prediction of structural
impacts by missense variant is crucial for assessing their disease-causing

Enormous efforts over the past decade in computational techniques,
significant developments have been made to decipher the pathogenicity,
stability, and stereochemical effects of missense variants in resolved
protein structures [8-11]. However, to the best of our knowledge, there
has been no study or in-silico method that has systematically demon-
strated these techniques on coding variants for unresolved protein
structures. Herein, we developed a working protocol to address this
issue. We investigated Alzheimer’s disease (AD)-causing coding variants
of the triggering receptor expressed on myeloid cells 2 (TREM2) using
in-silico mutagenesis techniques on the AF2-predicted structure. TREM2
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was chosen as the protein of interest in this study largely due to exten-
sive literature on its missense variants and the high structure confidence
prediction by AF2. Our primary objective was to first systematically
validate the known effects of the strongest AD risk-modifying variant,
R47H, and later to evaluate other rare coding variants associated of
TREM2 associated with AD that are poorly understood in current
literature.

TREM2 is an innate immune receptor that is upregulated in the cell
surface of microglia associated with amyloid-beta (Af}) plaques in AD. In
2013, genome-wide association studies (GWAS) identified TREM2 R47H
homozygous loss-of-function mutation as a factor that increases the risk
of AD [12,13]. Numerous meta-analyses have since validated the asso-
ciation of the R47H variant with AD [14-16]. Given the importance of
the R47H variant in TREM2 biology, studies have since identified
experimentally that the mutation causes reduced protein stability [17]
and decreased binding-affinity to Ap [18-20]. These studies are further
validated with the reporting of the partially resolved structures from the
WT and R47H TREM2 variant [21]. Sudom et al. identified that the
R47H variant alters the conformation of the
complementarity-determining region 2 (CDR2) loop, thus reducing
critical hydrogen bonding in the C-terminal region of the CDR1 loop.
The partially resolved WT and mutant structures reported by Sudom
et al. [21] are essential to this study as they are a validation to the AF2
TREM2 structure and the in-silico mutagenesis techniques reported in
this study.

After correctly predicting the effects of the R47H variant, we next
investigated other rare coding variants. In particular, the R62H [16] and
the D87N [22] variants that both have a strong association with AD-risk.
However, other GWAS did not identify an association of these two
variants with AD [23,24]. Nevertheless, both variants have been
confirmed to decrease ligand-binding affinity [25-27]. But the effects of
R62H, D87N on protein stability nor their molecular basis have yet been
investigated. Here, using in-silico mutagenesis techniques, we predicted
the stereochemical, stability, and functional alterations from both var-
iants in comparison to the R47H variant. Our study has pointed to the
possibility that both R62H and D87N have a less pronounced impact on
the TREM2 structure and stability, likely to be less pathogenic than
R47H.

Lastly, as a comparison to the AD-causing variants, we were inter-
ested in exploring variants that lead to the Nasu-Hakola disease (NHD).
The Y38C variant of TREM2 was first identified by [28], where a Turkish
man was observed with symptoms consistent with NHD, but the key
symptom of basal ganglia calcification was not observed. However, two
heterozygotes demonstrated these symptoms, consistent with NHD [28].
From biological studies, Y38C TREM2 was accumulated in the endo-
plasmic reticulum, suggesting evidence of misfolding [29,30]. The mo-
lecular basis of this variant remains unknown, and no association has
been made with AD. Conversely, the V126G variant was reported in two
unrelated patients with NHD [31,32], where its neuropathology remains
unknown, and experimental studies have found that the mutation leads
to poor surface expression and defective glycosylation in the Golgi
apparatus [30]. However, structural studies have identified that
NHD-causing variants are buried in the structure of TREM2 while
AD-causing tends to be on the surface of the protein [26].

In summary, the protocol that we have developed here can accu-
rately predict impacts of missense variants on the protein stability and
structure. The method can potentially facilitate prioritization of our
research efforts in understanding the consequences of ever-increasing
number of missense variants discovered in human genetics.

2. Materials & methods
2.1. Acquisition of 3D structures

As of December 20, 2024, the experimental model of TREM2 has not
been resolved, but the structure has been previously predicted by AF2
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that is available from the Structure Database (Uniprot: QINZC2) with an
overall predicted local distance difference test (pLDDT) score of 83.88.
Our analyses primarily focused on Arg47 but also included Arg62,
Asp87, Tyr38, and Vall26 mutation sites. The pLDDT of Arg47 was
98.17, Arg62 was 97.06, Tyr38 was 97.50, and Vall26 was 98.26,
respectively, allowing for further investigation to be conducted. Addi-
tionally, it must be noted that the localized region of interest in the
ectodomain, including residues 20-133, were of high confidence
(pLDDT > 70), so identifications of possible molecular interactions
would also retain high confidence. Given that the R47H variant is
prominently reported in prior literature, the WT (PDB: 5UD7, Chain A-F)
and variant (PDB: 5UDS8, Chain A-B) structures have been partially
resolved and were used for investigation in this study. For additional
comparison, we also used the lower-resolution structure (PDB: 5ELI,
Chain A-B) resolved by Kober et al., [26].

2.2. Computational tools

In order to predict the effects of missense variants with high accuracy
and confidence, we exclusively used computational tools that have been
rigorously peer-reviewed and independently validated by numerous
studies. To comprehensively predict the stereochemical and structural
effects of variants, we relied on Missense3D [33]. To determine the al-
terations in stability of mutations in single protein chains, we used
PremPS, DDMUT, DynaMut2, MAESTRO, DeepDDG, and INPS-MD
[34-39]. Lastly, to determine the functional effects of variants, we used
AlphaMissense, PolyPhen-2, SNP&GO, and SIFT for prediction [40-42];
(Kumar et al., 2018). All of the previously described tools are freely
accessible as on public web servers, making for straightforward vali-
dation of the findings presented in this study. Our protocol is illustrated
in Fig. 1. We have provided an expanded discussion of these computa-
tional tools in the Supplementary Material 1 in the Supplementary
Material. For all molecular interactions, we first determined the precise
atoms using Missense3D and conducted follow-up visualization with
PyMOL (Schrodinger LLC, Portland, OR 97204, USA).

2.3. Statistical analyses

All statistical analyses and data plotting was performed using
GraphPad Prism (version 5.04) (GraphPad Software, La Jolla, CA, USA).
With all experiments, the raw data obtained from all computational
tools was stored in Microsoft Word and the processed data in Excel. For
continuous datasets, a Mann-Whitney U-test was performed due to the
moderate sample size across experiments. To evaluate difference from
an expected value (i.e. 0 Kcal/mol for stability alterations), we used the
Wilcoxon Signed-Rank test to evaluate significance. For evaluation of
multiple variables, a Kruskal-Wallis test was performed and subse-
quently post-hoc Dunn’s Multiple Comparison test. All data has been
presented as the mean + standard error of the mean (SEM). Unless
stated otherwise, a p-value less than 0.05 was statistically significant. All
data and p-values are indicated in the corresponding figures and tables.
ns: non significance; *p < 0.05; **p <0.01; ***p < 0.001;
*kk¥p < 0.0001.

3. Results

3.1. AlphaFold2 predictions are highly consistent to the WT and R47H
structures

Before beginning experimental procedures with the AF2 to predict
TREM2 structure, we sought to validate it by comparing it with the
partially resolved WT and R47H structures [21]. First, we superimposed
the resolved WT TREM2 (residues 21-129) to the adjacent AF structures.
The root means square deviation (r.m.s.d.) between the WT structures
was 0.407 + 0.01754 A (n =6, Chain A-F), suggesting that the two
structures are nearly identical. Next, we visualized the molecular
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Fig. 1. Protocol for predicting effects of missense variants on unresolved proteins. (a) A simplified workflow of obtaining the unresolved or resolved protein
structures. (b) The sequential protocol for predicting structural, stability, and pathogenicity predictions. (¢) Tools used for pathogenicity, stability, and structural

predictions.

interactions of Arg47 on the predicted structure (Fig. 2A-B), where a
hydrogen bond network with the side chain of Ser65, carbonyl oxygens
of Thr66 and His67, and O51 Asn68 occurs. As a suitable comparison, we
have also visualized the molecular interactions of Arg47 in the WT
structures from Sodom et al. (2018) and Kober et al., [26], where the
observed interactions were remarkably consistent to those provided in
their respective report (Fig. 2C-F). Given the highly accurate WT pre-
diction, we next evaluated the critical R47H variant.

First, we generated mutations on the AF-predicted structure using
Missense3D to formulate the R47H structure. Upon superimposition, the
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generated structure was highly similar to those reported from Sodom
et al. (2018) with an r.m.s.d. of 0.464 + 0.056 A (n = 2, Chain A-B). In
visualization and tabular form, His47 does not retain most of the
hydrogen bond network, but observed interactions include the side
chain hydroxyl of Thr66 both as an acceptor and donor, and carbonyl
oxygen on Asn68 (Fig. 3A-B). From Sodom et al., (2018), this predicted
result is consistent for Thr66, but no interactions are observed with
Asn68, and instead with imidazole ring on His67 (Fig. 3C-D). While the
AF structure does provide a strong prediction, it failed to detect the
interaction of His67 because the residue undergoes a change in
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Donor Acceptor Distance (A) Type
AD047-ARG NE A0066-THRO 3.52 SM
A0047-ARG NE A0067-HISO 294 SM
A0047-ARG NH1 A0065-SER OG 3.15 SS
A0047-ARG NH1 A0066-THRO 295 M
A0047-ARG NH1 AD068-ASN OD1 281 SS
A0047-ARG NH2 A0068-ASN OD1 325 SS
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Wild type
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Failed to detect ASN68 O&1 and R47 NH2 on
Chains A-F.

f

Wild type

Donor Acceptor Distance (A) Type
BO047-ARG NE B0066-THRO 3.70 SM
BO047-ARG NH1 B0065-SER OG 296 SS
BO047-ARG NH1 B0066-THRO 349 SM
BO047-ARG NH2 BO068-ASN O 3.60 S™M

Failed to detect HIS67 Ne and R47 O on Chains
A-B.

Fig. 2. Predicted molecular interactions of Arg47 on TREM2. (a) Position of residues of Arg47 forming the hydrogen bond network with Ser65, Thr66, His67, and
Asp68 on the AF2 predicted structure (UniProt: QINZC2), and in (b) tabular form. (c¢) Partially resolved WT structure from Sodom et al. (2016), focused on Arg47
and in (d) tabular form, but missing the interaction Asn68 that was denoted in their report. (e) Partially resolved structure from Kober et al. [26], focused on Arg47
and in (f) tabular form. The interaction with His67 is not noted in this structure.

conformation by 180° towards His47, allowing for n—r stacking in-
teractions. In-silico tools are currently unable to formulate this confor-
mational change because the alteration is made rigidly and not dynamic
in nature. While this remains a current limitation in the field, we still
believe that the overall prediction is reasonably close to that of the
resolved structure and could be further compared in stability and ste-
reochemical effects.

Using the generated R47H structure, we then evaluated the accuracy
of the computational tools in predicting the known stability, structural,
and functional effects of the R47H variant. Firstly, we calculated the
Gibbs free energy of stability (AAG*PY) where it was estimated that
the variant would destabilize the structure by —0.7934 + 0.06429 Kcal/
mol significantly different from no stability change (p =0.0312)
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(Fig. 3E). To confirm this data, we performed structural analysis using
Missense3D, where it was identified that no significant structural dam-
ages were caused from the mutation except minor alterations. Specif-
ically, there were increases in local clash scores (+2.67) and relative
solvent accessibility (RSA) (+1.3 %) from WT to mutant, but not sig-
nificant enough to detect structural damage despite breakages in the
hydrogen bond network. Lastly, for studying the functional effects of
R47H, most tools predicted the mutation was benign, with Alpha-
Missense predicting a score of 0.187 (benign), SIFT predicting a score of
0.06 (benign), SNP&GO predicting a score of 4 (benign), but only
PolyPhen-2 predicting 1 (pathogenic) (Table 1). The functional results of
this variant will further be compared and discussed with others in Sec-
tion 4. Overall, the findings of the stability analyses are consistent with
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Mutant
Donor Acceptor Distance (A) Type
A0047-HISND1 A0066-THR OG1 359 SS
A0066-THR OG1 A0047-HISND1 3.59 SS
A0047-HIS NE2 AD068-ASN O 2.38 SM
Donor Acceptor Distance (A) Type
A0047-HISND1 A0066-THR OG1 285 SS
A0066-THR OG1 AQ047-HISND1 285 SS
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Fig. 3. Predicted molecular interactions of the R47H variant on TREM2. (a) Position of residues after mutagenesis of Arg47, where an interaction with Thr66 and
Asn68 is observed. (b) The interaction is also presented in tabular form. (c¢) The resolved R47H structure (PDB: 5ud8) displays the same interaction with Thr66, but
His67 has altered conformations, and there is no interaction that occurs with Asn68. (d) This is also displayed in tabular form. (e) The change in protein stability of
all variants evaluated in this study has been displayed as boxplots (n = 6). All data has been presented as the mean + SEM.

prior experimental results by [17] that the mutation imparts lower
stability. Our stereochemical and functional results also suggest that
while there is increased exposure of the residue to the surrounding
solvent that could potentially alter ligand-binding affinity, the changes
induced by the mutation was not significant enough to cause complete
loss-of-function of TREM2. These conclusions are consistent with prior
literature [26].

3.2. Predicted molecular basis and effects of R62H and D87N structures

Using the validated AF2-predicted WT structure, we performed the
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same experimental procedures used to formulate the R47H variant for
the R62H variant. Using Missense3D, the R62H structure was generated,
and follow-up stability, structure, and functional analyses were per-
formed. From the AF-structure, Arg62 is predicted to form a hydrogen
bond with the side chain carbonyl oxygen on Glnl11, and the mutation
results in His62 forming a bond with a hydroxyl on Ser65 (Fig. 4A-B). As
an additional confirmation of this prediction, mutagenesis was also
performed on the WT structures provided by Sudom et al., [21] and
Kober et al., [26]. From the WT structure provided by Sodom et al., there
is no hydrogen bonding that occurs on the WT structure, but the bond
with Ser65 is observed after mutagenesis (Fig. 4C). However, no
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Table 1

Predicted pathogenicity of AD- and NHD-causing TREM2 variants. For the NHD-causing variants, almost all metrics except for SNP&GO predicted that the variants are
pathogenic. In contrast, most tools suggested that the AD-causing variants are benign except for PolyPhen-2. The location of these mutations are the most critical factor
in determining pathogenicity, whether being on the surface or buried in the structure of TREM2. * This prediction was not available on the AlphaFold Structure
Database and was instead obtained from the Hedge Group [43]. ** Predicted CADD GRCh38-v1.7 for Y38C (Chr6:41161541 A>G), R47H (Chr6:41161514 G>A),
R62H (Chr6:41161469 G>A), D87N (Chr6:41161395 G>A), and V126G (Chr6:41161277 T > G) calculated from the CADD web-server (https://cadd.gs.washington.
edu/). R47H and R62H are risk modifiers, while D87N is a potential risk modifier for AD. Y38C and V126G are pathogenic for NHD.

MT PolyPhen-2 AlphaMissense SIFT SNP&GO CADD** Disease
Y38C 1 (Pathogenic) 0.9 (Pathogenic)* 0.01 (Pathogenic) 2 (Benign) 26.8 NHD
R47H 1 (Pathogenic) 0.187 (Benign) 0.06 (Benign) 4 (Benign) 22.5 AD
R62H 0.084 (Benign) 0.112 (Benign) 0.1 (Benign) 7 (Benign) 16.24 AD
D87N 1 (Pathogenic) 0.129 (Benign) 0.06 (Benign) 7 (Benign) 22.8 AD
V126G 1 (Pathogenic) 0.683 (Pathogenic) 0.01 (Pathogenic) 4 (Benign) 27.3 NHD

b

Donor Acceptor Distance(A)  Type Donor Acceptor Distance (A) Type

A0062-ARGNH1  AO0111-GLN OE1 338 ss AD065-SER OG A0062-HIS NE2 329 Ss

<

Donor Acceptor Distance (A) Type Donor Acceptor Distance (A) Type
A0065-SER OG A0062-HIS NE2 340 SS No hydrogen bond found

Fig. 4. Predicted molecular interactions of WT Arg62 and R62H variants. (a) Position of Arg62 with hydrogen bonding with GIn111 on the AF2-predicted WT
structure, and shown in tabular form. (b) His62 forms an hydrogen bonding interaction with Ser65 after mutagenesis of the AF2- predicted structure. (¢) This
interaction was confirmed on the structure produced from mutagenesis of the WT structure from Sodom et al. (2018). (d) However, this was not observed on the
lower-resolution WT structure form Kober et al., [26].

hydrogen bonds were identified in either the WT or mutant structures RSA (+6.9 %) both increased. We then performed a test evaluating the
for Kober et al., [26] (Fig. 4D). A stability analysis was then performed functional effects of R62H and found that most algorithms predicted that
on the AF2 structure, where unfortunately the computational tools were the variant was benign. AlphaMissense predicted a score of 0.112
not unanimous, estimating —0.2908 + 0.1813 Kcal/mol (n = 6) not (benign), SIFT predicted a score of 0.01 (benign), SNP&GO predicted a
significant from no stability change (p = 0.3125) (Fig. 3E). From further score of 7 (benign), but only PolyPhen-2 predicted 0.084 (benign) in
structural analysis of the AF-structure, no significant structural damage Table 1. Overall, with the in-silico orthogonal data of R62H, it appears
was detected except small alterations. The local clash score (+2.42) and that the mutation does increase steric hindrance while decreasing local
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hydrophobic interactions in the localized structure, and could be
impacting the binding affinity of ligands onto this or surrounding resi-
dues, leading to the pathology of AD. The molecular interactions of this
residue also appear to be minimal in comparison to Arg47 that contained
a strong hydrogen bond network, indicating a smaller effect size in

a AF2 D87N TREM2

C

Sodom et al. WT — D87N (Chain A)

Computational and Structural Biotechnology Journal 27 (2025) 564-574

identifying a change in protein stability.

Next, we evaluated the D87N variant from the predicted WT struc-
ture using the same experimental procedure used for prior variants.
From a structural analysis of the WT AF structure, there are hydrogen
bond networks consisting of a hydroxyl Tyr38 and carbonyl oxygen

b

Missense3D

Wild type
Donor Acceptor Distance (A) Type
AQO38-TYROH ADOB7-ASP O 323 SM
AOO89-LEUN AD087-ASP OD1 313 MS
A0090-GLY N AOOB7-ASP OD1 297 MS
Mutant
Donor Acceptor Distance (A) Type
AOO38-TYROH AOO87-ASNO 323 SM
AOO89-LEUN A0087-ASN OD1 307 MS
AD0%0-GLY N A0087-ASN OD1 271 MS
Wild type
Donor Acceptor Distance (A) Type
AQ087-ASP N AD086-ASP OD1 281 MS
AO089-LEUN AD087-ASP OD1 323 MS
AQO90-GLY N A0087-ASPOD1 2.89 MS
Mutant
Donor Acceptor Distance (A) Type
ADO87-ASN N AD086-ASP OD1 281 MS
AOO89-LEUN ADO87-ASN OD1 3.26 MS
ADO90-GLY N ADO87-ASN OD1 281 MS
f Wild type
Donor Acceptor Distance (A)  Type
BOO38-TYROH BO0O87-ASPO 3.06 SM
BOO87-ASP N BO086-ASP OD1 296 MS
BOO89-LEUN B0O087-ASP OD1 359 MS
B0O090-GLY N BO087-ASPOD1 349 MS
B0092-THR OG1 BO087-ASP OD2 386 SS
Mutant
Donor Acceptor Distance (A) Type
BOO38-TYROH BO087-ASNO 3.06 SM
BOO87-ASNN B0086-ASP OD1 296 MS
BOO89-LEUN B0087-ASN OD1 3.34 MS
B0OO90-GLY N B0O087-ASN OD1 3.03 MS

Fig. 5. Predicted molecular interactions of the D87N variant. (a) Asp87 is expected to form hydrogen bonds with Tyr38, Leu89, and Gly90, and (b) these interactions
are retained after mutagenesis is performed. (c¢) Almost all of the interactions are observed on the altered structure from Sodom et al. (2018) except for excluding
Tyr38 and instead Asp86, and (d) shown in tabular form. (e) The same structural components are also observed in the altered structure by Sodom et al. (2016), but

including Tyr38, (f) displayed in tabular form.
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Asp87, amine Leu89 and 0O81Asp87, and amine Gly90 and 081 Asp87
(Fig. 5A-B). There are no alterations in hydrogen bonding between
residues after mutagenesis, although there is a decrease in distance for
Leu89 and Gly90. As a confirmation of these interactions, mutagenesis
was performed on the resolved structure by Sodom et al. (2018), where
the interactions with Leu89 and Gly90 were observed, but Tyr38 was
absent, and a new interaction was observed with the amine Asn86
(Fig. 5C-D). Likewise, with the structure by Kober et al., [26], the in-
teractions with Leu89 and Gly90 were present, but Tyr38 and Asn86
were observed (Fig. 5E-F). We then performed a stability analysis, where
the findings were inconclusive, estimating —0.1278 + 0.1384 Kcal/mol
and not significant from no stability change (p = 0.6875) (Fig. 3E). From
structural analysis with Missense3D on the AF-structure, no damage was
detected other than small alterations. The clash score decreased (-0.03)
and the RSA increased (+5.85 %). For functional effects, just like R47H
and R62H, a majority of predictions were benign. AlphaMissense pre-
dicted a score of 0.129 (benign), SIFT predicted a score of 0.06 (benign),

Computational and Structural Biotechnology Journal 27 (2025) 564-574

SNP&GO predicted a score of 7 (benign), but only PolyPhen-2 predicted
1 (pathogenic) in Table 1. Overall, from the orthogonal analyses, it
appears that the majority of interactions at Asn87 are retained,
demonstrating a smaller difference in stability. Similarly to the R62H
variant, there is an increase in steric hindrance observed but likely
retaining the original hydrophobic interactions, impacting
ligand-binding affinity, and leading to AD-pathology.

3.3. Predicted molecular basis of NHD-causing Y38C and V126G
structures

Finally, we predicted the basis of the NHD-causing Y38C and V126G
TREM2 variants as a comparison to the AD-causing variants. Using the
prior experimental procedures, the Y38C variant was created, and a
structural analysis was performed. On the WT AF-structure, two
hydrogen interactions were observed between the hydroxyl of Tyr38
and 081 Asp86 and carbonyl oxygen on Asp87 (Fig. 6A). This was then

b AF2 Y38C TREM2

Donor Acceptor Distance (A) Type
AOO38-TYR OH A0086-ASP OD1 2.68 SS
AO038-TYR OH A0087-ASP O 323 SM

C

Donor Acceptor Distance (A) Type

AD048-LYS NZ AD038-CYSSG 3.13 SS

Donor Acceptor Distance (A) Type

A0038-CYSSG

A0091-GLY O 3.51 SM

Donor Acceptor Distance (A) Type
BO048-LYSNZ B0038-CYS SG 2.94 SS
BO038-CYS SG B0091-GLYO 372 SM

Fig. 6. Predicted molecular interactions of the Y38C variant. (a) Position of residues Tyr38 on the AF2-predicted WT structure, where interactions are observed with
Asp86 and Asp87. (b) However, after mutagenesis, there appears to be an interaction with Gly91 on the structure after mutagenesis. (¢) This hydrogen bond does not
appear on the structure by Sodom et al. (2018), and instead has an interaction with Lys48. (d) Yet, with the altered structure by Kober et al., [26], both residues

Gly91 and Lys48 appear to interact.
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altered to a single interaction with the carbonyl oxygen on Gly91
(Fig. 6B). We also performed the same procedure on the WT structure of
Sodom et al. (2018), where the interaction with O81 Asp86 was only
present in the WT and altered to interact with the terminal amine on
Lys48 (Fig. 6C). On the structure of Kober et al., [26], the same WT
interaction observed in the AF-structure was observed, and after muta-
genesis was with Gly91 and Lys48 (Fig. 6D). From a stability analysis,
the variant was significantly destabilized at —1.516 + 0.1903 Kcal/mol
that was significant from no change (p = 0.0312). A Kruskal-Wallis test
was then conducted, where a difference was observed between the 5
mutants (p = 0.0001), and post-hoc revealed that the Y38C was more
destabilized than R47H although not significant (p > 0.9999). From
further structural analysis with Missense3D on the AF-structure, there
were increases in local clash scores (+2.46) and RSA (+8.8 %), and an
expansion of cavity volume by 45.144 A"3. For functional results,
AlphaMissense predicted 0.9 (pathogenic), SIFT predicted a score of
0.01 (pathogenic), PolyPhen-2 predicted 1 (pathogenic), but SNP&GO
predicted a score of 2 (benign) in Table 1.

Lastly, the V126G variant was determined using the prior protocol.
After mutagenesis of the WT AF-structure, there were no hydrogen
bonds identified in either structure, and similar results with the
respective structures by Sodom et al. (2018) and Kober et al., [26]
(Fig. 7A-C). Upon structural analysis of the AF-structure, Missense3D
identified significant structural damage. The local clash scores
decreased (-0.7) and RSA increased (49.3), and most importantly the
residue was altered from buried to exposed. From a stability analysis,
there was significant destabilization estimated at —2.818 + 0.3074
Kcal/mol (p = 0.0312). After a one-way ANOVA, post-hoc revealed that
the destabilization was significantly greater compared to D87N
(p = 0.0004) and R62H (p = 0.0027), and greater for R47H and Y38C
although not significant. For functional results, AlphaMissense predicted
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0.683 (pathogenic), SIFT predicted a score of 0.01 (pathogenic),
PolyPhen-2 predicted 1 (pathogenic), but SNP&GO predicted a score of
4 (benign) in Table 1. Overall, the NHD-causing missense variants do
cause larger effects on stability of TREM2 compared to AD-causing
variants. This is a strong confirmation of prior literature, especially
from Kober et al. [26] that NHD-causing variants are buried while
AD-causing are located on the protein surface and therefore impose a
larger effect on the overall stability.

4. Discussion

In this short communication, we sought to use the AF predicted
structure of TREM2 to accurately predict alterations in the global
structure of this critical receptor from AD-associated missense muta-
tions. After validating that the predicted structure was nearly identical
to partially resolved critical regions of TREM2, we used state-of-the-art
computational tools to analyze the stability, structural, and functional
effects of the prominent R47H variant and compared our results with
experimental evidence from prior studies as a validation of these tools.
From our analyses, we correctly identified that the protein would
destabilize [17] and identified almost all breakages in hydrogen bonding
from WT to mutant. These experiments essentially proved the validity of
the computational methods used in this study and provided grounds to
evaluate the R62H and D87N variants with confidence.

For the R62H mutation, our data for protein stability was largely
inconclusive because the stereochemical effects were not as abundantly
clear as those from the R47H variant. A single hydrogen bond alteration
would be much more challenging to confidently determine effects
compared to multiple interactions and displays that current computa-
tional tools still can be improved in their precision. Likewise, the same
conclusions can be made about the D87N variant that still retained its

b

V126

Fig. 7. Structural components of V126G TREM2 variant. (a) Position of Val126 with no hydrogen bonding interactions with other residues but is buried in the AF2-
predicted WT structure. (b) Mutagenesis is performed on the structure, where the residue appears to now be exposed. (¢) Similar patterns are also observed for the

altered structures from Sodom et al. (2018) and (d) Kober et al., [26].

572



J. Pillai et al.

three original hydrogen bonding. From our data, the D87N and R62H
variant caused significantly less stability and structural alterations to
TREM2, and its regulation of ligand-binding compared to those of the
R47H variant.

Additionally, to contextualize our findings of the AD-causing vari-
ants, we conducted our computational method on variants that lead to
Nasu-Hakola disease (NHD). The primary difference in variants that lead
to NHD is that they are buried deep in the fold of TREM2, where they
largely impact the folding and stability of the protein [26]. Within this
study, we performed supplemental analyses of the variants Y38C and
V126G, where they were both found to cause significantly more desta-
bilization of TREM2 compared to the AD-causing variants. From struc-
tural analyses, the Y38C was not detected to cause severe structural
damages, but there were many more alterations compared to the
AD-causing variants, such as increased cavity volume. Likewise, for the
V126G variant, structural damage was detected, where the substitution
causes the residue to become significantly more exposed. Lastly, from
functional analyses, most tools predicted that the variants are patho-
genic (Table 1). All of these findings are expected because of the location
of the mutation site: AD-causing variants are on the surface while
NHD-causing are buried.

Given the functional predictions for all variants, we believe that the
AD-causing variants were expected to be benign because these variants
do not lead to complete loss-of-function of TREM2 compared to NHD.
Each computational tool differs in their approach to predicting func-
tional effects and has its own strengths and weaknesses in its prediction.
For instance, AlphaMissense has been found to perform exceptionally
well in predicting protein function in vitro given its training data
derived from protein structures, sequences, and other biological con-
texts. The AD-causing variants lie on the surface of TREM2, impairing
regulation of ligand-binding, but not entirely impacting the function of
the protein, compared to the NHD-causing variants that result in com-
plete loss-of-function. Multiple studies have indirectly confirmed that
the R47H variant leads to partial functional loss of TREM2 [44,45], and
our study formally validates these conclusions.

Overall, this study has demonstrated that the AF predicted structure
of TREM2 was highly similar to previously resolved regions, allowing for
us to subsequently validate the reliability of in-silico techniques in
predicting AD-causing variants through the well-known R47H mutation.
We provide molecular details of the stereochemical effects of the R62H
and D87N variants, which have not been reported previously to the best
of our knowledge. The R47H variant caused greater stability, structural,
and functional effects than either variant. And for the first time, we have
broadly validated the conclusions of prior studies for the effects of AD-
causing TREM2 variants. Future studies should focus on determining
the molecular details of these variants individually as well as their im-
pacts in critical regulations of ligand-binding. Additionally, we believe
that validated AF predicted structure of TREM2 may be of particular use
in evaluating global alterations of this critical receptor. Future studies
on many other targets will be needed to further validate the utility of our
methods. The significant implication of our in-silico mutagenesis
methods described here is that the protocol can be applied broadly to
evaluate the large number of mutations discovered in human genetics
study to guide our efforts in research and treatment development.

5. Limitations

There are multiple limitations of this study that must be noted in
context of the in-silico approaches used in this study. First, while we
employed stringent state-of-the-art tools to obtain our preliminary
structural results, it is important to note that the structures of all variants
are simply informed predictions of unresolved structures. We solely
relied on known experimental data of TREM2 from the prior decade of
research to support the reported findings. The research reported in this
work is meant to serve as a baseline for future studies attempting to
identify the mechanisms of lesser-known TREM2 variants that lead to
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AD or NHD, especially R62H and D87N. With the R47H variant, we were
able to identify all molecular interactions of the WT structure and almost
all of those of the mutant except for His67 that had an altered confor-
mation. This is a major limitation of current in-silico mutagenesis
studies that must be addressed. Our methods used in this study relied on
the residues remaining in a rigid conformation and were not dynamic in
nature. While rigid-structure predictions still provide reasonable pre-
dictions, they currently lack high precision and can have slight inac-
curacies. Though, we strongly believe that our protocol can help guide
experimental efforts and identify the key molecular mechanisms of these
variants that remain unknown.

Another limitation that must be discussed is the importance of
testing multiple structure predictions before evaluating missense vari-
ants. For instance, in this study, we originally considered using the
AlphaFold 3 (AF3) model for providing a WT prediction of TREM2 [46]
but found that it failed to identify the hydrogen bond network that was
broken from the R47H variant. Additionally, the top predictions from
AF3 had a higher r.m.s.d. value and therefore were not considered in this
study. When making predictions of unresolved structures, it is valuable
to have multiple algorithms for comparison along with supporting
structure data. AF2 in the case of this study provided the strongest WT
prediction, and subsequently the best candidate for mutagenesis studies.
In the future, we hope to expand our protocol and to make it more
simplified for broad usage.

There are also a few smaller limitations that must be stated in this
study. Firstly, there are localized regions that are disordered within the
AF2 structure, but since the critical regions of the ectodomain were of
high confidence, we still relied on the entire global structure. Addi-
tionally, as per the benchmarks provided by AF, the structure was still of
high confidence. Until the complete structure of TREM2 has been
resolved, structure predictions currently remain the only current
approach for estimating global structural alterations from missense
variants. Additionally, we had hoped to utilize a greater sample size of
computational tools in gaining mechanistic insights into the variants
since there is low power in this study. For variants that cause significant
alterations, as demonstrated with R47H, Y38C, and V126G, it is easier to
decipher their trends compared to more subtle variants like R62H and
D87N. This is due to the low power in all statistical tests and the lack of
data normality. While we have focused on using stringent statistical
analyses in this study, we encourage future studies deciphering the
mechanisms of TREM2 variants to be attentive to the overall trends in
the observed data. Ultimately, while there are many limitations in this
study, they largely represent the current challenges in computational
techniques available. Overall, the use of protein structure predictions,
in-silico mutagenesis techniques, and experimental efforts in our
method provide for a reasonable baseline prediction of missense vari-
ants for unknown protein structures.
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