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Abstract

INTRODUCTION: The immune receptor triggering receptor expressed on myeloid

cells 2 (TREM2) is among the strongest genetic risk factors forAlzheimer’s disease (AD)

and is a therapeutic target. TREM2 multimers have been identified in crystallography

and implicated in the efficacy of antibody therapeutics; however, the molecular basis

for TREM2multimerization remains poorly understood.

METHODS: We used molecular dynamics simulations and binding energy analysis

to determine the effects of AD-associated variants on TREM2 multimerization and

validated with experimental results.

RESULTS: TREM2 trimers remained stably bound, driven primarily by salt bridge

between residues D87 and R76 at the interface of TREM2 units. This salt bridge was

disrupted by the AD-associated variants R47H and R98W and nearly ablated by the

D87N variant. This decreased binding among TREM2 multimers was validated with

co-immunoprecipitation assays.

DISCUSSION:This study uncovers amolecular basis for TREM2 forming stable trimers

and unveils a novel mechanism by which TREM2 variants may increase AD risk by

disrupting TREM2 oligomerization to impair TREM2 normal function.
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Highlights

∙ Triggering receptor expressed on myeloid cells 2 (TREM2) multimerization could

regulate TREM2 activation and function.

∙ D87–R76 salt bridges at the interface of TREM2 units drive the formation of stable

TREM2 dimers and trimers.

∙ Alzheimer’s disease (AD)–associated R47H and R98W variants disrupt the D87–

R76 salt bridge.

∙ TheAD-associatedD87Nvariant leads to complete loss of theD87–R76 salt bridge.

1 BACKGROUND

Heterozygous genetic variants in the innate immune receptor trigger-

ing receptor expressed on myeloid cells 2 (TREM2) have been associ-

ated with multiple neurodegenerative diseases, including Alzheimer’s

disease (AD).1–6 Most clinically relevant variants such as R47H are

thought to directly impair TREM2’s ability to bind ligands and trans-

duce their signals, by preventing TREM2maturation and localization to

the cell surface,7 decreasing electrostatic potential at the basic surface

patch immediately around R47,8 or allosterically disrupting stability

of the complementarity-determining region (CDR)–like loops, which

underly an apical patch of hydrophobic residues.9,10 However, sev-

eral AD-associated variants retain surface expression and show some

ability to bind ligands and transmit signal to TREM2’s intracellular

binding partners DNAX-activating protein of 12 kDa (DAP12) and/or

DNAX-activating protein of 10 kDa (DAP10).11–14

One possible effect of AD-associated variants is on TREM2 mul-

timerization. Crystal structures of the common variant (CV) human

TREM2 immunoglobulin domain with (PDBID: 6B8O) or without

(PDBID: 5UD7) phosphatidylserine (PS) show TREM2molecules pack-

ing in a homo-hexameric arrangement (Figure 1A). This hexamer

consists of a densely packed inner trimer, where each member is

loosely associatedwithoneouter TREM2molecule.9 Analyses of shape

complementarity and buried solvent-accessible surface area suggest

that the outer three TREM2 molecules are not likely to be strongly

associatedwith the inner trimer, and aremore likely to be an artifact of

crystallization. This is consistent with asymmetric units in other crys-

tal structures that show pairs of unassociated TREM2 monomers in

a tail-to-tail conformation.8 In contrast, the inner trimer shows shape

complementarity andburied solvent-accessible surface area,which are

more similar to interacting multimers.9 D87 is located in the trimer’s

interacting surface, suggesting that D87 may play a role in stabilizing

this interaction. Although the effect of D87N on TREM2 multimer-

ization has not been studied, TREM2 containing the R47H variant

crystalizes primarily as monomers.9 In addition, although the CDR

loops that are disrupted by TREM2 AD-associated variants directly

underly the apical hydrophobic patch, the beta sheets that maintain

CDR stability underlie the trimer interface,9,10 providing a possible

structuralmechanismbywhichAD-associated variantsmay reduce the

propensity of TREM2 tomultimerize.

There are indications that TREM2-activating antibodies currently

in development as AD therapeutics act by inducing TREM2 multimer-

ization, and the valence of the crosslinking may regulate the level

of activation. Monoclonal antibodies and crosslinked antibody frag-

ments that divalently engage TREM2 can induce phosphorylation of

the downstream kinase Syk, mobilize intracellular calcium, and pre-

vent cleavage of TREM2’s extracellular domain by secretases, whereas

monovalent engagement of TREM2 with fragments of the same anti-

bodies does not.15–17 Furthermore, monoclonal TREM2 antibodies

engineered with four variable domains activate TREM2 in reporter

lines at more than a 100-fold lower concentration than divalent

antibodies.18 Notably, in addition to reducing amyloid beta (Aβ) pathol-
ogy and behavioral deficits in 5xFADmousemodels of AD,19 antibody-

induced activation of TREM2 can overcome survival and migration

deficits caused by the R47H variant in mouse macrophages.20 Alto-

gether, evidence from antibodies suggest that the valence ofmultimer-

ization may play a key role in regulating TREM2-dependent intracel-

lular signaling, and that targeting the multimerization of TREM2 may

be a viable method for improving therapeutics for both sporadic and

TREM2 variant–associated AD.

These observations suggest that TREM2 multimerization may con-

tribute to its function, but little is known about the structural basis

of TREM2 multimerization, including the minimum number of TREM2

molecules required to forma stablemultimer or howTREM2multimer-

ization may be affected by AD variants. We examined the structure of

TREM2multimers using classicalmolecular dynamics (MD) simulations

and binding free energy analysis, followed by experimental valida-

tion with co-immunoprecipitation. Results from this study identify

a novel loss-of-function mechanism for variants in TREM2, demon-

strate stability of both trimers and dimer conformations of TREM2,

and have implications for TREM2-targeting therapeutics currently in

development for neurodegenerative diseases.

2 METHODS

2.1 TREM2 model generation and mutagenesis

The initial hexameric model for this study of the immunoglobulin

domain of CV human TREM2 bound to PS was obtained from a 2.2 Å
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crystal structure (PDBID: 6B8O). Five of the six chains in this crystal

structure have a small regionmissing from the crystal structure,mostly

at a motile loop near residues 54–58.We first reconstructed the miss-

ing region for each of the five chains based on the complete chain A

structure in crystal structure (PDBID: 6B8O) using homology model-

ing, by aligning the complete chain A sequence (residues 21–129) with

each of the remaining TREM2 molecules with the homology modeling

software package MODELLER.21 The completed hexamer structure

was then energy minimized by steepest descent followed by conjugate

gradient using AMBER14.22 Trimer and dimer models of TREM2 were

isolated from this initial hexamer as chainsA, B, andC (trimer) or chains

A and D (dimer) with associated PS ligands (Figure 1A). The trimer

structures containing theR47H,D87N,R98W,P37D, orG90Dvariants

in each TREM2 and the trimer structures containing the R47H vari-

ant in only one TREM2were generated bymutating the corresponding

residues from the isolated trimer model using the mutagenesis tool in

PyMOL (Figure 1B).23 For each mutated residue, the orientation with

the fewest predicted steric clashes was selected as the starting orien-

tation. We additionally generated models of CV TREM2 at pH levels

of 6.4, 7.4, and 8.4 using the equilibrated structures of CV TREM2

with the PDB2PQR and PROPKA24,25 in the APBS-PDB2PQR soft-

ware suite.26 Each of the finalized multimer models was then globally

energy minimized by steepest descent followed by conjugate gradient

in AMBER14 for pilot studies of multimer stability,22 or AMBER18 for

characterization of the trimerswith variants27 to obtain starting struc-

tures for the MD simulations. For the pilot studies, histidine residues

were assumed to be fully protonated (HIP in AMBER) to minimize

the effects of surface charge that might displace PS at the examined

timescales, while triplicate simulations for variant analysis were run

with thehistidineunprotonated (HIE inAMBER),which ismore likely to

be present at cell-surface pH levels. Themodels generated at pH levels

of 6.4, 7.4, and 8.4 were protonated as determined by the PDB2PQR

programwith PROPKA.

2.2 Surface electrostatic potential and
hydrophobicity

Maps showing the electrostatic potential and hydrophobicity were

generated to show the locations of relevant ligand binding sites in

theminimized TREM2-CVmultimermodel. Electrostatic potential was

mapped using the Adaptive Poisson-Boltzmann Solver26 package in

PyMOL.28 Hydrophobicity was assigned using a modification of the

color_h script in PyMOL, which assigns color values by residue based

on the Eisenberg hydrophobicity scale.29

2.3 MD simulation setup

MD simulations were performed with AMBER14 for pilot studies of

multimer stability or AMBER18 for characterization studies of the

RESEARCH INCONTEXT

1. Systematic review: Using traditional sources (i.e., peer-

reviewed journal articles, PubMed) the authors reviewed

the available literature, which supports the importance

of multimerization for the activation and function of trig-

gering receptor expressed on myeloid cells 2 (TREM2).

However, the number of TREM2 subunits needed to form

a stable multimer, the molecular mechanisms for multi-

mer formation, and the effects of AD-associated variants

on TREM2multimerization are not well understood.

2. Interpretation: Our computational studies identified key

interactions between subunits in TREM2 multimers and

showed that AD-associated variants could either reduce

(R47H and R98W) or completely block (D87N) these

interactions. These findings were validated with exper-

iments showing decreased TREM2 multimerization by

TREM2R47H or D87N variants.

3. Future directions: This combined computational and

experimental approach can help to address addi-

tional hypotheses and questions in future studies.

Examples include (1) the molecular basis of other

disease-associated TREM2 variants on TREM2multimer-

ization and (2) the effects of small molecules as TREM2

ligands on TREM2multimerization.

trimers with variants, using the ff14SB force field for both.30 Each

MD simulation was performed in a periodic box with 2 nm of solvent,

consisting of TIP3P water and Na+ and Cl− ions at 0.15 M and ran-

dom starting positions, between the outer edge of the protein and the

box boundary to reduce the periodicity artifacts. Additional ions of

Na+ or Cl− were added to the periodic box with AMBER’s addions2

algorithm to neutralize the charge of the TREM2 models. After the

solvated protein systems were set up, we ran steepest descent mini-

mization followed by a 20 ps constant number-pressure-temperature

(NPT) equilibration step of the water solvent, both with the TREM2

trimer and ions restrained. To heat the system to 300 K we ran a

series of 10 ps constant number-volume-temperature (NVT) MD sim-

ulations at 50, 100, 150, 200, 250, and 300 K. After the simulations

were heated, we set up MD production simulations (250 ns per model

for pilot stability studies; 500 ns per model in triplicate for CV, R47H,

R98W, and D87N trimer characterization studies; or 500 ns per model

for P37D and G90D trimer studies), at constant NPT of 300 K and

1 bar. Electrostatic interactions were calculated by the particle-mesh

Ewald method, and Lennard–Jones cutoffs were set at 1.0 nm. All MD

simulations used SHAKE constraints with a relative tolerance of 1 ×
10−5 on each hydrogen-heavy atom bond to allow for accelerating the

simulations using 2 fs time steps.
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F IGURE 1 Models of TREM2-R47H, TREM2-D87N, and TREM2-R98W trimers for molecular dynamics simulations. (A) Positions of the two
previously described ligand binding sites of TREM2 from the initial hexameric structure. In this trimermodel, the hydrophobic patch is oriented
toward the center of the trimer (shown in green on the left) and the basic path is oriented away (shown in blue on the right). The lipid ligand
phosphatidylserine (orange) crystalizes in an orientation with its head group toward the basic patch and its tail toward the hydrophobic. The
letters used in this manuscript to distinguish the six different TREM2molecules contained in each hexamermodel are diagrammed in themiddle.
(B) TREM2 trimer showing the locations of themutated residue generated using PyMOL for the R47H, D87N, or R98Wvariant in each of the three
TREM2molecules. The well-characterized R47H variant is distal from the interaction interface, whereas both R98WandD87N occur in or near
the interface.

2.4 Steered MD simulation

To further evaluate the effects of AD-associated variants R47H and

D87NonTREM2multimerization,we implemented steeredMD (SMD)

simulations with a constant-velocity protocol to probe the dissocia-

tion of one subunit from the rest of the trimer for CV TREM2 trimer

along with the R47H and D87N variants. We used the NAMD 2.12

MD package31 for SMD simulations, and the Amber force field was

used for the systems. The equilibrated models from repetition 1 of CV,

repetition 1 of R47H variant, and repetition 1 of D87N variant were

globally energy minimized by steepest descent followed by conjugate

gradient to obtain the starting structures for the SMD simulations.

The structures were solvated, the solvent minimized and then equili-

brated, and finally the system was heated to 300 K as described in the

preceding MD simulation setup section. As described in our previous

study,32 SMD simulations were used to probe the effects of R47H and

D87N variants on TREM2 multimerization. A constant pulling speed

of 0.2 Å/ps was applied to each alpha carbon of each residue on the

beta sheets of pulled TREM2 subunit. The residues in the other two

subunits, except the residues in the binding interface with the pulled

subunit, were treated as rigid and fixed. The pulling directionwas along

the center of mass of both the pulled and fixed residues. Equation 133

determines the force experienced by the alpha carbon atoms of the

pulled residues:

F = K(vt − x) (1)

F is force, K is the spring constant, set as 7 kcal/mol/Å2, v is the pulling

velocity, set as 0.2 Å/ps, t is time, and x is the movement of the pulled

alpha carbon atom from its original position. We averaged the three

force extension profiles for each variant from the three subunits (i.e.,

subunit A to B and C, subunit B to A and C, and subunit C to A and B)

to generate the average force extension profile for each variant. The

average force extension profiles for the CV, R47H, and D87N variants

were compared to determine how the AD-associated variants affected

TREM2multimerization.

2.5 Equilibration and dissociation analysis

To determine the equilibration and convergence of the simulated sys-

tems, we calculated the root mean square deviation (RMSD) of the
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backbone alpha carbon atoms of the individual TREM2 molecules

within the multimers over time; the RMSD of the backbone alpha

carbon atoms of the entire TREM2 multimer over time; and the dis-

tancebetween the centers ofmass of theTREM2–TREM2binding sites

within the trimer over time. Centers of mass were defined using atoms

from all contacting residues in the TREM2 molecules on either side

of the interaction based on the energy-minimized CV model. Based

on these analyses and the convergence of molecular mechanics Pois-

son Boltzmann surface area (MM-PBSA) binding free energy analysis

below, we determined the initial simulation time needed for each

simulation to reach system equilibration and used the simulation tra-

jectories after the equilibration point for further analyses of structure,

dynamics, and binding affinity.

To identify any events where a molecule of TREM2 completely

dissociates from the rest of the complex, we used the molecular

mechanics Poisson Boltzmann surface area (MM-PBSA) method,34,35

as described later, to calculate binding enthalpy between the three

TREM2 molecules during the MD simulation, as calculated enthalpy

should be zero whenever any molecule of TREM2 loses contact with

the rest of the complex. However, because the trimers have two bind-

ing sites permolecule, to identify eventswhere only a single interacting

site within the trimer dissociates or where one TREM2molecule shifts

its interaction to a novel site on its partner, we measured distances

between the centers of mass for each interacting surface. For this, we

also defined any frame from the trajectory where the initial interacting

surfaces shifted bymore than 25 Å as a dissociation event from the ini-

tial site, regardless ofwhether themolecules completely dissociated or

just shifted to a new interacting interface.

2.6 Binding free energy analysis

The binding free energy for all models was calculated with the MM-

PBSAmethod, which was implemented using AMBER14 for pilot stud-

ies of multimer stability or AMBER18 for analysis of the trimers with

variants.34,35 The MM-PBSA method combines molecular mechanics,

continuum electrostatics, and solvent-accessible surface area calcula-

tions for enthalpy, with the option to include normal mode harmonics

analysis for entropy estimation, to calculate the binding energies from

a series of snapshots obtained from theMD trajectories.

In the MM-PBSA method, binding free energy of a receptor–ligand

complex can be calculated as the difference between the enthalpy

and entropy (Equation 2), where ΔGbind is binding free energy, ΔH

is enthalpy, T is temperature, and ΔS is entropy. The enthalpy (ΔH)

can be calculated as the sum of the molecular mechanics contribution

(ΔEMM) and the solvation free energy (ΔGsolv) of the system (Equa-

tion 3). The molecular mechanics contribution (Equation 4) is made

up of the sum of the intermolecular van der Waals energy (ΔEvdw),

intermolecular electrostatic energy (ΔEelec), and internal energy (ΔEint).

The internal energy (Equation 5) is made up of the energy result-

ing from bond (ΔEbond), angle (ΔEangle), and torsion energies (ΔEtorsion),

as well as the van der Waals (ΔE1−4 vdw) and electrostatic (ΔE1−4 elec)

energies between atoms separated by three bonds (a dihedral angle).

The solvation free energy term is made up of both polar (ΔGpolar)

and nonpolar components (ΔGnonpolar) (Equation 6). The polar con-

tribution is calculated with the Poisson-Boltzmann equation and is

based on the electrostatic contribution to solvation. The nonpolar

contribution comes from the cavity formation in the solvent. Finally,

the entropy component is made up of contributions from transla-

tionalmotion (ΔStrans), rotationalmotion (ΔSrot), and vibrationalmotion

(ΔSvib) calculated using normal mode analysis (Equation 7).

ΔGbind = ΔH − TΔS (2)

ΔH = ΔEMM + ΔGsolv (3)

Δ EMM = ΔEvdw + ΔEelec + ΔEint (4)

Δ Eint = ΔEbond + ΔEangle + ΔEtorsion + ΔE1−4 vdw + ΔE1−4 elec (5)

ΔGsolv = ΔGpolar + ΔGnonpolar (6)

ΔS = ΔStrans + ΔSrot + ΔSvib (7)

The change of any energy component of a system can be calculated

from the individual components of the complex (Equation 8), where Ḡ

is the average energy value of the trajectory.

ΔG = Ḡcomplex − Ḡprotein − ḠLigand (8)

In the case of our system, the complex was assumed to be the

entire multimer (including PS, when present), the protein was the sin-

gle TREM2molecule whose binding energy to the rest of the trimerwe

were calculating, and the ligand was the other two TREM2 molecules

as well as any PS ligands present. To calculate all the terms of the

enthalpy contributions, we used snapshots of the entire trajectory at

a time interval of 100 ps for pilot studies ofmultimer stability or 150 ps

for analysis of the trimerswith variants. Due to the high computational

costs of the entropy calculations, we used snapshots at a 1.5 ns interval

for the normal mode analysis used in the entropy calculation.

Although more precise equations for predicting the equilibrium

binding constant Keq based on simulated free energy changes have

been reported,36 the classical approximation (Equation 9), where kB is

the Boltzmann constant andC0 is a reference concentration of 1mol/L,

was sufficient to estimate the relative changes in binding caused by

inclusion of the AD-associated variants in this study.

ΔGbind = −kBT ln(KeqC0) (9)

2.7 Inter-residue distances and correlated motion

To identify changes in binding site locations or large rearrangements

within individual TREM2 molecules, we measured pairwise distances

between alpha carbons from each residue for every model. To ana-

lyze correlated motions between residues of interest, we generated

a dynamic cross-correlation map (DCCM) between alpha carbons for

each TREM2 model over the equilibrated trajectory, the equations for

which we have described in detail previously.10 In DCCM maps, each

residue pair is ultimately assigned a value between −1 and 1, where
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−1 is assigned to pairs of residues that have perfectly anticorrelated

motion in space, 1 is assigned to pairswith perfectly correlatedmotion,

and 0 is assigned when the two residues move independently. Dis-

tances and DCCMweremeasured for each residue pair at every frame

of the equilibrated portion of the trajectory, and an N × N matrix

of RMS averaged values was generated for each model. To remove

artifact effects caused by individual TREM2 molecules shifting rela-

tive to each other in space, each column of the DCCM map is aligned

to a different single TREM2 molecule, resulting in the appearance

of vertical red stripes at residues from adjacent TREM2 molecules

that are strongly pulled by motion of the aligned TREM2 molecule.

Both maps show intramolecular interactions in the regions along the

diagonals.

2.8 Conformational flexibility

To identify changes in flexible motions of the protein backbone, we

examined root mean square fluctuations (RMSFs) at each amino acid.

RMSF was calculated using centers of the alpha carbons of each

TREM2 residue over the equilibrated portion of the simulation tra-

jectory. For pilot studies, RMSFs are presented separately for each

TREM2 molecule to allow comparisons between models containing a

mix of TREM2-CV and TREM2-R47Hmolecules.

2.9 Secondary structure

To determine the percentage of equilibrated frames that each residue

spent as a β-strand, α-helix, 310-helix, or unstructured strand, bend, or
loop,we assigned secondary structures per residue at each frameusing

the define secondary structure of proteins (DSSP) method in AMBER’s

cpptraj module,37 which calculates based on an idealized (i.e., assum-

ing 1.000 Å from the backbone N opposite the backbone C = O bond)

hydrogen bond energy using all nearby atoms. The energies from the

two most favorable hydrogen bonds are then compared to those of all

secondary structures for protein models stored in the RCSB Protein

Database to assign themost likely secondary structure for that residue.

These calculations are performed for each equilibrated frame over the

MD simulation and presented as a percentage of frames in the equi-

librated trajectory that the residue occupies a particular secondary

structure.

2.10 Energy decomposition analysis

To identify key residues involved in the binding of the TREM2 trimer,

we used energy decomposition of the enthalpy components of bind-

ing. Energy decomposition is a way to decompose the enthalpy term

(excluding nonpolar solvation energy) into its individual components

to identify which residues have the strongest contribution to energy

changes in the binding. Energy decompositionwas performed in trimer

models using AMBER18 for each of the three TREM2 molecules sep-

arately, to determine which residues contributed most toward that

molecule’s total enthalpy of binding.

2.11 Salt bridge occupancy analysis

To calculate the percentage occupancy of a salt bridge between argi-

nine76ofoneTREM2molecule toaspartate87of anothermolecule (or

of a hydrogen bond between R76 and the uncharged N87 in TREM2-

D87N models, a salt bridge between arginine 98 and aspartate 37 in

the TREM2-P37D model, or a salt bridge between arginine 98 and

aspartate 90 in the TREM2-G90Dmodel), we determined the percent-

age of frames in the entire equilibrated trajectory where at least one

hydrogen bond existed between the two residues. A hydrogen bond

was assigned when the donor heavy atom and acceptor were less than

3 Å apart and the angle was no less than 135◦. For analysis of salt

bridge occupancy over time, the percentage of frames containing the

bondwas calculated within nonoverlapping 1 ns segments, rather than

within the entire equilibrated trajectory.

2.12 Clustering analysis

Clustering analysis was performed on the equilibrated portions of

the trajectories to help visualize a representative structure for each

simulation. For simulations except TREM2-D87N repetition 2 and

TREM2-D87N repetition 3, we performed clustering analysis of the

last 250ns of trajectory to identify the representative structures of the

simulations. For TREM2-D87N repetitions 2 and 3, we used the 50 ns

immediately prior to the dissociation event to identify the representa-

tive pre-dissociation structures and the last 150 ns of the simulation

to identify the representative post-dissociation structures. The dbscan

(density-based spatial clustering of applications with noise) algorithm

was input with structural coordinates from the isolated portions of

each trajectory and allowed to cluster frames that share similar struc-

tural features, as described previously.10 To determine the parameters

of the dbscan clustering algorithm and minimize the bias for each sim-

ulation, we generated K-distribution plots (at K = 5) to determine a

minimum informative distance cutoff between clusters. Once run, the

dbscan algorithm generates a representative frame that most closely

represents the average structure for the primary cluster, which we

used for representation and further analysis.

2.13 Cell culture and co-immunoprecipitation

HEK-293T cells (#CRL-3216, ATCC) were cultured in DMEM (Corning

Life Sciences) with 10% fetal bovine serum (Atlanta Biologicals) and

1% penicillin/streptomycin (ThermoFisher) at 37◦C and 5% CO2. Cells

were transiently transfected using FuGENE HD Transfection Reagent

(Promega)with a plasmid expressing full-length humanTREM2with an

N-terminal HA-tag and/or an N-terminal FLAG-tag inserted after the

signal peptide.8 TREM2 constructs were either CV, R47H, or D87N,
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and both the HA- and FLAG-tagged TREM2 had the same variant in

each transfection. After 72 h, the cells were harvested in lysis buffer

(50mMTris, 150mMNaCl, 5mMEDTA, 1%Triton X-100, 0.1% sodium

deoxycholate) and centrifuged 5min at 3000 × g. Lysate containing

150µg of total protein was diluted to 250 µL with lysis buffer and

precleared with 25 µL of Protein G Dynabeads (ThermoFisher) for

30 min at 4◦C. Tagged TREM2 was immunoprecipitated using 25 µL of

fresh Protein GDynabeads with 2.5 µg of anti-HA tag antibody (mouse

monoclonal [F-7], #sc-7392, Santa Cruz Biotechnology) or 2.5 µg of

anti-DYKDDDDKantibody (rabbitmonoclonal [D6W5B], #14793, Cell

Signaling Technology). Immunoprecipitates and sample lysates were

run on 4-12% bis-tris polyacrylamide gels (ThermoFisher), transferred

to Immobilon-FL PVDF (MilliporeSigma), blocked for 1 h with Pierce

Protein-Free (TBS) Blocking Buffer (Thermo Scientific), and probed

overnight with primary antibody (either anti-HA at 1:1000 or anti-

FLAG at 1:1000) containing Quick Western IRDye 680RD Detection

Reagent (Li-CORBiosciences),whichminimizesnonspecific signal from

thedenatured antibody light chains because it does not binddenatured

mouse monoclonal or rabbit monoclonal antibodies. Primary antibod-

ies to distinguish the differentially tagged TREM2 for the western

blot were the same as those used for the immunoprecipitation: anti-

HA (mouse monoclonal [F-7], #sc-7392, Santa Cruz Biotechnology) or

anti-DYKDDDDK (rabbitmonoclonal [D6W5B], #14793,Cell Signaling

Technology).

For testing TREM2multimerization at different pH levels, the HEK-

293T cells were transfected with both the HA- and FLAG-tagged

versions of TREM2-CV. After 48 h, cells were harvested and lysed

using lysis buffers of different pH values (pH 6.4, 7.4, or 8.4). IP was

performed in lysis buffers of the corresponding pH values using anti-

HA tag antibody for overnight at 4◦C. The immunoprecipitates and

sample lysates were run on a 11% polyacrylamide gel (Fisher Science)

and transferred to a nitrocellulose membrane (Bio-Rad). Membranes

were blocked with 5% non-fat milk and incubated with primary anti-

HA (1:1000 dilution) or anti-DYKDDDDK (1:1000 dilution) overnight

at 4◦C. After the membranes were washed three times with 1× TBST,

membranes were incubated with horseradish peroxidase-conjugated

secondary antibodies (donkey anti-mouse (Southern Biotech 6410-05)

diluted 1:10,000 for anti-HA primary antibody and donkey anti-rabbit

(Southern Biotech 6440-05) diluted 1:10,000 for anti-DYKDDDDK

primary antibody) for 1 h at room temperature. Signals were detected

using ECLwestern blotting substrate.

2.14 Native PAGE

HEK-293T cells were transfected with vectors expressing FLAG-

tagged TREM2-CV. Forty-eight hours after transfection, cells were

harvested for non-denaturing polyacrylamide gel electrophoresis and

western blot analysis (native PAGE). Briefly, cells were lysed with ice-

cold cell lysis buffer (20 mM, pH 8.0 Tris, 137 mM NaCl, 1% Triton X

100, and 2 mM EDTA). The total protein concentration of cell lysates

was measured with a Pierce BCA protein assay kit (Thermo Scientific).

Cell lysates with equal amounts of protein were mixed with 3× sam-

ple loading buffer (240 mM Tris-HCl pH 6.8, 30% glycerol, and 0.03%

bromophenol blue) and kept on ice (not heated). Samples were loaded

into 10% native polyacrylamide gel wells. Gel electrophoresis was per-

formed at 4◦C using a running buffer without sodium dodecyl sulfate

(SDS). The proteins in the gel were transferred to a nitrocellulose

membrane. Membranes were blocked with 5% non-fat milk and incu-

batedwith primary antibody rabbit anti-DYKDDDDK (1:1000dilution)

antibodies overnight at 4◦C. The membranes were washed three

times with 1× TBST and then incubated with horseradish peroxidase-

conjugated secondary antibodies (donkey anti-rabbit diluted 1:10,000)

for 1 h at room temperature. Signals were detected using ECL western

blotting substrate.

2.15 Statistical analysis and technical
specifications

For trimer characterization models run in triplicate and presented in

aggregate (including binding energies, RMSF, enthalpy decomposition,

DCCM, and inter-residue distancemaps), values are presented as aver-

ages of all nine TREM2 molecules (i.e., three points each over three

replicate simulations for nine points per residue) unless otherwise

stated.

Themean and standard error of each component of the binding free

energyover theequilibratedportionof the trajectorywas calculatedby

bootstrapping mean values from randomly isolated, statistically inde-

pendent intervals along the trajectory, according to a method we have

described previously.10 For TREM2-CV, TREM2-R47H, and TREM2-

R98Wmodels, contributions fromall nine TREM2molecules (i.e., three

points each over three replicate simulations for nine points total and

250 ns each) were used for determining bootstrap parameters. For

dissociating TREM2-D87N models, bootstrap parameters were gen-

erated using only the TREM2–TREM2 interactions present during

analysis (e.g., pre-dissociation trajectories are considered to have three

bonds present and are examined for 50 ns, whereas post-dissociation

trajectories have only one bond remaining and are examined for

150 ns).

Means comparisons for this study were performed using analysis

of variance (ANOVA) with a 95% confidence interval (CI), followed

by Tukey HSD post hoc analysis for comparison between variants or

pH values. All statistical tests and data visualizations were performed

using R 4.2.1.38

3 RESULTS

3.1 TREM2 multimers are identified in cell lysate

Before analyzing whether AD-associated variants could affect TREM2

multimerization, we needed to determinewhich TREM2multimer con-

formations could stably form. As stated earlier, crystal structures of

TREM2 appear to show a hexameric arrangement; however, there is

only loose association in those models between a closely associated
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inner TREM2 trimer and the three outer TREM2 molecules. To deter-

mine whether multimers of TREM2 form outside of crystallography

experiments, we generated HEK-293T cells expressing a construct

containing CV human TREM2 (TREM2-CV).We ran lysates from these

cells on non-denaturing polyacrylamide gel electrophoresis (native

PAGE) and blotted for TREM2 (Figure S1). Although it is difficult to

directly equate the predicted sizes on native PAGE gels due to the lack

of SDS providing a consistent charge distribution, the blot revealed

three clear bands in theTREM2-CV transfected lane, suggesting that at

least some multimer species of TREM2 are present. If the three bands

of ≈30, 55, and 80 kDa are assumed to correlate with TREM2 bands

in SDS-PAGE gels, this would likely represent monomers, dimers, and

trimers of TREM2, respectively. Notably, there were no clear bands

between 80 kDa and a large smear near the 200 kDa range. This sug-

gests that larger multimers of TREM2, such as the proposed hexamer,

did not form in significant proportions in this experiment, but that

there may be multiprotein complexes bound to TREM2 or nonspecific

aggregates of TREM2 present in the solution.

3.2 Stability of TREM2 dimers

Based on the multiple bands in native PAGE, we next sought to iden-

tify conformations of TREM2 multimers that are likely to exist stably

in solution. For example, tail-to-tail dimer conformations of TREM2

have been identified in multiple crystals; however, because they have

fewclose intermolecular interactions and lowburied solvent accessible

surface area in the initial crystal structure, these dimers are thought to

be an artifact of the crystallization and unlikely to exist in solution.8,9

To address this, we initiated a set of MD simulations derived from the

hexamer crystal structure described earlier, isolating two molecules:

TREM2-CV in a tail-to-tail dimer conformation generated using one

TREM2molecule fromthe inner trimer and its associatedouterTREM2

molecule (Figure S2A).

To determine whether individual TREM2 molecules equilibrated

during the simulation, regardless of the conformation of the whole

complex, we first examined the RMSD of the alpha carbons from each

molecule separately. Although the two individual TREM2 molecules

within theCV/CVdimer reachedequilibrationquickly byRMSD (Figure

S2B), theCV/CVdimermodel dissociatedquicklywithin the first 5 ns of

simulation (Figure S2C; dashed red line), suggesting that this tail-to-tail

TREM2 dimer conformation is not stable at the observed timescales.

Notably, after falling apart and reforming in multiple possible config-

urations over the first 50 ns, the dimer eventually found a different

tail-to-tail conformation with more favorable binding enthalpy (Figure

S2B–C). Measuring the distance from the center of masses for the

interacting interfaces reveals that following the dissociation events,

the final stable binding site found by the dimer was the same bind-

ing interface used by the inner TREM2 trimer in the starting crystal

structure (Figure S2D). Notably, when this interface forms, it appeared

to consistently do so around a salt bridge utilizing the residue D87,

which was bound in the same portions of the trajectory that developed

favorable binding enthalpy (Figure S2E). These results show that the

specific tail-to-tail dimer identified in crystal structures is unstable at

sub-microsecond timescales, but that multimers of TREM2 can form

around a salt bridge that seems to be driven by the residue D87.

In previous crystallography experiments, soaking the crystals in the

TREM2 ligand PS appeared to increase the size and shape complemen-

tarity of the contacting interfaces in the TREM2 multimer, which may

imply a stabilizing effect of PS or may simply be driven by crystal pack-

ing artifacts.9To examine whether addition of PS would cause TREM2

to more readily form this dimer conformation or increase the dimer’s

affinity, we re-ran the simulation, this time including the PS molecule

present in the original crystal structure. The addition of PS did not sig-

nificantly stabilize the trajectory, with MM-PBSA results showing the

dimer again falling apart multiple times early in the trajectory and fail-

ing to find a strongly stable conformation (Figure S2C). The addition

of R47H variants to either or both molecules of TREM2 when bound

to PS also failed to stabilize the dimers at the R76-D87 salt bridge,

supporting the original finding that these variants would, if anything,

destabilize TREM2. Altogether these results suggest that neither the

binding of single molecules of PS nor introduction of the R47H vari-

ant is able to stabilize the TREM2 dimer conformations previously

described in crystallography. Although this study does not rule out the

possibility that some other stable dimer conformation exists such as

those seenbynativePAGE (Figure S1), experimentalmethodswould be

needed to better characterize the location of the interacting interface

before they could bemore fully explored inMD simulations.

3.3 Stability of TREM2 trimers

Based on the presence of the stabilizing D87 salt bridge in its start-

ing structure, we next examined the stability of the inner TREM2-CV

trimer isolated from the same crystal structure (Figure S3A) using

a set of 250 ns MD simulations. We again used RMSD to confirm

equilibration of the individual TREM2 molecules, followed by MM-

PBSA analysis to identify dissociation of the complex. RMSD revealed

little change for the CV/CV/CV trimer across the 250 ns trajectory

(Figure S3B). Similarly, for theCV/CV/CV trimer as awhole, the binding

interface remained stable throughout the trajectorywithout any disso-

ciation events observed by either loss of binding enthalpy (Figure S3C)

or increase in binding site distance (Figure S3D), suggesting that this

symmetric trimer conformation was stable enough for further analysis

of the effects of AD-associated variants or ligand binding.

To examinewhether inclusion of theR47Hvariantwould destabilize

the trimer conformation, as predicted in previous studies, we mutated

one or all three molecules of TREM2-CV to TREM2-R47H and re-ran

the MD simulations. We have previously described a conformational

shift in TREM2-R47Hmonomers, which is visible by RMSD and driven

bymotionat the loopsunderlying thehydrophobic andmultimerization

sites.10 Unsurprisingly, someof the individual TREM2-R47Hmolecules

showed this increase in RMSD across the trajectory, particularly in the

TREM2-Amolecule of the R47H/R47H/R47Hmodel (Figure S3B). The

increase in RMSD in this model is driven primarily by untethering of

the β-sheet consisting of residues 68–74 underlying CDR2, which can
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be seen as loss of secondary structure (Figure S3E), increased flex-

ibility (Figure S3F), conformational changes in the associated loops

(Figure S3G), and changes in correlated motion (Figure S3H) in this

region. However, although small shifts were seen in the binding sites,

particularly in the TREM2-A–TREM2-B sites of both R47H-containing

models, neither showed a complete dissociation event in the exam-

ined time period by either MM-PBSA or site distance analysis (Figure

S3C,D), suggesting that the intramolecular effects of R47H may affect

binding affinity, but are not sufficiently severe to completely disrupt

the complex at these timescales. In addition to using MM-PBSA to

help define dissociation events, we also used the calculated binding

enthalpies over the equilibrated portion of the trajectory to examine

how R47H affected binding affinity for each complex. As predicted,

inclusionof theR47Hvariant decreasedbinding enthalpy in proportion

to the number of TREM2molecules containing the variant (Figure S3I).

To again examine whether a stabilizing ligand such as PS could

improve the binding affinity of the trimer,we ran simulations of TREM2

trimers containing the same sets of variants, but this time including

three PS molecules, one bound to each molecule of TREM2. Over-

all, adding PS had little effect on the stability of individual molecules

of TREM2 or the binding affinity of the CV/CV/CV-PS trimer (Figure

S3B–I). It is surprising that PS may even further disrupt trimerization

when R47H is present, as R47H/CV/CV-PS and R47H/R47H/R47H-

PS both dissociated during the simulations (Figure S3B–D), although

it is difficult to determine whether this was driven by the PS or sim-

ply a rare dissociation event driven by R47H that happened to be

captured in these models but not the two lacking PS. Altogether

the R47H-dependent loss of affinity in these pilot studies, combined

with the lack of a stabilizing effect from PS, suggested that a closer

inspection of trimer models containing other environmental effects or

AD-associated variants might reveal more about the mechanisms at

play in TREM2 trimerization.

3.4 Effects of pH value on TREM2
multimerization

Wenext askedwhether changes in specific environmental factors, such

as pH, may affect the stability of TREM2 trimers. To do so, we used

PDB2PQR26 to calculate the protonation state of each residue within

the equilibrated TREM2-CV trimer at a local pH of 6.4, 7.4, or 8.4

(Figure S4A). Using thismethod,when the pHwas raised to 8.4, residue

C36 deprotonated in all three subunits, adding a negative charge to

each binding interface and causing the overall electrostatic surface

potential of the interface to become more negative (Figure S4B). In

contrast, at a pH of 6.4, residues H103 and H114 had a propensity

to protonate, with four of the six histidine residues from each model

becoming protonated. Although the protonation of H114 had little

effect on the electrostatic surface potential of the TREM2, the pro-

tonation of H103 shifted the electrostatic surface potential at this

residue from slightly negative/neutral to positive (Figure S4C). Using

theMM-PBSAmethod topredict changes inbindingenthalpyat thedif-

ferent pH levels, we found that as pH increased, the binding enthalpy

became stronger, driven primarily by favorable electrostatic interac-

tions at the binding interface (Figure S4D). When pH was lowered

to 6.4, the binding enthalpy weakened by 4.3 kcal/mol, and when pH

was raised to 8.4, the binding enthalpy strengthened by −3.1 kcal/mol

compared to a pH of 7.4 (Figure S4E).

To validate these computational predictions, we utilized a co-

immunoprecipitation (co-IP) assay to measure the effects of pH on

TREM2 multimerization. To do so, we generated constructs express-

ing full-length human TREM2 tagged with either an HA or FLAG tag

just after the N-terminal signal peptide. We then co-transfected these

constructs in HEK-293T cells and immunoprecipitated just the HA

tag from lysates with an HA-specific antibody. This immunoprecipitate

was then blotted for the presence of both peptide tags, to deter-

mine whether molecules of TREM2 containing the HA tag could pull

down molecules of TREM2 containing FLAG, indicating formation of a

TREM2multimer. As predicted, when lysates from cells co-transfected

withHA-taggedandFLAG-taggedcommonvariantTREM2werepulled

down with antibodies to HA, FLAG could be detected by western blot

(Figure S4F), confirming that the tagged molecules of common variant

TREM2 multimerized in vitro. When the same experiment was car-

ried out at pH 6.4, TREM2 multimerization decreased, whereas at pH

8.4, TREM2multimerization increased (Figure S4F–G), consistent with

the computational results. These findings could indicate that TREM2

multimerization may be less favorable in the slightly more acidic envi-

ronment of aging and Alzheimer’s disease brains.39 In addition, these

results further validate that TREM2 multimers can be found in vitro

and that computational predictions about the stability of TREM2

multimers correlate well with experimental results.

3.5 Residue D87 is required for TREM2 to
maintain stable trimers

After our initial simulations suggested that TREM2-CV could form sta-

ble trimers that were affected by the R47H variant and by local charge,

wewanted to further explore howAD-associated variantswould affect

trimer stability, binding energy, and intermolecular interactions. To

examine these effects, we set up newMDsimulationswherein all three

TREM2 molecules were mutated to the same variant of interest: CV,

R47H, D87N, or R98W (Figure 2A; see Experimental Procedures for

simulation setup). Eachmodel was run to at least 500 ns in triplicate to

increase sampling of potential dissociation events thatmay occurmore

rarely or over a longer timescale.

After the 12 simulations (four variants with three repetitions each)

were completed; four metrics were measured for each to determine

whether the trajectories reached equilibration as intact trimers: RMSD

of individual TREM2 molecules within the trimer over time, RMSD

of the entire trimer complex over time, distance between each of

the three binding sites within the trimer measured over time with

centers again defined using the contacting residues in the energymini-

mized TREM2-CVmodel, and the MM-PBSA enthalpies between each

TREM2 molecule as the receptor and remaining pair of molecules as

the ligand over time (Figure 2B–M). Again, we defined dissociation
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F IGURE 2 The AD-associated D87N variant abolished TREM2 trimerization. (A) Experimental design for theMD simulations in this figure.
Triplicate simulations usingmodels of TREM2-CV trimers, of TREM2-R47H trimers, of TREM2-R98W trimers, and of TREM2-D87N trimers were
run inMD simulations for at least 500 ns. (B–M) Equilibrationmetrics for eachMD simulation show that, of the examined AD-associated variants,
only D87N tends to cause complete dissociation of multimers in our models. Shown for each simulation are (from top to bottom) the RMSD of the
alpha carbons for each residue in the three separate TREM2molecules, RMSD of the alpha carbons for each residue in the entire trimer together,
the distance between centers of mass for the three biding sites, the frame-by-frame enthalpy values over time, and the representative structure
from the equilibrated portion of the trajectory. The structures for repetitions 2 and 3 of TREM2-D87N show the first isolated framewhere
TREM2-A (repetition 2) or TREM2-C (repetition 3) is completely dissociated from the other twomolecules of the trimer. Vertical dashed lines
show the start point of the equilibrated 250 ns (150 ns for D87N repetitions 2 and 3) used for downstream analysis of each simulation. Red boxes
show the 50 ns immediately before complete dissociation of the D87N trimer that are isolated for “pre-dissociation” analysis in Figure 4. Dashed
gray outlines are used for panels that share an extended y-axis. RMSD, root mean square deviation.
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events as occurrences where at least one TREM2molecule dissociated

from the complex entirely (i.e., its binding enthalpywent above zero) or

where at least one starting binding interfacewas disruptedwithout the

complex completely dissociating (i.e., the binding site center of mass

distance rose above 25 Å for more than 5 ns).

By these metrics, the RMSD of the individual TREM2 molecules

revealed no large conformational changes within each model, except

a single stepwise increase in one molecule of TREM2 from repetition

1 of the TREM2-D87N model (Figure 2K). There were no dissociation

events in any of the CV, R47H, or R98W simulations. However, all of

the D87N simulations had trimer dissociation events. D87N repetition

1 had large shifts in its binding interfaces (Figure 2K) but did not com-

pletely dissociate, whereas TREM2-A of repetition 2 (Figure 2L) and

TREM2-Cof repetition3 (Figure2M)both fell away from the remaining

pair of molecules completely. In both cases, the two remaining TREM2

molecules appeared to retain a dimer for the remainder of the sim-

ulation, albeit with a significantly lower binding affinity than seen in

the trimeric state. In addition, two of the simulations failed to equili-

brate within the initial 500 ns for the minimum 250 ns that we had set

as analyzable time: TREM2-CV repetition 1 (Figure 2B) and TREM2-

D87N repetition 1 (Figure 2K). These two simulations were run for

an additional 250 ns to ensure that all models—except for the two

TREM2-D87Nmodels that completely dissociated—hadat least 250ns

of equilibrated time for further analysis (shown in Figure 2 following

black, vertical dashed lines). The two TREM2-D87Nmodels with com-

plete dissociation events were instead analyzed by isolating the last

150 ns of the intact dimer (shown in Figure 2 following black, verti-

cal dashed lines) and the 50 ns prior to the dissociation event (shown

in Figure 2 within a red box) to examine the changes occurring during

dissociation.

3.6 Effects of AD-associated variants R47H and
R98W on TREM2 trimers

Because neither R47H nor R98W caused the trimer to completely

dissociate, we further analyzed the equilibrated last 250 ns of their tra-

jectories to determine the effects of these variants on the stability and

binding affinity of the trimer (Figure 3A). As a more precise estimate

of the effects of each variant on the total binding affinity of the trimer,

we usedMM-PBSA for enthalpy estimation and normal-mode analysis

of harmonic frequencies for entropy estimation to give an overall mea-

sure of binding free energy. Each of the enthalpy and entropy terms

was calculated per molecule by subtracting the energy contributions

of a single TREM2 molecule (i.e., the receptor) and the remaining pair

of TREM2 molecules (i.e., the ligand) from the energy of the over-

all complex. Per-molecule values were then averaged across all nine

examined TREM2molecules from each variant, three from eachmodel

(Figure 3B, Figure S5). Binding analysis showed that TREM2-CV had

the most negative (i.e., highest affinity) binding free energy, with the

TREM2-R47HandTREM2-R98Wmodels bothhaving about2kcal/mol

lower affinitywhen the variantswerepresent.Due to the log scale rela-

tionship between binding free energy and the number of interacting

molecules, this≈2 kcal/mol decrease equates to an≈40 times decrease

in predicted equilibrium binding constant, that is, a > 95% decrease

in the number of TREM2–TREM2 interactions that would be found in

solution at equilibrium.

To identify the mechanism by which the variants decreased the

trimer binding affinity, we first looked at RMSF to determine whether

the lower binding affinity was likely caused by altered conformational

stability within individual TREM2 molecules. Plots showing the aver-

age RMSF for all nine molecules from each variant model (Figure 3C)

revealed that R47H had little effect on conformational stability com-

pared to TREM2-CV, whereas R98W weakly destabilized all three

loops underlying the hydrophobic site, most notably the third loop at

residues 88–90.

In the absence of a large conformation change to explain changes in

binding affinity caused by R47H and R98W, we then looked for local-

ized surface effects that might explain the binding affinity changes. For

this,we lookedat per-residuedecompositions of thebinding enthalpies

from MM-PBSA analysis to determine if contributions of particu-

lar residues to binding were affected consistently by the variants.

Averaging the energy contributions from the nine TREM2 molecules

containing each variant (three each in three repetitions) revealed two

residues, R76 and D87, as having the greatest negative (i.e., favor-

able for binding) contribution in TREM2-CV, with smaller peaks at P37,

W78, and N99 (Figure 3D).

To further confirm that D87 and R76 are key residues involved

in trimerization of TREM2, we compared the inter-residue distances

and dynamic cross-correlation maps (DCCM) for each variant. Inter-

residue distance maps showed that the pattern of close contacts at

the binding interfaces in red were not largely changed between vari-

ants, with the D87 to R76 distance notable as a dark red dot in

each binding site (Figures 3E and G, solid boxes). However, distance

maps only suggest proximity and do not necessarily show binding

interactions between any residue pair. In contrast, the DCCMs, in

which vertical red bands between two TREM2 molecules indicate

residues on the centeredmolecule that are pulled when the correlated

molecule moves, showed differences between the correlated motions

of TREM2molecules within the trimer (Figure 3F,G). In particular, ver-

tical bands representing interactions at R76 (dashed boxes) and D87

(dotted boxes) were dark red in each subunit of the TREM2-CV model

(Figure 3G), showing that interactions between thematchedmolecules

were highly correlated at these residues. R47H or R98W variants

caused a decrease in correlated motion between R76 or D87 and the

corresponding TREM2 molecules, suggesting that these residues may

play a key role in the TREM2 trimer’s ability to remain in a bound state

(Figure 3F,G).

We then asked how these residues may control the binding affinity

change caused by AD-associated variants. When looking more closely

at the trimer structure, it is evident that R76 and D87 form a salt

bridge between neighboring molecules of TREM2 (i.e., TREM2-A D87

with TREM2-C R76, TREM2-B D87 with TREM2-A R76, and TREM2-

C D87with TREM2-B R76; Figure 3H). Closer examination of the total

enthalpy contributions of each residue (Figure 3D) revealed that D87

wasmore heavily affected by the variant models than its major binding
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F IGURE 3 The AD-associated R47H and R98Wvariants allosterically disrupt key interactions in TREM2 trimers and reduce the binding
energies of the TREM2molecules. (A) Experimental design for theMD simulations compared in this figure. (B) Calculated enthalpies, entropies,
and free energies of binding for each TREM2 trimermodel showing decreased affinity in themodels containing AD-associated variants. Values are
shown asmean± standard error for the equilibrated trajectories of all nine TREM2molecules for each variant (i.e., threemolecules from three
simulations each). *p< 0.05 in comparison to TREM2-CV by Tukey post hoc analysis. (C) Comparison of average RMSFs of the TREM2molecules
between TREM2-CV, TREM2-R47H, and TREM2-R98W trimers show small, localized differences in conformational stability betweenmodels. (D)
Comparison of the decomposed enthalpy contribution of each residue between TREM2-CV, TREM2-R47H, and TREM2-R98W trimers shows that
decreased affinity is driven by a small number of interactions at key residues including R76 andD87. (E) Inter-residue distancemaps show small or
no changes in the overall conformation between TREM2-CV, TREM2-R47H, and TREM2-R98W trimers, including at residues R76 andD87. (F)
DCCMmaps show that R47H or R98Wmutations in all three TREM2molecules alter intra- and intermolecular correlatedmotion, particularly
with respect to residues R76 andD87. (G) Example insets from (E) and (F) showing that although the distance between the residues does not
change between variants (solid boxes), by DCCM themotion of R76 from subunit B becomes less correlated with subunit C (dashed boxes) and,
similarly, D87 from subunit C becomes less correlated with subunit B (dotted boxes) when the AD-associated variants are present. (H) TREM2-CV
trimer representative structure showing R76 andD87 form a salt bridge between TREM2molecules. (I) Comparison of the enthalpy contribution
from (D) focusing on R76,W78, and D87 show that the loss of affinity in the TREM2-R47H and TREM2-R98W trimers is driven largely by D87. (J)
Average salt bridge occupancy betweenD87 and R76 for the TREM2-CV, TREM2-R47H, and TREM2-R98W trimers shows that the salt bridge is
lost in a small number of interactions when the AD-associated variants are present. DCCM, dynamic cross-correlationmap.
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partner R76 or its minor partner W78, with the total enthalpy contri-

butions of D87 decreased by roughly half in each variant (Figure 3I).

This ≈2 kcal/mol change in binding enthalpy closely matches the total

change in free energy caused by these variants (Figure 3B), suggesting

that the decreased binding seen in these variantsmay be driven almost

entirely by their effects on binding at D87. Finally, looking at the per-

cent occupancy of this salt bridge across the equilibrated portion of the

trajectory, it is evident thatmodels of TREM2-CVhad>70%occupancy

in all R76-D87 salt bridges between the three repetitions, with >95%

occupancy in all but two (Figure 3J). In contrast, TREM2-R47H and

TREM2-R98W had multiple R76-D87 salt bridges with lower occu-

pancy, suggesting lower overall stability at this bond, with at least one

salt bridge lost in each. Notably, these low-occupancy bonds occurred

on one or both sides of the same TREM2 molecules that showed

the lowest affinity in MM-PBSA analysis: TREM2-B–TREM2-C from

repetition 2 of the TREM2-R47H model, TREM2-B–TREM2-C from

repetition 1 of TREM2-R98W, and TREM2-C–TREM2-A from repeti-

tion 2 of TREM2-R98W (Figure S5). These results suggest that that a

salt bridge between R76 and D87 plays a key role in stabilizing TREM2

trimers, and that the effects of both R47H and R98W on TREM2

trimerization are driven, at least in part, by their effects on binding at

this salt bridge.

3.7 The AD-associated D87N variant prevents
key intermolecular interactions in the TREM2 trimer

Given that TREM2-R47H and TREM2-R98W both appear to impair

binding through their effects at a salt bridge involving D87, it was

clear that mutation of D87 from aspartate, a charged residue, to

asparagine, a neutral residue, may have caused the trimers to disso-

ciate (Figure 2K–M) through loss of the same salt bridge. To confirm

this prediction and to determine whether the incompletely dissoci-

ated repetition 1 model, or the remaining dimers in repetitions 2 or 3,

was likely to remain as a stable complex, we examined the last 250 ns

from TREM2-D87N repetition 1 as well as the 50 ns windows imme-

diately prior to complete dissociation of the trimer and the last 150 ns

of the post-dissociation trajectories from TREM2-D87N repetitions 2

and 3 (Figure 4A). Post-dissociation values were calculated from only

the two remaining TREM2 molecules in the dimer. By 50 ns prior to

complete dissociation, TREM2-D87N repetitions 2 and 3 had already

lost major interactions near the original salt bridge, with R76, W78,

and N87 not continuing to be bound to the adjacent TREM2 molecule

(Figure 4B). In addition, although repetition 2 still utilizedN87 andR76

as interacting residues, it no longer maintained any of the key interac-

tions fromtheTREM2-CVtrimerbinding site (Figure4B). Furthermore,

binding free energy analysis showed that D87N reduced the bind-

ing affinities of the TREM2 molecules within the trimer (Figure 4C).

Although TREM2-D87N repetition 1 found a stable binding site, it was

much lower affinity than any of the other examined variants, R47H or

R98W. In contrast, repetitions 2 and 3 showed that introducing the

D87N variant was highly unfavorable for binding, with even the post-

dissociation periods having positive free energies, suggesting that even

the remaining dimers would not be predicted to stay together beyond

the examined trajectory. Similarly, taking the time-averaged contri-

bution of all examined interacting surfaces from the TREM2-D87N

models gives an overall binding free energy of near zero, suggest-

ing that even the appearance of transient low-affinity interactions is

likely not sufficient to maintain stable TREM2–TREM2 interactions

over these timescales.

To further determine whether the effects of D87N were due solely

to the loss of its salt bridgewith R76 orwhether therewere any contri-

butions from loss of conformational stability of the individual TREM2

molecules or binding at other regions, we again examined the RMSF

and per-residue binding enthalpy decomposition. Except for one highly

mobile loop near residues 55–58, therewas little notable change in the

RMSF (Figure 4D). Per residue decomposition across all three repeti-

tions showed a loss of binding enthalpy contribution from the major

binding residues present in TREM2-CV (Figure 4E), especially at the

mutated N87 (Figure 4F). Instead, TREM2-D87N repetitions 1 and 3

showed small contributions frommany residues distributed across the

surface, whereas repetition 2 showed almost no strong interactions

(Figure 4E). Both patterns are consistent with the TREM2-D87Nmod-

els exploring possible surface interactions nonspecifically following

loss of the stable binding site. Similar patterns of non-specific changes

between the three models were seen in inter-residue distance maps

and DCCM (Figure S6). Altogether, the lack of either major confor-

mational changes or appearance of any consistent novel interactions

between the TREM2-D87Nmodels, indicates that loss of the R76-D87

salt bridge is sufficient to disrupt any ability of TREM2 to maintain a

stable trimer conformation.

It is notable that in the above MD simulations, the D87N variant

was able to fully dissociate one subunit over the course of the simu-

lation, whereas the R47H variant caused a decrease in binding energy

but not complete dissociation. This is likely due to the limited timescale

of classical MD simulations, as the R47H variant would likely need

more time for its allosteric effects to completely propagate through

the TREM2 molecule as opposed to D87N, which directly breaks a

key binding interaction between subunits. To further examine whether

the R47H variant could affect TREM2 trimer association, we utilized

steered MD (SMD) simulations to determine how D87N and R47H

affected the force required to break the binding of one subunit from

the other two subunits in the trimer (Figure S7A). Utilizing constant

velocity, we pulled each subunit away from the other two subunits in

the trimer (i.e., subunitA fromBandC, subunit B fromAandC, and sub-

unit C fromA and B). By observing the reaction force by the pulling, we

could identify when the pulled subunit began to dissociate, as a signifi-

cant increase of reaction force by pulling indicates the breaking of the

binding between subunit of trimer. The average peak force required to

break apart theCVTREM2 trimer (≈3000 pN)wasmuch stronger than

the average peak force required to break apart theR47HorD87Nvari-

ant trimers (≈2000 pN), (Figure S7B). These results further verify that

both R47H and D87N variants can reduce TREM2 multimerization to

similar degreeswhen their effects aremade to be less time-dependent,

with both variants requiring similar levels of force to break the trimer

apart.
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F IGURE 4 D87 is a necessary residue for TREM2multimerization that is impaired by the AD-associated D87N variant. (A) Experimental
design for theMD simulations compared in this figure. Because D87N repetitions 2 and 3 dissociated, we separately examined the 50 ns
immediately prior to dissociation (Pre) and the last 150 ns of the equilibrated trajectory (Post). (B) Representative structures for the TREM2-CV
and TREM2-D87N trimermodels with the dissociatedmodels shown as both pre- and post-dissociation structures. (C) Binding free energy of the
TREM2molecules for each TREM2-CV and TREM2-D87N repetition, both pre- and post-dissociation for repetitions 2 and 3, showing the loss of
affinity in the TREM2-D87Nmodels. Values are shown asmean± standard error for the equilibrated portions of all nine TREM2molecules for
each variant (i.e., threemolecules from three simulations each) or for the one remaining bond in post-dissociation trajectories. ***p< 0.001 in
comparison to TREM2-CV by Tukey post hoc analysis. (D) Comparison of average RMSFs of the TREM2molecules between TREM2-CV trimers
and TREM2-D87N trimers, both pre- and post-dissociation for repetitions 2 and 3, show that changes in binding affinity are not associated with
large changes in conformational flexibility. (E) Comparison of the average total enthalpy contribution of each residue between TREM2-CV and
TREM2-D87N, both pre- and post-dissociation for repetitions 2 and 3. (F) Comparison of the total enthalpy contribution from (E) focusing on R76,
W78, and D87/N87 for bothmodels (pre- and post-dissociation for TREM2-D87N), shows that changes in overall binding affinity are driven
primarily by loss of interactions at D87. CV, common variant.

3.8 Engineered TREM2 P37D and G90D variants
increase TREM2 multimerization

If AD-associated variants could reduce TREM2 multimerization by

disrupting a salt bridge between subunits, we hypothesized that muta-

tions engineered to add another salt bridge in the same interface could

increase TREM2 multimerization. Along with residue R76, there is a

second arginine nearby in the binding interface, R98. We looked for

residues near R98 on the opposing subunit that could bemutated to an

aspartic acid to form a second salt bridge at this residue. From observ-

ing the binding interface, we identified both residues P37 and G90 as

potential candidates tomutate to aspartic acid to form this second salt

bridge (Figure S8A). In a manner similar to the AD-associated variants,

both P37D and G90D variants were allowed to run 500 nsMD simula-

tions. Equilibration was determined to have occurred before 250 ns by

RMSDof the individual subunits, RMSDof the trimer, the change in dis-

tance between the binding interfaces, and the binding enthalpy (Figure

S8B,C). Representative structures of both P37D and G90D variants

confirmed that the trimers could form double salt bridges between the

subunits (Figure S8B,C). To further investigate the degree of formation

of these double salt bridges between the subunits, we determined the

salt bridge occupancy between R76 and D87 as well as the salt bridge

occupancy between R98 and either D37 (P37D variant) or D90 (G90D

variant). Both P37D and G90D variants caused the occupancy of the

salt bridge between R76 and D87 to decrease (Figure S8D), replaced

in part by the new salt bridge between the mutated residue and R98.

Notably, the G90D variant had a higher occupancy of the new salt

bridge with R98 compared to P37D (Figure S8E). The difference in the

double salt bridge occupancy between G90D and P37D likely explains

at least in part why the G90D variant nearly doubled the binding free

energy of the TREM2 trimer compared to CV, whereas the P37D vari-

ant modestly increased the binding free energy only modestly (Figure

S8F). These findings confirm the importance of salt bridging at the

subunit interface for stability of the TREM2 trimer and highlight the

potential use of these engineeredmutations of TREM2 to better study

the role of TREM2multimerization in AD.
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F IGURE 5 AD-associated variants R47H andD87N impair TREM2multimerization in vitro. (A) Experimental design for
co-immunoprecipitation experiments in this figure. Constructs containing the same variant were generated with either an HA or FLAG tag and
transfected into HEK-293T cells. The tag of interest was immunoprecipitated from the lysate, and antibodies specific to both tags were used to IB.
Immunoprecipitation of TREM2 constructs that multimerize should yield bands immunoreactive with both tags, whereas immunoprecipitation of
TREM2 constructs with impairedmultimerization should yield primarily bands immunoreactive with the tag pulled down and less of the other tag.
(B) Representative images of co-immunoprecipitations of TREM2-CV, TREM2-R47H, or TREM2-D87N taggedwith either HA or FLAG show the
expected pattern, with bands for the pulled down tag visible for all, but bands of the non-targeted tag lost in the lanes containing AD-associated
variants. (C, D) Quantification of three independent experiments like that shown in (B). Pulldown efficiencies are calculated as the ratio between
the tag that was not pulled down by immunoprecipitation (FLAG in C, HA in D) over the tag that was pulled down (HA in C, FLAG in D). n= 3
independent transfections and pull-downs per group, **p< 0.01, ***p< 0.001. IB, immunoblot. IP, immunoprecipitation.

3.9 Experimental validation of R47H and D87N
effects on TREM2 multimerization

To confirm our in silico predictions that AD-associated variants in

TREM2 could impair its multimerization, we again utilized a co-IP

design using constructs expressing full-length human TREM2 tagged

with either an HA or FLAG tag (Figure 5A). We co-transfected these

constructs inHEK-293T cells, this time immunoprecipitating either the

HA or FLAG tag from lysates with specific antibodies. This immuno-

precipitate was then blotted for the presence of the two peptide

tags. As before, when lysates from cells co-transfected with HA-

tagged common variant TREM2 (HA-TREM2-CV) and FLAG-tagged

common variant TREM2 (FLAG-TREM2-CV) were pulled down with

antibodies to either tag, the other tag could be detected by western

blotting (Figure 5B–D), confirming that the tagged molecules of com-

mon variant TREM2 multimerized in vitro. In contrast, immunoblots

of pulldowns from co-transfections of HA- and FLAG-tagged TREM2-

R47H or of HA- and FLAG-tagged TREM2-D87N primarily con-

tained the pulled-down tag, not the corresponding co-transfected tag

(Figure 5B–D), confirming that these AD-associated variants inhibit

multimerization of TREM2 in a cell-basedmodel.

4 DISCUSSION

In this studywe describe a trimeric form of TREM2 that is stable inMD

simulations.We identify a salt bridge between D87 and R76 as the key

interaction stabilizing this trimer and show that acidic environments

and AD-associated variants—including R47H, D87N, and the putative

AD-associated variant R98W—all weaken this interaction, whereas
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variants engineered to introduce additional salt bridges nearby can

strengthen it. We also show that asymmetric dimers isolated from the

same crystal structures are not stable under the same conditions, but

that a stable dimer conformation may be able to form if the R76-D87

salt bridge is present. Finally, we provide biochemical validation of the

computational findings by showing that AD-associated variants R47H

andD87N disrupt TREM2multimerization in cells.

Our study adds impaired multimerization to the list of potential

mechanisms for TREM2 loss-of-function caused by the R47H variant,

alongside electrostatic disruption at the charged patch surrounding

R47, allosteric destabilization of the loops underlying TREM2’s api-

cal hydrophobic site, and decreased TREM2 maturation and surface

localization, among others.8–10 Notably, the effects of R47Hon trimer-

ization do not seem to be a direct result of instability in the CDR

loops, as this instability was identified in only a subset of the trimer

models and was not required for loss of binding affinity between

molecules of TREM2 in these models. Although we limited our focus

here to variants directly in the multimerization site (D87N and R98W)

along with the strongly AD-associated R47H variant, future work may

benefit from examining other variants near this site but not directly

involved in the multimer interface, such as the AD-associated R62H

or FTD-associated D86V variants, which we have shown previously

to have intramolecular structural effects similar to R47H,10 or the

K48M mutation, which has been used in previous studies as a engi-

neered null mutation and is believed to form a stabilizing internal salt

bridge with D86.14 In addition, although mutations in R76 have not

previously been reported to be associated with disease, it is notable

that the only reported variants at this locus in the Genome Aggrega-

tion Database, GnomAD, are either synonymous or mutations to the

similarly charged amino acid lysine, raising the possibility that genetic

variants thatmutate R76 into non-basic residues are notwell tolerated

in humans.40

Although multimerization has been shown to play a role in TREM2

activation by antibodies as discussed in the introduction, its role in

TREM2 signaling in vivo is not yet known. Multimerization has been

described previously as a necessary step for intracellular signaling

in the closely related TREM141 and is a common step in ligand and

signal transduction for many subclasses of receptors including toll-

like receptors,42 tumor necrosis factor (TNF) receptors,43 and other

lipoprotein-binding receptors.44,45 Thus it is likely that impairments

in TREM2’s ability to form multimers may lead to an associated loss

of TREM2 signaling. AS the endogenous ligand(s) of TREM2 remain

elusive, and as binding residues for the majority of TREM2’s known

ligands have only recently started to be elucidated,46 it is difficult

to interrogate whether multimerization is required for binding of

certain ligands or whether it is an important step in transducing

certain intracellular signals. However, because single molecules of

PS had only modest effects on multimerization in our simulations,

and because TREM2 is known to bind both small molecule11,47–49

and protein ligands12,13,46,50 as well as larger lipid and lipoprotein

particles14,51 and oligomerized peptides including Aβ,46,52,53 it is pos-
sible that crosslinking through multivalent engagement by large or

aggregated ligands represents a mechanism by which certain ligands

induce different activation states of TREM2. This stepwise activation

by higher affinity ligands has been described in other immunorecep-

tor tyrosine-based activation motif (ITAM)-associated receptors54,55

and proposed in commentaries as a method by which TREM2 may dif-

ferentially activate two of its downstream signaling pathways, with

high-affinity or multivalent ligands recruiting the kinase Syk in the

canonical TREM2-DAP12 pathway, while lower-affinity or monova-

lent ligands act through an alternative pathway independently of Syk,

potentially through DAP10.56,57

Preferentially disrupting multimerization while leaving some

amount of alternative signaling intact could also explain how certain

disease variants in TREM2 seem to be loss-of-function in somemodels

but incomplete loss or even gain-of-function in others. For example, the

D87N variant, although rare in the general population, has previously

given conflicting results in binding and signaling studies. D87N does

not appear to grossly alter TREM2’s folding, promote its aggregation in

assays using recombinant protein, or prevent its surface localization,8

which is consistent with a loss-of-function mechanism that occurs

at or downstream of initial ligand engagement. At the same time,

despite decreasing TREM2’s ability to bind lipoprotein particles in

cell-free assays,14 D87N does not decrease TREM2-dependent uptake

of lipidated apoJ,14 and even leads to increased signal transduction

when TREM2 is activated by purified phospholipids, high-density

lipoprotein (HDL), or low-density lipoprotein (LDL) in reporter cells.49

Because the functional relevance of TREM2 multimerization is still

unclear, it is possible that apparent decreases in binding in cell-free

assays are driven by a loss of multimerization-dependent recruitment

of additional TREM2 molecules, but that this multimerization is not

required to induce some intracellular signaling in simplified cell models

andmay even reduce signaling by certain lower-affinity ligands.

The simulations in this study utilize only the extracellular

immunoglobulin domain of TREM2 and do not account for any

contribution from the transmembrane region or connecting stalk,

suggesting that the general mechanisms of multimerization described

herein may be able to occur in both membrane-bound and soluble

forms of the receptor. Soluble forms of TREM2 have been found to

act as signaling molecules, but their receptor remains unknown. If this

multimerization mechanism is, in fact, independent of the isoform of

TREM2, it is even possible that soluble TREM2 may act as a ligand for

membrane-bound forms of TREM2, forming mixed-isoform multimers

that could aid in signaling or inhibit binding of other ligands.

Future studies may also benefit from more thoroughly examining

the effects of variant heterozygosity on the formation, stability, or even

signaling properties of TREM2 multimers. In human population, most

carriers of disease-associated variants in TREM2 are heterozygous,

carrying one copy of the disease-associated variant andone copy of the

common variant. This means that any particular multimer of TREM2

formed in the body of a heterozygous carrier could possibly contain

any combination of the two variants. In the example of a person who

is heterozygous for the R47H variant, this means that four different

species of trimer could be present in some proportion throughout the

body: those containing zero, one, two, or three molecules of TREM2-

R47H. This study shows preliminary evidence that incorporating even
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a single molecule of R47H into TREM2 trimers causes an intermedi-

ate degree of disruption to the trimer’s overall binding affinity (Figure

S3I). However, it is unclear from structural studies alone whether the

presence of a disease-associated variant would primarily affect signal-

ing throughout the body by simply diluting the number of TREM2-CV

molecules available to form high-affinity multimers, by sequestering

some molecules of TREM2-CV into non-functional multimers contain-

ing other molecules of the variant TREM2, or by some other method

such as recruitment of an alternative signaling partner like DAP10, as

discussed earlier.

This study is also limited in the same way as all studies that use

simplified in silico and in vitro models to address complex biological

questions. Our work utilizes multimer conformations identified in x-

ray crystallography, correlates well with the effects of variants and

ligands noted using that approach, and is supported by biochemical

assessment of multimerization. On the other hand, our simulations use

assumptions such as an already intact trimer and limited timescales,

which gives trimers the advantage of already being in an optimal bind-

ing conformation and having less than a microsecond for interactions

to weaken. In contrast, in a bulk system such as the human body,

decreased binding affinity would primarily cause trimers to fail to form

in the first place, rather than to preferentially dissociate as occurs in

ourmodel. Thismeans that the2kcal/mol decrease in affinity causedby

R47H (Figure 3B), which is already sufficient to decrease the number

of TREM2–TREM2 interactions by >95%, may actually underestimate

the decrease in binding caused by the variant when it is found in

unbound monomers of TREM2 in the body. This, alongside the incom-

plete propagation of allosteric changes at limited MD timescales, may

alsoexplainwhyTREM2-R47Hmultimers arenot seenevenat very low

levels in experiments such as our co-immunoprecipitation or previous

studies ofTREM2using x-ray crystallography,which areoftennot suffi-

ciently sensitive to detect log-scale decreases in prevalence. Thus this

work will still require further validation in biophysical experiments in

order to more precisely measure the binding affinity changes caused

by disease-associated variants, to address the existence of additional

multimer conformations, and to determine the effects of variants on de

novo formation of TREM2multimers.

A closer examination of the biological effects of multimerization

will be key to designing future drugs targeting TREM2. Lacking this

knowledge, small molecule drugs actively being designed to mono-

valently engage TREM2 may fail to replicate some multimerization-

dependent effects seen in current antibody-based therapeutics. In

addition, antibody-based therapeutics may have altered activity in

patients with AD-associated variants due to changes in their ability to

induce TREM2 multimerization. Altogether, a better understanding of

TREM2 multimerization is key both to developing future drugs and to

better understanding the mechanisms of TREM2 activation by drugs

and in disease.
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